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ABSTRACT: Herein, we present results from molecular dynamics simulations of the DD-transpeptidase/
penicillin-binding protein fromStreptomycesK15 and its Michaelis complex with benzylpenicillin. For
the apo-enzyme, six different configurations of the active site were modeled in aqueous solution and their
relative stabilities were estimated by means of quantum mechanical energy calculations. The energetically
most stable configuration has a neutral Lys213 residue. In this configuration, the nucleophilic Ser35 hydroxyl
group interchanges with a water molecule in the “oxy-anion hole” and the Lys38/Lys213 ammonium/amino
groups are connected through the Ser96 hydroxyl group. Subsequently, the enzyme-penicillin complexes
corresponding to the four most stable configurations of the apo-enzyme were modeled. In the presence of
theâ-lactam antibiotic, the configuration with a neutral Lys38 residue is favored energetically and shows
the best orientation for nucleophilic attack. In addition, a very stable contact between the Ser35 hydroxyl
group and the neutral amino group of Lys38 supports the assignation of Lys38 as the base catalyst for the
acylation step. Finally, some mechanistic implications of enzyme-inhibitor contacts involving the
benzylpenicillin carboxylate group are also discussed.

â-Lactam antibiotics such as penicillins and cephalosporins
exert their lethal action by inhibiting a family of bacterial
enzymes termed the penicillin-binding proteins (PBPs)1 (1).
These enzymes are involved in the synthesis and remodeling
of the peptidoglycan, which is the main macromolecular
component of the bacterial cell wall. The peptidoglycan is
formed by linear strands of glycan consisting of alternating
N-acetylglucosamine andN-acetylmuramic acid residues, and
short peptide chains characterized by a C-terminalD-Ala-
D-Ala sequence. The PBPs are classified as DD-carboxypep-
tidases if they catalyze the cleavage of theD-Ala-D-Ala
fragment by forming a transient acyl-enzyme intermediate
that is subsequently hydrolyzed by a water molecule, or as
DD-transpeptidases if the acyl-enzyme intermediate reacts
with a terminal amino group from another peptide chain to
form a cross-link. The transpeptidase activity of PBPs results
in a tight weblike structure, which is crucial to maintain the
rigidity of the cell wall and the viability of the bacteria,
whereas the carboxypeptidase action seems to modulate the
degree of the cross-linking. The PBP enzymes also form acyl-
enzyme intermediates with penicillins and otherâ-lactam
antibiotics, as a result of the structural similarity between
the â-lactam nucleus and theD-Ala-D-Ala fragment of the
peptidoglycan (2). However, theâ-lactam-PBP covalent

complex is quite stable resulting thus in the prolonged
inhibition of the bacterial enzyme and the antibiotic activity
observed (3).

The efficiency of â-lactam antibiotics is continuously
challenged by the emergence of resistant bacterial strains,
which employ two major strategies to escape the lethal action
of antibiotics (4). On one hand, bacteria are capable of
modifying their PBPs to reduce their sensitivity to antibiotics
while maintaining a similar degree of activity toward their
peptide substrates. On the other hand, they synthesize
enzymes calledâ-lactamases that efficiently hydrolyze the
acyl-enzyme intermediate formed withâ-lactams.â-Lacta-
mases are the primary cause of resistance toâ-lactam
antibiotics, and some of them can be considered as perfect
enzymes because the rate of reaction with their best substrates
is nearly diffusion limited (5).

Bacteria possess a number of different PBPs that can be
divided into two groups, the low molecular weight (LMW)
and the high molecular weight (HMW) enzymes (3). The
LMW PBPs contain a single transpeptidase/hydrolase do-
main, whereas the HMW PBPs can be further divided into
monofunctional transpeptidase enzymes and bifunctional
enzymes with transpeptidase and glycosyltransferase do-
mains.â-Lactamases are soluble, monofunctional enzymes
composed of a single domain similar to the DD-peptidase
domain of the PBPs. Traditionally, they are classified into
four groups according to their sequence homology. The
â-lactamases of the classes A, C, and D are serine-enzymes
like most of the PBPs, whereas the zinc-metallo-enzymes
are grouped together in class B (6).

PBPs andâ-lactamases are considered to be evolutionary
related (7). Thus, the peptidase module of PBPs and all
â-lactamases share a common fold characterized by a two-
domain structure: a mainly helical domain and anR/â
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domain. For the serine enzymes, the active site is found at
the interface of these two domains and displays a remarkable
conservation of the spatial arrangement of three conserved
motifs (8). The first motif is located at the amino terminus
of a long helix and contains the nucleophilic serine and an
absolutely conserved lysine (SXXK). The second motif,
S(Y)XN(C), is found in a loop and positions an essential
hydroxyl group from a serine or a tyrosine side chain in the
active site. The third motif, K(H)S(T)G, which contributes
to the so-called “oxyanion hole” that interacts with the
reactive amide carbonyl group, is situated on the innermost
â3 strand of theâ-sheet and is considered to play a role in
orienting the incoming substrate or inhibitor. In addition to
these three conserved motifs, class Aâ-lactamases present
a fourth relevant element, DXXN, which is part of anΩ
loop (9).

The catalytic role of the active site residues common to
all PBPs andâ-lactamases is not completely understood.
Different residues of the conserved motifs have been
proposed to be the crucial base catalyst that is required to
activate the nucleophilic serine during acylation. For the best
characterized enzymes, the class Aâ-lactamases, several lines
of evidence support a central role for the glutamic acid of
the DXXN motif (Glu166) as the base catalyst along the
reactive pathway (10-15). In the class Câ-lactamases and
some PBPs such as the DD-carboxypeptidase fromStrep-
tomycesR61, it has been proposed that the lysine residue in
the first motif or the tyrosine residue present in the second
conserved motif could act as the general base catalyst (16-
21). The enzymatic activity of the class Dâ-lactamases has
been related to the carbonatation of the invariant lysine
residue present in the SXXK motif, which in turn should
possess an abnormally low pKa value (22). Concerning the
PBPs, different crystallographic, mutagenesis, and kinetic
experiments point toward the lysine residue of the first
conserved motif as the base catalyst (23-25).

The previous proposals are not conclusive regarding the
identity of the base catalyst and/or the protonation config-
uration of the PBPs. In this work, we theoretically investigate
the native form of the DD-transpeptidase fromStreptomyces
K15 (hereafter referred to as the K15 enzyme) and its
complex with benzylpenicillin. The K15 enzyme is a 262-
amino acid LMW PBP with a strict transpeptidase activity.
The second-order rate constant for enzyme acylation by
benzylpenicillin (150 M-1 s-1) characterizes the K15 enzyme
as a PBP of intermediate penicillin sensitivity (26). Structur-
ally, the enzyme displays a remarkable degree of homology
with class Aâ-lactamases and with the DD-peptidase domain
of other PBPs, like PBP5 fromEscherichia coli(27). The
active site is defined by the previously described three
conserved structural elements (Ser35-Thr36-Thr37-Lys38,
Ser96-Gly97-Cys98, and Lys213-Thr214-Gly215). Among the
residues that build up these conserved motifs, Lys38 and Ser96

seem to be crucial for catalysis. The Lys38 f His and Ser96

f Ala mutations almost completely abolish penicillin
binding and severely impair the transpeptidase activity (25).
Another important residue, Cys98, is present in the second
motif instead of the usual asparagine residue observed in
other enzymes. The low value of the Cys98-Sγ‚‚‚Nú-Lys38

distance in the X-ray structure (2.7 Å, a value similar to that
of the Asn@Oδ2‚‚‚Nú@Lys contact observed in other PBPs
and â-lactamases) suggests that two different structures

would be possible: (a) Lys38 could be deprotonated, in which
case a Cys98-SH‚‚‚:NúH2-Lys38 hydrogen bond should
be present in the X-ray structure; (b) the thiol group of
Cys98 could be negatively charged forming thus a
Cys98-Sγ-‚‚‚+NúH3-Lys38 salt bridge interaction. Nonethe-
less, the presence of an anionic cysteine residue seems
unlikely on the basis of mutagenesis experiments. Thus, the
Cys98Asn mutation in the K15 enzyme increaseskcat/KM for
its acylation reaction with cephalosporins, hardly changes
the kcat/KM value for benzylpenicillin, and decreases the
catalytic efficiency with peptide substrates (25).

Concerning the catalytic mechanism of the K15 enzyme,
Rhazi et al. have proposed that Lys38 acts as the base catalyst
during nucleophilic attack, and that Ser96 is a key residue
for assisting the proton transfer to the substrate/inhibitor
leaving amino group (25). However, this mechanistic pro-
posal contrasts with former theoretical pKa calculations that
assign a pKa value of 14.0 to Lys38 either in the apo-enzyme
or in a modeled Michaelis complex with cefoxitin (28). The
same calculations attribute a significant low pKa value to
Lys213 (7.4 in the apo-enzyme and 9.3 in the complex) and
to Cys98 (7.2 in the apo-enzyme and 8.1 in the complex).
From these results, it is conceivable that Lys213 and Cys98

could be deprotonated in the native form of the K15 enzyme.
Hence, it seems that the theoretical and experimental
observations on the PBP enzyme fromStreptomycesK15
are somewhat contradictory.

Clearly, to increase our understanding of the reaction
mechanism of the K15 DD-transpeptidase it is necessary to
find out which are the actual protonation configurations of
the active site residues relevant to catalysis. To fulfill this
goal, we decided to perform an analysis of the protonation
configurations of the K15 active site that could be important
according to X-ray analyses, theoretical pKa calculations, and
experimental kinetic results. Namely, we selected six con-
figurations of the fully solvated enzyme differing in the
protonation state of the Lys38, Ser96, Cys98, and Lys213

residues (see Scheme 1) and examined them by means of
extended molecular dynamics (MD) simulations and quantum
mechanical (QM) calculations. Along the simulations, we
characterized the interactions between the important func-
tional groups, and the structural and dynamical changes
related to protonation/deprotonation of the active site resi-
dues. The free energy of each configuration was estimated
by using semiempirical quantum chemical methodologies to
compute enthalpies and solvation energies for protein

Scheme 1
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subsystems, while molecular mechanics normal mode cal-
culations were used to account for entropic effects (the use
of the semiempirical methodologies was validated by per-
forming density functional theory (DFT) calculations on
cluster models involving the Lys38, Ser96, Cys98, and Lys213

side chains). Subsequently, the complexed form of the K15
enzyme with benzylpenicillin (BP) was simulated for the four
configurations of the apo-enzyme that resulted to be more
favorable energetically. In this way, we characterized the
structural and dynamical changes upon inhibitor binding as
well as the specific role of key residues in anchoring the
ligand. Binding energies for the four complexes were also
estimated. Finally, we discuss the ability of our results to
help solve the discrepancies between experimental and
theoretical results on the K15 enzyme, and suggest a
plausible catalytic mechanism for this transpeptidase enzyme.

METHODS

MD Simulations of the Unbound Form of the K15 Enzyme.
Initial coordinates for the protein atoms and the crystal-
lographic water molecules were taken from the solid-state
structure of the K15 enzyme at 2.0 Å (PDB code 1SKF)
(27). The ionizable residues were set to their normal
ionization states at pH 7, except Lys38, Ser96, Cys98, and
Lys213 that were ionized according to Scheme 1 in the six
trajectories examined for the apo-enzyme. His76 and His135

were protonated at Nδ, whereas His138 was protonated at Nε
in agreement with previous electrostatic calculations (28).
The protein atoms, as well as all the water molecules of the
crystal structure, were surrounded by a periodic box of TIP3P
(29) water molecules that extended 10 Å from the protein
atoms. Cl- counterions were placed by the LEaP program
(30) to neutralize the system. This resulted in a total of
∼3897 protein atoms being solvated by 149 X-ray water
molecules and 11 317 additional water molecules.

The parm94 version of the all-atom AMBER force field
was used to model the system (31). The 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 SANDER
included in version 7.0 of the AMBER suite of programs
(32). 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 pairlist 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 (33). Periodic boundary conditions were applied to
simulate a continuous system. To include the contributions
of long-range interactions, the Particle-Mesh-Ewald (PME)
method (34) 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 examined configurations, an equilibration period
of 200 ps resulted in stable trajectories as evidenced by the
convergence of the dimensions of the simulation box and
the evolution of the total energy of the system. Subsequently,
2.0 ns trajectories were computed and coordinates were saved
for analysis every 100 time steps. All of the MD results were
analyzed using the CARNAL module of AMBER 7.0 and

some other specific trajectory analysis software developed
locally. Structural figures were produced with the programs
Molscript (35) and Raster3D (36).

MD Simulations of the Michaelis Complex Formed
between the K15 Enzyme and Benzylpenicillin.The LYS,
LYN38, SEN96, and LYN213 configurations were also
modeled in the presence of a benzylpenicillin molecule bound
to the active site (LYS-BP, LYN38-BP, SEN96-BP, and
LYN213-BP models). In the X-ray structure of the apo-
enzyme, the nucleophilic serine hydroxyl group (Ser35) is
located in the “oxy-anion hole” formed by the backbone
amino groups of Ser35 and Ser216, impeding thus the access
of the â-lactam carbonyl group to the “oxy-anion hole”.
Hence, we manually performed a rotation of the Ser35 side
chain followed by energy-minimization of the apo-enzyme
in its LYN213 configuration and a short MD simulation (50
ps) with a constraint on the Ser35-Oγ‚‚‚N-Ser216 distance.
From this relaxed LYN213 configuration, several K15-
benzylpenicillin complexes with reasonably good enzyme-
inhibitor contacts were obtained with the AUTODOCK
program (37, 38). From these, we selected a low-energy
complex in which the Ser35-Oγ‚‚‚C7-BP distance was 3.4
Å, which was further relaxed through a short MD simulation
with harmonic constraints on the Ser35-N‚‚‚O8-BP (3.00
Å), Ser216-N‚‚‚O8-BP (2.80 Å), and Ser35-Oγ‚‚‚C7-BP
(3.10 Å) distances to fully accommodate theâ-lactam
carbonyl group within the K15 “oxy-anion hole”. The
resulting structure was employed as the starting point for
the four K15-BP trajectories following simulation protocols
identical to those used for the unbound models. For the BP
inhibitor, we employed the AMBER parameters that have
been described in a previous work (10, 39).

QM Calculations on Small Cluster Models.We explored
the potential energy surface (PES) in aqueous solution of
cluster systems relevant to the K15 active site configurations
using DFT methodologies (40). Our cluster model included
the Lys38, Cys98, Lys213 side chains, and the Ser96 residue,
which are interconnected through a network of hydrogen
bonds in the active site. The initial coordinates for the cluster
atoms were extracted from the previously edited 1SKF crystal
structure. Once the cluster model of each PBP configuration
was constructed, we located its corresponding minimum on
the aqueous solution PES at the B3LYP/6-31G* and B3LYP/
6-31+G** levels of theory using the Jaguar program (41).
During geometry optimizations, the Câ atom of the Lys38,
Cys98, and Lys213 side chains, and the backbone N and O
atoms of Ser96 were fixed at their initial positions to maintain
the relative orientation of the cluster residues found in the
X-ray structure. Solvent effects were taken into account by
means of the Poisson-Boltzmann (PB) solver (42) included
in Jaguar assuming a value of 80 for the dielectric constant
of the surrounding continuum. To characterize the critical
points, we carried out numerical frequency calculations at
the B3LYP/6-31G* level. The free energy in aqueous
solution for the cluster models was estimated by adding
solvation energies to the electronic energies complemented
by thermal corrections to enthalpy as evaluated with the
B3LYP/6-31G* frequencies.

The free energy of the cluster models in solution was
recomputed at the semiempirical PM3 level (43) using the
DivCon program (41), which includes a PB solver (44)
similar to that found in the Jaguar program. Since geometry
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optimization in solution is not implemented in DivCon, the
cluster models were first relaxed via QM/MM energy
minimizations. Thus, the cluster atoms were surrounded by
a 25 Å solvent cap of TIP3P water molecules centered at
the Oγ atom of the Ser96 fragment. After having equilibrated
the solvent cap through a 50 ps MD run, each cluster model
was subject to QM/MM energy minimization using the
ROAR 2.0 program (45) (the PM3 Hamiltonian was used to
describe the cluster atoms and the TIP3P force field was
used for the water molecules). After geometry optimization,
coordinates of the water molecules were removed and
energies of the cluster models were recomputed by perform-
ing single point PM3 calculations in solution using DivCon.

The DFT structures and their free energies in solution were
compared with those obtained from the PM3 calculations to
test the ability of the semiempirical method to reproduce the
energies and structures of the cluster models. In addition, a
“high level correction” factor was derived for some cluster
models by taking into account the difference between its DFT
and PM3 free energies (GDFT - GPM3). This energetic term
can be added a posteriori to refine the average semiempirical
free energies of the K15 configurations in the solvated protein
(see below).

Energetic Analyses of the MD Trajectories.The so-called
molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) approach is applied to perform many classes of
∆Gbinding calculations (enzyme-ligand, protein-protein,
DNA-protein) (46-48). Basically, MM-PBSA calculations
predict mean values of interaction free energies as estimated
over a series of representative (∼50-100) snapshots ex-
tracted from classical MD simulations. Herein, we employed
a variant of the MM-PBSA approach by carrying out
semiempirical QM calculations to estimate the free energies
of the different protein configurations (QM-PBSA calcula-
tions). Thus, the average free energy of the protein systems
was estimated according to the following equation:

whereGh is the calculated average free energy,Hh QMis the
average QM heat of formation of the solute that accounts
for intraprotein and enzyme-ligand effects,∆Gh solv is the
average solvation energy, which can be calculated preferably
using a QM Hamiltonian coupled with a continuum model,
and- TShMM is the solute entropy, which can be estimated
by molecular mechanics normal mode calculations.

In this work, a set of 50 representative structures extracted
every 40 ps along the MD trajectories were postprocessed
to calculate the average free energy for the simulated K15
configurations. Prior to the QM-PBSA calculations, the
selected set of snapshots for each configuration were subject
to QM/MM energy minimization. For the apo-enzyme, the
QM region in the QM/MM calculations comprised the Ser35,
Ser96, Asp143, Thr214 residues, and the side chains of Lys38,
Cys98, and Lys213. For the benzylpenicillin-complexed struc-
tures, the QM region included the BP inhibitor, the Ser35

and Ser216 residues, and the side chain of Lys38, Ser96, Lys213,
Thr214, and Arg248. Atoms in the QM region were allowed
to move during the QM/MM minimizations, while the rest
of the protein and a solvent cap of 1500 water molecules
centered on the Oγ@Ser35 atom (MM region) were held
fixed. The PM3 Hamiltonian was used to describe the QM

region and the AMBER force field was used for the rest of
the system. Hydrogen link atoms were placed at the
corresponding atoms to cap exposed valence sites due to
bonds which crossed the QM-MM boundary. The ROAR
2.0 program (45) was used to carry out the QM/MM
minimizations. From the QM/MM relaxed structures, we
selected protein subsystems (∼1000 atoms) that were
composed of all residues within a distance of∼12 Å to
Oγ@Ser35 (residues: Gly34-Leu46, Asn70-Ala75, Leu94-
Tyr102, Asp140-Ala149, Lys197-Asn200, Val212-Val225, Ile245-
Ala252). Terminal N-methylamine or acetyl groups were
placed at the C and N backbone atoms of those residues cut
out from the protein main chain by the truncation process.
In addition, the BP inhibitor was also extracted in the case
of the K15-BP complexes.

In practice, semiempirical QM calculations on large
systems can be done efficiently by using linear scaling self-
consistent-field techniques (49). Hence, we performed single-
point PM3 calculations on the subsystems using the divide
and conquer (D&C) approach (50, 51). We preferred PM3
to AM1 owing to its better performance for hydrogen-bond
contacts (52) and its lower mean absolute error in the
prediction of heats of formation for organic molecules.
Incorporation of solvent effects within the QM methodology
was accomplished by merging the D&C algorithm with the
PB equation (44). In these QM-PB calculations, the solute
was represented by Charge Model 2 (CM2) atomic charges
(53). The set of DREIDING atomic radii was used in the
QM-PB calculations (54). An additional “nonpolar” contri-
bution due to the creation of a solute cavity in the continuum
is accounted for by a term proportional to the solvent
accessible surface area of the solute as in the MM-PBSA
approach. The DivCon program (55) was employed to
perform the D&C semiempirical calculations using the dual
buffer layer scheme (inner buffer layer of 4.0 Å and an outer
buffer layer of 2.0 Å) with one protein residue per core. This
D&C subsettingwith a total buffer region of 6.0 Å gives
accurate relative energies (56). A cutoff of 9.0 Å was used
for the off-diagonal elements of the Fock, one-electron, and
density matrices.

Solute entropic contributions were estimated for the series
of subsystems with∼1000 atoms by using thenmodemodule
of the AMBER 7.0 package. 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 Å). The ROAR 2.0 program
was used to carry out the geometry optimizations driven by
a limited memory BFGS minimizer (57). All minimizations
and normal mode calculations were carried out with a
distance-dependent dielectric constant (ε ) 4r) to mimic
solvent screening and with no cutoff for nonbonded interac-
tions. As noted in previous work (58), this normal-mode
analysis determines only approximate estimates of the solute
entropy.

For the configurations representing the K15 enzyme
complexed with benzylpenicillin, we estimated the∆G for
ligand binding to the protein using the following equation:

Gh ≈ Hh QM + ∆Gh solv - TShMM (1)

∆G ) Gh complex- Gh protein- Gh substrate (2)
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where the threeG terms were evaluated using the snapshots
from a single MD trajectory of the complex (the one
trajectory approximation). For the∆Gbinding calculations, we
also took into account the dispersive nonpolar interactions
that are not considered in the semiempirical QM calculations
by adding the attractive part of the AMBER Lennard-Jones
potential (59) to the eq 1 in the following manner:

Binding free energies were computed for a standard state of
1 M. As a consequence, the translational entropy for each
component (complex, protein, ligand)is 6.4 cal mol-1 K-1

smaller than the entropy value obtained for the standard state
of an ideal gas owing to the change in concentration from
0.045 M (ideal gas) to 1 M (solution) (48).

RESULTS

RMSD Values and RMS Flexibility for the Apo-Enzyme.
In Table S1 of the Supporting Information, the heavy atom
root-mean-square deviations (RMSD) of the K15 PBP
relative to its initial crystal structure are given for the most
relevant structural elements, including the three conserved
structural motifs that define the active site (helixR2, R4/R5
loop, and strandâ3). Data in this table show that the
structural changes in the protein taking place during the
course of the MD simulations were not large. In addition,
the all-atom RMSD values are comparable for the different
trajectories (1.1-1.3 Å), that is, the global structure of the
enzyme is not significantly affected by the protonation state
of Lys38, Ser96, Cys98, and Lys213. The RMS flexibility,
calculated by comparing the instantaneous protein structure
to the average one, is also similar for the different trajectories
(∼0.8-1.1 Å). For the active site, the RMSD and RMSF
values across the six trajectories are quite similar, showing
that the structure and flexibility of the active site region are
only moderately influenced by the ionization state of the
selected residues.

Structure of the ActiVe Site.In the X-ray structure, the
K15 active site is characterized by a dense hydrogen-bonding
network that interconnects the catalytically relevant residues
(Ser35, Lys38, Ser96, Cys98, Lys213, Ser216, etc.) and some
solvent molecules. Thus, the hydroxyl group of the nucleo-
philic serine (Ser35) is located in the “oxy-anion hole” formed
by the backbone NH groups of Ser35 and Ser216 (Oγ‚‚‚N
distance of 2.9 and 3.1 Å, respectively). The lysine residue
of the first conserved motif (Lys38) strongly interacts with
the Cys98 side chain (Lys38-Nú‚‚‚Sγ-Cys98 ) 2.7 Å), while
Ser96 is hydrogen bonded to both Lys38 and Lys213 with
Oγ‚‚‚Nú distances of 2.9 Å. Lys213 also interacts with the
backbone carbonyl group of Thr214 (Lys213-Nú‚‚‚O-Thr214

) 3.1 Å) and with Met93 through a water molecule. Another
active site residue (not conserved in all PBPs) is Arg248,
whose side chain interacts with Gly215 in the X-ray structure
(Arg248-Nη2‚‚‚O-Gly215 ) 2.6 Å; a similar contact is
observed in class Aâ-lactamases).In principle, the compari-
son of the interresidue contacts observed along the MD
simulations with those present in the initial X-ray structure
could help identify the most probable configuration of the
K15 active site given that the hydrogen-bonding network at

the active site is intimately related to the protonation state
of the active site residues. Figure 1 shows representative
snapshots extracted from the six MD simulations as well as
schematic representations of the most stable hydrogen-bond
contacts including their percentages 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.

Concerning the nucleophilic serine residue, five of the six
trajectories maintain the Ser35 side chain within the “oxy-
anion hole” formed by the backbone amino groups of Ser35

and Ser216. In contrast, the Ser35-Oγ‚‚‚HN-Ser216 contact
is practically lost along the LYN213 trajectory. In this
enzyme configuration, the nucleophilic serine, which enters/
leaves the “oxy-anion hole” exchanging with bulk water
molecules, exhibits a significant side chain flexibility.

In our simulations, the distance between Lys38@Nú in the
first conserved motif and the Cys98 side chain is significantly
longer than that in the initial solid-state structure. The closest
Lys38‚‚‚Cys98 contact (3.02( 0.11 Å) is observed when both
residues are charged forming a Cys98-S-‚‚‚+H3N-Lys38 salt
bridge (CYM98). On the other hand, a novel NúH‚‚‚OdC
interaction, not present in the initial X-ray structure, connects
the Lys38 side chain with the backbone carbonyl group of
Asp143 in all the trajectories excepting the SEN96 one (see
Figure 1). In addition, the Lys38 ammonium group is able to
interact directly with the Asp143 carboxylate group along the
LYS simulation: 57% of abundance with an average distance
of 2.78 ( 0.12 Å.

The Lys38‚‚‚Ser96‚‚‚Lys213 association found in the X-ray
structure is perfectly stable along the SEN96 trajectory thanks
to strong ionic contacts between the anionic serine and the
ammonium groups of Lys38 and Lys213. When the anionic
Ser96 and one of the ammonium groups are neutralized, the
Lys38‚‚‚Ser96‚‚‚Lys213 association is also stable as observed
in the LYN38 and the LYN213 MD simulations, which
present large occupancies for the corresponding Lys38‚‚‚Ser96

and Ser96‚‚‚Lys213 hydrogen bonds: 69-100% for LYN38
and 95-73% for LYN213. The hydrogen-bond sequence in
these contacts along the LYN38 and LYN213 trajectories is
suitable for proton transfer to occur from the protonated
ammonium side chain to the amino group of the neutral
lysine.

Lys213 interacts with water molecules in all the simulations
(0.8-1.8 water molecules as estimated by integration of the
first peak of the atomic radial distribution function of water
molecules around Nú@Lys213). In three of the configurations
examined (LYS, LYN38, CYM98), one water molecule
connects the lysine side chain with the carbonyl group of
Met93 forming a stable water bridge (occupancy of 66-82%)
in agreement with the initial solid-state structure. However,
a direct Lys213-Nú‚‚‚O-Met93 interaction is formed for the
rest of trajectories. On the other hand, the stability of the
contact between Lys213 and the backbone carbonyl group of
Thr214 varies with the six trajectories of the apo-enzyme (see
Figure 1).

The interaction between the backbone carbonyl group of
Gly215 and the side chain of Arg248 is stable only for the
SEN96, CYM98, and LYN38_LYN213 configurations. In
the other models, the Arg248 side chain is displaced by a water
molecule which locates between the Arg248 guanidinium and
the Gly215 carbonyl groups.

Gh ≈ Hh QM + LJ

R6
+ ∆Gh solv - TShMM (3)
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As mentioned above, all the apo-enzyme configurations
have similar RMSD and RMSF values in aqueous solution.
In addition, we see now that no single model can reproduce
all the active site interresidue contacts observed in the solid
state structure of the K15 enzyme. Therefore, it is not
possible to characterize unambiguously the protonation state
of the K15 active site on the basis of structural analyses. In
this scenario, energetic calculations are clearly needed to
estimate the relative stability of the different configurations
studied for the K15 enzyme in aqueous solution.

QM Calculations on Small Cluster Models.The relative
energetic stability of the K15 configurations is governed by
several factors: (1) the intrinsic basicity of the Lys38, Cys98,
Ser96, and Lys213side chains; (2) the strength of the hydrogen-
bond network interconnecting the important residues in the

active site; (3) protein-solvent interactions; (4) long-range
protein-protein interactions. In principle, all these energetic
contributions can be taken into account by means of
semiempirical QM-PBSA calculations on protein subsystems.
To calibrate the performance of the QM-PBSA approach as
applied to our particular problem, we optimized a series of
small cluster models in aqueous solution at the B3LYP/6-
31G*, B3LYP/6-31+G**, and PM3 levels of theory. The
corresponding energies and optimized geometries are re-
ported in Table S3 and Figure S1 of the Supporting
Information.

DFT optimizations of the small cluster models in solution
led to stationary points that preserved the defining charge
distribution and hydrogen-bonding network of the K15
configurations. In all these models, the heavy atom distance

FIGURE 1: Schematic representation of the main interresidue contacts observed in the K15 PBP active site: (a) in the 1SKF X-ray structure
and (b-g) along the six trajectories computed for the apo-enzyme. A snapshot of the active site extracted from each simulation has been
produced with Molscript and Raster3D.
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between the thiol group and the ammonium/amine group at
the Lys38 position lies between 3.2 and 4.2 Å, well above
the 2.7 Å value of the original X-ray structure. The relative
free energies in solution for the series of cluster models with
a +1 charge, LYN38, SEN96, CYM98, and LYN213 are
0.0, +0.6, +7.7, and-0.6 kcal/mol, respectively, at the
B3LYP/6-31+G** level. Numerical frequency calculations
show that the small models LYN38, CYM98, and LYN213
correspond to stable minima on the PES, whereas the SEN96
model, which is characterized by short NH‚‚‚O contacts
(2.5-2.6 Å) of the methoxide group with the two nearby
ammonium groups, turned out to be a transition structure
for the assisted proton exchange between the Lys38 and Lys213

amino groups (see Figure S1, Supporting Information). This
means that the SEN96 configuration of the small cluster
model is not stable even in aqueous solution and that a low
energy barrier of∼1-2 kcal/mol separates the LYN38 and
LYN213 configurations. On the other hand, we also esti-
mated the relative stability of the LYN213 cluster model with
respect to the LYS model by computing the free energy
change in solution for the LYSf LYN213 + H+

(aq) process.
We obtained a∆G of +11.2 kcal/mol by combining the DFT
free energies of the LYS and LYN213 models with experi-
mental estimations of the proton thermodynamic data (∆Gsolv-
(H+) ) -259.5 kcal/mol;T∆S ) 7.9 kcal/mol at 298 K)
previously used in QM pKa calculations (60)).

The geometries and free energies of the small cluster
models were computed using the semiempirical PM3 Hamil-
tonian as described above. The PM3 heavy atom distances
in the N‚‚‚O and N‚‚‚S hydrogen-bond contacts are quite
similar to the corresponding DFT values (see Figure S1).
The relative semiempirical free energies for the LYN38,
SEN96, CYM98, and LYN213 models (∆GPM3) are 0.0,
13.5, -7.3, and 1.2 kcal/mol, respectively. For the same
cluster models, the corresponding free energy differences
∆GB3LYP/6-31+G** - ∆GPM3 (0.0, -12.9, 15.0, and 1.8 kcal/
mol) constitute the “high level correction” terms that can be
applied to the QM-PBSA energies of the solvated protein
subsystems. These correction factors indicate that PM3
slightly destabilizes the LYN213 configuration with respect
to LYN38. The results for the CYM98 model, which is the
most stable structure in solution at the PM3 level, shows
that PM3 largely overestimates the acid strength of the thiol
group by 15 kcal/mol as compared with the DFT results.
Besides correcting the relative energy of the SEN96 con-
figuration by around 13 kcal/mol, the DFT calculations
introduce a qualitative change in the chemical significance
of the SEN96 cluster model since the DFT structure, which
has only a moderate ionic character, corresponds to a low
barrier transition structure for the assisted proton exchange
between the Lys38 and Lys213 amino groups. In contrast, the
PM3 Hamiltonian characterizes the SEN96 configuration in
solution as a strongly ionic structure corresponding to a high
energy minimum on the PES. Similar observations have been
reported in previous theoretical work (61) on model proton
transfer reactions in symmetric hydrogen-bonded systems
showing that PM3 tends to overestimate the energy barriers
significantly (∼10 kcal/mol) with respect to ab initio results.

A good agreement between DFT and PM3 methodologies
is found in the computation of the∆G for the acid
dissociation of the lysine ammonium groups. Thus, the
semiempirical∆G for the LYSf LYN213 + H+

(aq) process

amounts to 10.8 kcal/mol (using the experimentally derived
enthalpy of a proton;∆Hf (H+) ) 365.7 kcal/mol (62)),
which is very close to the DFT value (11.2 kcal/mol). We
also note that semiempirical PM3 calculations for the
butylammonium/butylamine pair (see Table 1) complemented
with experimental thermodynamic data of H+

(aq) predict a
pKa value forn-butylamine of 11.0, which is very close to
the experimental value (10.78). Hence, we did not derive a
“high level correction” term for the acid dissociation
processes.

Energetic Analyses of the MD Trajectories.The structure
of the active site in selected snapshots along the MD
trajectories was relaxed via QM/MM energy minimizations.
In general, the QM/MM clusters, in which the Ser35, Lys38,
Ser96, Cys98, Asp143, Lys213, and Thr214 residues were
described by the PM3 method, were structurally similar to
those generated along the MD simulations using the MM
force field representation. For the CYM98 model, the average
heavy atom Cys98-S-‚‚‚+H3N-Lys38 distance in the PM3/
AMBER minimized structures amounts to 2.95, which is still
above the 2.7 Å value found in the X-ray crystal structure.

To assess the relative stability of the different models of
the active site in solution, we performed single-point PM3
D&C-PB calculations and MM normal mode calculations
on subsystems comprising∼1/4 of the protein. These
subsystems were built from the QM/MM relaxed structures
along the MD trajectories as described in Methods. Table 1
shows the average heats of formation and solvation energies
as estimated semiempirically. These values, which take into
account the effects of the solvent continuum and the influence
of structural fluctuations, can be combined with the MM
entropy terms to obtain a first estimation of the free energy
for each configuration (see Methods).

The average QM-PBSA free energy differences between
the LYN213, SEN96, and CYM98 configurations and the
LYN38 one are-14, 9, and 29 kcal/mol, respectively, thus
favoring the neutral state of the Lys213 residue in the native
form of the K15 enzyme (see Table 1). The magnitude of
the estimated∆G difference between CYM98 and LYN38
(+29 kcal/mol) suggests that the CYM98 state is indeed quite
unstable in the protein. The semiempirical QM-PBSA
calculations also suggest that the SEN96 configuration is less
stable than the LYN38 and LYN213 states by 9 and 23 kcal/

Table 1: PM3-Based Free Energy Componentsa of the Different
PBP K15 Configurations in Waterb

system H ∆Gsolv Gtotal
c

But-NH2 -21.1( 0.9 -1.7( 0.2 -46.5( 0.9
But-NH3

+ 133.7( 0.6 -73.0( 1.3 36.8( 1.4
LYS -2885.7( 45.2 -791.0( 30.8 -4440.0( 34.9
LYN38 -2960.5( 45.6 -805.6( 25.9 -4530.1( 39.8

(0.0) (0.0) (0.0)
SEN96 -2947.3( 40.9 -810.5( 26.7 -4520.7( 31.6

(13) (-5) (9)
CYM98 -2928.4( 37.8 -809.6( 21.7 -4501.5( 31.0

(32) (-4) (29)
LYN213 -2985.2( 42.9 -794.7( 21.1 -4544.2( 42.9

(-25) (11) (-14)
LYN38-LYN213 -3067.6( 38.9 -773.7( 26.9 -4605.5( 32.6

a In kilocalories per mole.b Relative differences of the SEN96,
CYM98, and LYN213 mean values with respect to the LYN38 ones
are in parentheses. Free energy components for the butylamine/
butylammonium pair are also indicated.c Including the entropy cor-
rections from MM normal mode calculations on subsystems.
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mol, respectively. The energetic preference for the LYN213
state in the protein is not altered by adding the “high level
corrections” as estimated by the DFT and PM3 calculations
on the small cluster models. Thus, the corrected free energy
differences of LYN213, SEN96, and CYM98 with respect
to LYN38 are-16, -4, and+34 kcal/mol, respectively.

We also estimated the relative stability of the LYN213
configuration with respect to the LYS model in which both
Lys38 and Lys213 are positively charged. We considered the
free energy change for the proton dissociation process
connecting formally the LYS and LYN213 states:

Combining the thermodynamic data for H+
(aq) with the G

values for the LYS and LYN213 states in Table 1, the free
energy change for the LYSf LYN213 + H+ process
amounts to-5.9 kcal/mol. Alternatively, we also considered
the free energy change for a proton exchange process in
solution as expressed by the following equation:

The global free energy change for this process, which is
obtained by subtracting the corresponding mean values in
Table 1, is-20.9 kcal/mol, thus favoring the LYN213+
n-butylammonium state. Therefore, our calculations consis-
tently predict that in solution the LYN213 configuration
would be thermodynamically more stable than the LYS state
regardless the reference reaction being analyzed. These
results suggest that theintrinsic pKa of the Lys213 group could
be significantly lowered, resulting thus in a low value of its
global pKa.

In principle, the loss of a proton in the LYN38 or LYN213
configurations could formally lead to the LYN38_LYN213
state. To assess the stability of LYN38_LYN213 with respect
to LYN213, we considered the free energy change associated
to a formal process analogue to that in Scheme 3 (i.e., But-
NH2 + LYN213 f But-NH3

+ + LYN38_LYN213). In this
case, the corresponding∆G obtained from the mean values
collected in Table 1 is largely positive,+22 kcal/mol.
Similarly, the∆G value for the proton dissociation process
LYN213 f LYN38_LYN213+ H+, 37 kcal/mol, is again
very large and positive. Although other situations could be
examined by means of these and other reference processes,
it is likely that the LYN213 protonation state of the native
enzyme would remain as the most favorable one in aqueous
solution.

Structural Analyses of the K15-BP Complexes: RMSD
and RMSF.The Michaelis complex formed between the K15
enzyme and benzylpenicillin was modeled in four different
configurations of the active site (LYS-BP, LYN38-BP,
SEN96-BP, and LYN213-BP) that corresponded to the

energetically more favorable states of the free enzyme (LYS,
LYN38, SEN96, and LYN213). Table S4 of the Supporting
Information collects the RMSD and RMSF values for these
configurations.

Comparison of the RMSD values in Table S4 with those
in Table S1 shows that penicillin binding does not induce
large changes in the global structure of the protein. Concern-
ing the protein flexibility, the RMSF values for the four
trajectories of the Michaelis complex are quite similar (0.8-
1.0 Å). At the level of the active site residues, location of
BP at the interface of the two domains of the enzyme reduces
the active site flexibility in the LYN38-BP and LYN213-
BP configurations, which could be an indication of better
enzyme-ligand contacts along these trajectories (see below).

Interresidue Contacts in the K15-BP Complexes.Figure
2 shows schematic representations of the relevant hydrogen-
bond contacts observed in the K15 active site and charac-
teristic snapshots extracted from the MD trajectories in the
presence of BP. Binding to BP induces some changes in the
active site interresidue contacts with respect to those previ-
ously described for the apo-enzyme. For example, the
nucleophilic hydroxyl group (Ser35), which is replaced in the
“oxy-anion hole” by theâ-lactam carbonyl group, interacts
directly with the Lys38 side chain along the four trajectories.
The donor/acceptor nature of the Ser35‚‚‚Lys38 hydrogen-
bond interaction depends on the protonation state of Lys38.
Thus, the LYN38-BP trajectory results in a stable Ser35-
OγH‚‚‚Nú-Lys38 contact (2.77( 0.12Å, 100%), whereas the
serine hydroxyl group behaves as an hydrogen-bond acceptor
(Ser35-Oγ‚‚‚HNú-Lys38) in the LYS-BP, SEN96-BP, and
LYN213-BP complexes (see Figure 2).

Other structural changes induced by inhibitor binding
affect the Lys38‚‚‚Ser96‚‚‚Lys213 association. Thus, the Lys38‚
‚‚Ser96 contact observed along the LYN38, SEN96, and
LYN213 trajectories is lost in the LYN38-BP and LYN213-
BP states (see Figure 2). The Lys38 side chain maintains a
weak interaction with the thiol group of Cys98, similar to
that observed for the apo-enzyme, while the stability of its
hydrogen bond with the Asp143 carbonyl group is reinforced
by the presence of the antibiotic (except for the SEN96
configuration). It may be interesting to note that the salt
bridge between the Lys38 and Asp143 observed along the LYS
trajectory (2.78( 0.12 Å, 57%) becomes stabilized along
the LYS-BP simulation (2.78( 0.12 Å, 88%). Similarly,
the stability of the Arg248-NηH‚‚‚O-Gly215 contact is
significantly increased in the LYN38-BP and LYN213-
BP configurations. This contact is lost along the LYS-BP
and SEN96-BP trajectories.

K15-BP Binding Determinants.The three structural parts
of benzylpenicillin (i.e., the four-memberedâ-lactam ring,
the five-membered thiazolidine ring, and the acylamino side
chain) contribute to anchor the antibiotic to the K15 active
site by means of specific interactions with residues of the
enzyme. 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 side chain and a potential base catalyst
(theâ-lactam carboxylate or the side chains of Lys38, Ser96,
or Lys213) allow us to assess the prereactive character of each
configuration.

Scheme 2

Scheme 3
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Along the LYS-BP trajectory, the antibiotic molecule in
the K15 active site shifts and changes its initial orientation
with respect to the nucleophilic serine (Ser35). On one hand,

the â-lactam carbonyl moiety keeps its interaction with the
backbone amino group of Ser216 (3.00( 0.20 Å, 83%), but
the BP-O8‚‚‚HN-Ser35 contact is lost after∼400 ps of

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 benzylpenicillin and the K15 PBP enzyme. A snapshot of the active site
extracted from each simulation with benzylpenicillin shown in green has been produced with Molscript and Raster3D.
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simulation time so that theâ-lactam carbonyl group is not
properly placed at the “oxy-anion hole”. On the other hand,
the interaction between the BP carboxylate and the Arg248

side chain evolves from an initial Arg248-NηH22‚‚‚O13-
BP hydrogen bond (2.77( 0.15 Å 10%) to the most
abundant Arg248-NηH21‚‚‚O13-BP contact (2.80( 0.11
Å 87%). The BP-COO- group also interacts with the side
chains of Ser96 (36% of direct contacts and 56% of water-
mediated interactions) and Thr214 (2.77 ( 0.21 Å, 99%).
Finally, the carbonyl group of the acyl-amino side chain of
BP interacts with the backbone amine group of Ser73 (Ser73-
NH‚‚‚O16-BP 2.90( 0.14 Å, 81%).

In principle, the carboxylate moiety of benzylpenicillin is
the only group capable of activating the Ser35 hydroxyl group
in the LYS configuration. However, the BP-COO- and
Ser35-OγH groups do not interact during the LYS-BP
simulation either directly or through a water molecule.
Moreover, the nucleophilic Ser35 side chain is nearly in a
coplanar position with respect to theâ-lactam ring (the
average Ser35-Oγ‚‚‚O8-C7-N4-BP torsional angle is
-162.7 ( 28.4°). In this orientation, the Ser35 side chain
interacts with solvent molecules or with the carbonyl group
of the acyl-amino side chain of BP (2.75( 0.17 Å, 18%).
The average Ser35-Oγ‚‚‚C7-BP distance (4.20( 0.50 Å)
and Ser35-Câ-Oγ‚‚‚C7-BP angle (63.4( 17.9°) further
demonstrates that the relative orientation of the Ser35 side
chain and theâ-lactam ring of BP is not adequate for the
nucleophilic attack to occur. Thus, we conclude that BP
adopts a nonreactive configuration in the K15 active site
when both Lys38 and Lys213 are protonated, a result similar
to that obtained in the previous MD simulation of the K15/
cefoxitin Michaelis complex (28).

The LYN38-BP trajectory is characterized by stable
Ser35-NH‚‚‚O8-BP (2.98( 0.16 Å, 98%) and Ser216-NH‚
‚‚O8-BP (2.88( 0.13 Å, 100%) hydrogen-bond contacts,
which maintain theâ-lactam carbonyl group within the “oxy-
anion hole”. The “carboxylate pocket” constituted by the
protein residues that interact with the BP carboxylate turns
out to be quite flexible given that the BP-COO- group
oscillates between the Lys213 ammonium and the Arg248

guanidinium groups. In the most abundant complexes, the
â-lactam carboxylate interacts directly with Arg248 (Nη2H‚
‚‚O13-BP ) 2.88 ( 0.19 Å, 68%) and through a water
molecule with the Ser96 side chain (69% of the simulation
time). In the alternative conformation of the “carboxyate
pocket”, which was observed in 34% of the analyzed

snapshots, the Arg248-Nη2H‚‚‚O13-BP hydrogen bond is
not present, the bridging water molecule in Ser96-OγH‚‚‚
OH2‚‚‚O12-BP has been expelled, and the Ser96 side chain
mediates a salt bridge contact between the carboxylate moiety
of BP and the ammonium group of Lys213 (Lys213-NúH3

+‚
‚‚Ser96-OγH‚‚‚O12-BP). Several transitions between these
two binding modes of the BP-COO- group occur during
the course of the dynamics as shown in Figure 3, which
represents the time evolution of the Ser96-Oγ‚‚‚O12-BP
and Arg248-Nη2‚‚‚O13-BP distances. The shift of the BP
carboxylate group between the positively charged side chains
of Lys213 and Arg248 also perturbs its contact with the Thr214

side chain (see Figure 2) since interchangeable hydrogen-
bond contacts are observed with both oxygen atoms of the
carboxylate group. On the other hand, the carbonyl group
of the acylamino side chain of the antibiotic mainly interacts
with the backbone of Ser73 (Ser73-NH‚‚‚O16-BP 2.92(
0.15 Å, 92%) like in the LYS-BP state.

From a mechanistic point of view, the LYN38 configu-
ration is characterized by the presence of a neutral lysine in
the K15 active site (Lys38), which could act as a base catalyst
by activating the Ser35 hydroxyl group. The stability of the
Ser35-OγH‚‚‚Nú-Lys38 hydrogen-bond contact (2.77( 0.12
Å, 100%) along the LYN38-BP trajectory supports this
hypothesis. Moreover, both the short Ser35-Oγ‚‚‚C7-BP
distance (3.13( 0.17 Å) and the Ser35-Câ-Oγ‚‚‚C7-BP
angle (95.7( 7.4°) confirm that the Ser35 side chain is well
positioned to attack the amide group of theâ-lactam ring.

The SEN96-BP trajectory also shows stable contacts
between theâ-lactam carbonyl group and the “oxy-anion
hole” (Ser35-NH‚‚‚O8-BP 3.00( 0.15 Å, 99% and Ser216-
NH‚‚‚O8-BP 2.94( 0.14 Å, 100%). In this case, the BP
carboxylate group interacts with the Thr214 hydroxyl group
(2.64( 0.11 Å, 99%) and through water-mediated contacts
with the Ser96 and Lys213 side chains (55 and 95%,
respectively). In addition, there is a salt-bridge between the
BP carboxylate and the Arg248 guanidinium groups either
through a direct contact in the first half of the trajectory or
through a water-mediated interaction in the second half.
Again the C7 side chain of BP remains hydrogen bonded to
Ser73 (Ser73-NH‚‚‚O16-BP 2.98( 0.17 Å, 97%).

The SEN96 configuration is characterized by the presence
of the unusual anionic state of the Ser96 residue, which could
be stabilized in the K15 active site by means of its ionic
contacts with the Lys38 and Lys213 ammonium groups (see
Figure 2). The anionic serine strongly interacts with the
nucleophilic hydroxyl group (Ser35-OγH‚‚‚-Oγ-Ser96 2.64
( 0.10Å, 100%), highlighting its potential catalytic rel-
evance. Similarly, the average values of the Ser35-Oγ‚‚‚
C7-BP distance (3.14( 0.16 Å) and the Ser35-Câ-
Oγ‚‚‚C7-BP angle (95.9( 8.1°) suggest that the Ser35 side
chain is well positioned to attack the amide group of the
â-lactam ring along the SEN96-BP trajectory.

The fourth simulation of the K15-BP Michaelis complex
corresponds to the LYN213 configuration, which is the most
probable state of the apo-enzyme according to our calcula-
tions. Along the LYN213-BP trajectory, theâ-lactam
carbonyl group partially occupies the “oxy-anion hole”: the
inhibitor carbonyl group keeps a stable hydrogen-bond
contact with the amino group of Ser216 (2.85( 0.12 Å, 99%),
but the orientation of the Ser35 side chain does not allow a
proper Ser35-NH‚‚‚O8-BP interaction (3.27( 0.16 Å,

FIGURE 3: Time evolution of the Ser96-Oγ‚‚‚O12-BP (in red)
and Arg248-Nη2‚‚‚O13-BP (in blue) distances along the LYN38-
BP simulation.
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26%). The BP-COO- group establishes stable hydrogen
bonds with Thr214 and Arg248 (see Figure 2) and is linked to
Ser96 through a water bridge. The carbonyl group of the acyl-
amino side chain of BP interacts with Ser73, although this
contact is weaker than those found in the other simulations
(see Figure 2).

Along the LYN213-BP trajectory, the nucleophilic serine
interacts with the neutral amino group of Lys213 through a
Lys38-NúH3

+‚‚‚Ser35-OγH‚‚‚H2Nú-Lys213 association. This
could be indicative of a possible mechanistic role of the
neutral Lys213 amino group as the base catalyst. However,
the relatively large Ser35-Oγ‚‚‚C7-BP distance (4.29( 0.26
Å), the low value of the Ser35-Câ-Oγ‚‚‚C7-BP angle (54.4
( 10.6°), and the weak interaction of theâ-lactam carbonyl
group with the “oxy-anion hole”, suggest that the LYN213-
BP configuration should be less reactive than the LYN38-
BP or SEN96-BP ones.

Energetic Analyses of the K15-BP Complexes.The
thermodynamic analyses were repeated for the protein
subsystems in the LYS-BP, LYN38-BP, SEN96-BP, and
LYN213-BP trajectories following the QM-based compu-
tational 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 BP inhibitor and important residues
in the K15 active site shows that the QM/MM relaxation
does not alter the identity and properties of the important
hydrogen-bond interactions that anchor theâ-lactam to the
K15 active site (data not shown for brevity).

Table 2 shows the average heats of formation, solvation
energies, and free energies of the K15-BP complexes.
Interestingly, the presence of the antibiotic reverses the
energetic preference of the protein configuration given that
the LYN38-BP state is now 12 and 20 kcal/mol below
LYN213-BP and SEN96-BP, respectively, in terms of their
mean semiempiricalG values. Addition of the “high level
correction” terms derived from the test calculations to the
QM-PBSA G values preserves the energetic preference for
the LYN38 state, which remains 10 and 7 kcal/mol below
LYN213-BP and SEN96-BP, respectively.

To find out if the presence of the BP inhibitor can change
the global charge distribution of the K15 active site by
stabilizing energetically the LYS-BP complex with respect
to LYN38-BP, we considered the formal proton dissociation
process, LYS-BPf LYN38-BP+ H+

(aq),which has a∆G
value of -1.3 kcal/mol as estimated semiempirically.
Although this value is about 4 kcal/mol lower in absolute

value than that for the LYSf LYN213 + H+
(aq) process in

the absence of BP, it is still negative, suggesting thus that
LYN38-BP would be the predominant configuration of the
K15-BP complex in aqueous solution.

The QM-based binding energies (∆Gbinding) are collected
in Table 3 for the four K15-BP models. In the absence of
the Lennard-Jones energy term, the absolute values of the
∆Gbinding energies were largely positive (∼40-50 kcal/mol).
In terms of their relative∆Gbinding energies, the LYS-BP
(41.8 kcal/mol) and LYN38-BP (44.5 kcal/mol) models
present a similar affinity for the BP inhibitor. In contrast,
when the K15 enzyme is modeled in the LYN213 or SEN96
configurations, BP is a worse ligand by∼13-15 kcal/mol.
Inclusion of the attractive Lennard-Jones energy term to
account for the dispersion interactions makes the∆Gbinding

energies clearly negative (-20,-30 kcal/mol), showing thus
the importance of the dispersion energy contribution to the
total∆Gbinding. Nevertheless, the observed trend in the relative
∆∆Gbinding values remains unaltered (see Table 3). By
examining the free energy components in Table 3, we see
that the driving force for inhibitor binding in the LYS-BP
state arises from intraprotein interactions between the
negatively charged BP inhibitor and the K15 active site,
which bears two ammonium groups at Lys38 and Lys213. In
the LYN38-BP complex, however, the inhibitor orientation
and binding interactions result in a lower desolvation penalty,
which compensates the weaker K15-BP interactions, leading
to a relatively large value of∆Gbinding.

DISCUSSION

The NatiVe Form of the K15 Enzyme in Aqueous Solution.
From the structural analyses of the MD trajectories corre-
sponding to the unbound form of the K15 enzyme, it is not
possible to determine the best theoretical model accounting
for the structure of the K15 enzyme in the crystal state. Our
energetic analyses predict that the LYN213 configuration is
the most stable one in aqueous solution. The most significant
structural features of the LYN213 trajectory are the ability
of the Ser35 side chain to leave the “oxy-anion hole”, and
the presence of a Lys38-NúH3

+‚‚‚Ser96-OγH‚‚‚:NúH2-Lys213

hydrogen-bonding network. On one hand, the flexibility of
the Ser35 side chain could facilitate the access to the “oxy-
anion hole” of the carbonyl group of an incoming peptide
substrate orâ-lactam inhibitor. On the other hand, the
stability of the Lys38-NúH3

+‚‚‚Ser96-OγH‚‚‚:NúH2-Lys213

association indicates that an hydrogen-shift process could
take place between both lysine residues (see below). In this
respect, the DFT calculations on the small cluster models
suggest that the Ser96 hydroxyl group could be important in
assisting the proposed proton-transfer process through a low
barrier transition structure with an ionic structure Lys38-
NúH3

+‚‚‚Ser96-Oγ-‚‚‚+H3Nú-Lys213 resembling the SEN96
configuration. Nevertheless, the LYN213f LYN38 conver-
sion in the apo-enzyme would be disfavored according to
free energy calculations.

The LYN213 model as the most stable enzyme configu-
ration in solution is partly in consonance with previous
electrostatic calculations that assigned a low pKa (7.4) to
Lys213 in the K15 enzyme (28). The same calculations also
attributed a pKa value of 7.2 to Cys98, suggesting that this
active site residue could be also deprotonated at the physi-

Table 2: PM3-Based Free Energy Componentsa of the PBP-K15
Enzyme Bound to Benzylpenicillinb

system H ∆Gsolv Gtotal
c

LYS-BP -3141.2( 38.2 -741.1( 24.5 -4673.8( 27.4
LYN38-BP -3167.4( 29.4 -813.8( 15.9 -4773.4( 30.4

(0.0) (0.0) (0.0)
SEN96-BP -3153.6( 32.6 -810.1( 21.0 -4753.0( 30.7

(14) (4) (20)
LYN213-BP -3203.7( 33.6 -762.8( 25.5 -4761.0( 36.5

(-36) (51) (12)
a In kilocalories per mole.b Relative differences of the SEN96-BP,

and LYN213-BP mean values with respect to the LYN38-BP ones are
in parentheses.c Including the entropy corrections from MM normal
mode calculations on subsystems.
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ological pH. However, an anionic Cys98 side chain would
be very unstable in the K15 active site according to our
calculations. Similarly, previous mutagenesis experiments
have not supported the presence of the anionic form of Cys98

(25). Furthermore, in the majority of the PBPs, the equivalent
Cys98 residue corresponds to a neutral asparagine. We believe
that the low pKa value predicted for the Cys98 residue could
be due to the short Lys38-Nú‚‚‚Sγ-Cys98 distance observed
in the X-ray structure, 2.7 Å, which seems clearly too low
as revealed by our quantum chemical calculations at different
levels of theory.

Binding of Penicillins to the K15 ActiVe Site.By means
of molecular modeling, docking analyses, and a short MD
simulation with appropriate constraints, we built an initial
structure for the complex formed between the K15 enzyme
and benzylpenicillin in which theâ-lactam carbonyl group
interacts simultaneously with the two backbone NH groups
of Ser35 and Ser216 (the “oxy-anion hole”), while the
nucleophilic Oγ@Ser35 atom is well poised for attacking the
â-lactam amide group. To the best of our knowledge, X-ray
crystal structures of enzyme-ligand complexes for the K15
enzyme, which could have been used to inform the model
building process, have not been reported. However, our
docking calculations and MD simulations are in reasonable
agreement with structural data available for other PBP/â-
lactam covalent complexes (acyl-enzyme intermediates)
involving PBP2x from Streptococcus pneumoniae(PDB
code: 1QMF) (63), PBP2a fromStaphylococcus aureus
(1MWS, 1MWT, and 1MWU) (64), and the DD-carbox-
ypeptidase fromStreptomyces R61(1PW8, 1PWC, 1PWD,
and 1PWG). The main enzyme-ligand contacts observed in
all these structures are (1) theâ-lactam carbonyl group
located in the “oxy-anion hole”; (2) theâ-lactam carboxylate
group interacting with a hydroxyl group from strandâ3; (3)
the â-lactam acyl-amino side chain hydrogen bonded to an
amino group of the enzyme.

The dynamic evolution of the initial K15-BP complex
was explored by carrying out four 2-ns MD simulations
differing in the charge configuration of the Lys38, Ser96, and
Lys213 residues (LYS-BP, LYN38-BP, SEN96-BP, and
LYN213-BP). Most interestingly, we found that theâ-lac-
tam carbonyl group remains properly located within the “oxy-
anion hole” and has a short BP-C7‚‚‚Oγ-Ser35 distance
(3.1 Å) during the LYN38-BP and SEN96-BP simulations,
whereas the evolution of the LYS-BP and LYN213-BP
models resulted in nonreactive and poorly reactive enzyme-
inhibitor orientations, respectively (see Figure 2). On the

other hand, free energy calculations and thermodynamic
analyses predict that the LYN38-BP configuration is more
stable than the SEN96-BP, LYN213-BP, and LYS-BP
states. Therefore, we propose that upon formation of the
K15-BP Michaelis complex the neutral form of Lys38 would
become stabilized energetically to give a prereactive con-
figuration.

From all discussed above, it is reasonable to expect that
the Lys38-NH3

+/Lys213-NH2 pair characteristic of the
LYN213 state, which is the most favored configuration of
the apo-enzyme, would evolve into the Lys38-NH2/Lys213-
NH3

+ pair when the BP antibiotic approaches the K15 active
site. We expect that this process occurs easily in the K15
enzyme given that (a) the Lys38/Lys213 ammonium/amino
groups are bridged by the Ser96 hydroxyl group (in the
LYN213 state) or the Ser35 hydroxyl group (in the LYN213-
BP state); (b) abstraction of the hydroxyl proton by the Lys213

amino group to give a Lys38-NúH3
+‚‚‚Ser-Oγ-‚‚‚+H3Nú-

Lys213 transition structure should not be energetically costly
as suggested by the DFT calculations. Hence, the electrostatic
influence of the negatively charged carboxylate group of BP,
which points toward the Lys213 and Arg248 side chains, could
promote the required Lys38-NH3

+ f Lys213-NH2 proton
transfer at some stage during the approach of BP to the K15
active site.

We note in passing that previous electrostatic pKa calcula-
tions for the K15 enzyme complexed with cefoxitin have
predicted a high pKa value for Lys38 (>14.0) in disagreement
with our calculations (28). However, the pKa calculations
had been carried out using the coordinates of a single K15-
cefoxitin complex generated by means of a rigid docking
analysis.

Implications for the Acylation Mechanism of the K15
Enzyme.Binding of benzylpenicillin to the K15 active site
would trigger the conversion from the LYN213 configuration
of the apo-enzyme to the most reactive LYN38-BP com-
plex. This process can be considered as the first step along
the reaction mechanism for the formation of the K15 acyl-
enzyme. As revealed by the LYN38-BP MD simulation,
theâ-lactam carbonyl group lies very close to the hydroxyl
group of the nucleophilic Ser35 that in turn interacts with
the neutral Lys38 amino group by means of a stable hydrogen
bond. Hence, provided that the Ser35-OγH proton is
abstracted by the Lys38-NúH2 group, the nucleophilic attack
could occur to give a tetrahedral intermediate (see Scheme
4). In this second step, the neutral Lys38 amino group would
act as the base catalyst in agreement with the previous

Table 3: Binding Free Energy Componentsa in the PBP-K15/â-Lactam Complexes as Obtained from the PM3-Based Energy Analyses without
and with the Dispersion Energy Correction as Estimated by the AMBER Lennard-Jones Termb

∆Hbinding ∆Gbinding
c

∆∆Gsolvincluding LJ/R6 including LJ/R6

LYS-BP -102.9( 9.2 -175.1( 14.4 125.2( 7.6 41.8( 10.5 -30.5( 15.9
(0) (0) (0) (0) (0)

LYN38-BP -68.9( 7.8 -139.4( 10.1 92.7( 5.9 44.5( 6.8 -26.0( 9.8
(34) (36) (-32) (3) (4)

SEN96-BP -47.7( 10.9 -108.5( 13.5 85.0( 6.6 56.9( 9.6 -3.8( 12.4
(55) (67) (-40) (15) (27)

LYN213-BP -56.9( 7.8 -114.8( 9.0 94.2( 7.6 54.7( 7.2 -3.2( 7.4
(46) (60) (-31) (13) (27)

a In kilocalories per mole.b Relative differences with respect to the LYS-BP configuration are in parentheses.c Including the entropy corrections
from MM normal mode calculations on subsystems. The standard state is to be taken 1 M.
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mechanistic proposals of Rhazi et al. based on their crystal-
lographic, kinetic, and mutagenesis studies (25).

Subsequent protonation of the leaving amino group is
required for the opening of theâ-lactam ring of BP and the
irreversible formation of the acyl-enzyme intermediate. This
process is usually considered to occur with the assistance of
a hydroxyl group conserved in the second structural motif
of the active site (Ser96 in K15), which also constitutes one
of the binding determinants of the carboxylate group of
â-lactam antibiotics. On the basis of the stability of the
Ser96-(OγH)‚‚‚+H3Nú-Lys213 hydrogen-bond contact along
the LYN38-BP simulation (2.85( 0.12 Å, 100%), we
propose that the Lys213 ammonium group would be the
required proton donor, while the Ser96 hydroxyl group would
assist the proton transfer from Lys213 to the leaving amino
group (see Scheme 4). At this point it may be interesting to
note again that the BP carboxylate moiety gives flexible salt
bridge interactions with the Lys213/Arg248 ammonium/guani-
dinium groups throughout the LYN38-BP simulation. The
moderate second-order rate constant experimentally observed
for the acylation of the K15 enzyme by BP (150 M-1 s-1)(26)
might be a consequence of the dynamical flexibility of the
“carboxylate pocket” around the BP-COO- group as
observed during the LYN38-BP simulation. The same
dynamical effect might occur in the PBP5 enzyme from
Escherichia coli, which has also an arginine residue (Arg198)
in its “carboxylate pocket” and a comparable rate constant
for acylation by benzylpenicilin (390 M-1 s-1) (65). In
contrast, the PBP2x enzyme from penicillin-susceptible
Streptococcus pneumoniae, which lacks a similar positively
charged residue in its active site, is acylated more efficiently
(200 000 M-1 s-1) (66).

Finally, we comment on further mechanistic implications
related to the presence of theneutralLys213 amino group at
the level of the acyl-enzyme intermediate. Thus, the Lys213-
NúH2 group might be properly positioned for activating a
water molecule to give the (slow) hydrolysis of the acyl-
enzyme intermediate that has been detected experimentally

(khydrolysis) 10-4 s-1) (26). Similarly, the neutral Lys213 could
activate the amino group of the peptide acceptor during the
transpeptidization reaction of the peptidoglycan. Moreover,
the uncharged Lys213 side chain in the acyl-enzyme form
could be related to the behavior of the K15 enzyme as an
strict DD-transpeptidase (in the absence of a peptide acceptor
chain, the enzyme reutilizes the releasedD-Ala fragment as
an acceptor to catalyze a silent reaction, that is, no car-
boxypeptidase activity is observed (67)). Given that the
Arg248 side chain is able to interact with the BP-carboxylate
group, particularly in the LYN213-BP state, it is conceivable
that this residue could retain a leavingD-Ala fragment by
giving a salt bridge interaction with theD-Ala carboxylate
group. The neutral Lys213 could then activate theD-Ala amino
group to attack the K15 acyl-enzyme and give globally a
silent transpeptidization.
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