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The breakdown of �-lactam antibiotics by �-lactamases is the most important resistance mechanism of Gram
negative bacteria against these drugs. The reaction mechanism of class A �-lactamases, the most widespread
family of these enzymes, consists of two main steps: acylation of an active site serine by the antibiotic,
followed by deacylation and release of the cleaved compound. We have investigated the first step in acylation
(the formation of the tetrahedral intermediate) for the reaction of benzylpenicillin in the TEM-1 enzyme
using high level combined quantum mechanics/molecular mechanics (QM/MM) methods. Structures were
optimized at the B3LYP/6-31+G(d)/CHARMM27 level, with energies for key points calculated up to the ab
initio SCS-MP2/aug-cc-pVTZ/CHARMM27 level. The results support a mechanism in which Glu166 removes
a proton (via an intervening water molecule) from Ser70, which in turn attacks the �-lactam of the antibiotic.
Depending on the method used, the calculated barriers range from 3 to 12 kcal mol-1 for this step, consistent
with experimental data. We have also modeled this reaction step in a model of the K73A mutant enzyme.
The barrier to reaction in this mutant model is found to be slightly higher: the results indicate that Lys73
stabilizes the transition state, in particular deprotonated Ser70, lowering the barrier by about 1.7 kcal mol-1.
This finding may help to explain the conservation of Lys73, in addition to the role we have previously found
for it in the later stages of the reaction (Hermann et al. Org. Biomol. Chem. 2006, 4, 206-210).

Introduction

�-Lactamases are a primary cause of bacterial resistance to
�-lactam antibiotics for many important human pathogens
(particularly Gram negative bacteria).1 The labile and reactive
�-lactam bond of these antibacterial drugs is vital for their
antibiotic effect, because it acylates an active site serine of a
penicillin binding protein (PBP).2 PBPs are bacterial enzymes
responsible for building and maintaining the murein part of the
bacterial cell wall.3 Acylation of the active site serine by
�-lactam-antibiotics leads to inhibition of PBPs and to non-
functional, unstable cell walls and bacterial cell death.4 �-Lac-
tamases cleave the antibiotic �-lactam bond very efficiently and
release the products, which have lost all antibiotic potency.
�-Lactamases and especially the most widespread family, the
class A �-lactamases,5 are present in almost every pathogenic
bacterial strain and pose a serious and growing threat to
antibacterial therapy, and therefore to human health and quality
of life.6-11 Detailed knowledge about the reaction at a molecular
level should reveal important interactions and stabilization
mechanisms and help develop urgently needed new antibiotics
that are less susceptible to �-lactamase hydrolysis, and better
inhibitors than those currently used clinically such as clavu-
lanate.12

The reaction mechanism of class A �-lactamases consists of
two main steps: in the first step (acylation), the active site serine
(Ser7013) is acylated. In the second step (deacylation), the ester
of the acylenzyme is hydrolyzed, returning the active site to its

original state. The proposed mechanism for the deacylation step
is widely accepted and is supported by a number of experiments
and a recent modeling study.14-17 In the deacylation process,
Glu166 acts as a base to deprotonate a structurally conserved
water molecule for nucleophilic attack on the acyl-enzyme
intermediate.

The mechanism of the acylation step is more controversial,
with a number of proposals put forward.15,18-22 A central
question is which residue acts as the general base and activates
Ser70 for nucleophilic attack on the �-lactam bond. Either Lys73
(if it were neutral), or Glu166 via an intervening water molecule,
would be in an excellent position to abstract a proton from Ser70
and are therefore the most likely candidates for acting as the
general base.15,23-25 This abstraction could happen by direct,
concerted proton transfers orsas recently proposedsin a
mechanism involving both residues, Lys73 and Glu166.26

Examples of lysine acting as a base in enzymes (e.g., in fatty
acid amide hydrolase27) are known, but to perform this function
efficiently, the pKa of its side chain must be lowered signifi-
cantly. Other hypotheses for the acylation mechanism involve
the carboxylate functional group, which every �-lactam anti-
biotic contains, as the base in the acylation.28

Class A �-lactamases show decreased acylation rates when
Lys73 or Glu166 is replaced by site-directed mutagenesis,
strengthening theories that one of these two residues acts as
the general base.16,24,29-31 A number of experimental and
theoretical investigations have been conducted that either favor
Glu166 as the base, initiating reaction, or propose Lys73 to be
neutral and to act as the base by directly abstracting a proton
from Ser70.26,32-41 According to the mechanism involving
Glu166, its carboxylate group activates Ser70 through a
hydrogen bond network, where the proton of Ser70 is transferred
to an intervening water molecule, which in turn protonates
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Glu166 (see Scheme 1). We have previously modeled this
mechanism of the full acylation reaction with a semiempirical
(AM1/CHARMM22) QM/MM method with energy corrections
at the B3LYP/6-31+G(d) level: the calculated (corrected)
reaction energetics were consistent with experimental data (e.g.,
kinetics of the overall reaction and crystal structures).37,38,42-44

Higher-level energy corrections were found to be necessary due
to limitations of the semiempirical AM1 method (e.g., it often
gives large errors for calculating reaction enthalpies, barriers
and basicities45). Previously, however, it was only possible to
perform gas phase, single point QM calculations to correct the
energies for structures optimized at the semiempirical QM/MM
level. In another QM/MM study (using MP2/6-31+G(d) ener-
gies calculated from HF/3-21G geometries) an alternative
mechanism was found, involving initial transfer of a proton from
Lys73 to Glu166, through the catalytic water molecule and
Ser70. This gives unprotonated Lys73 and protonated Glu166,
predicted by those calculations to be the energetically favored
state. Tetrahedral intermediate formation was found to occur
subsequently in a concerted general base process, with Lys73
promoting Ser70 addition to the �-lactam carbonyl.26

Here, we apply a high level QM/MM approach46 to optimize
structures for the reaction, with energies calculated at several
levels of theory (e.g., high-level correlated ab initio molecular
orbital methods capable of high accuracy), including SCS-MP2/
aug-cc-pVDZ//B3LYP/6-31+G(d)/CHARMM27. We test the
effects of varying basis set and compare different levels of QM/
MM calculation. Calculation of the entire potential energy
surface for the formation of the tetrahedral intermediate provides
QM/MM energetics and structures at the highest level that
should be significantly improved over previous lower level
studies (e.g., which used AM1 or HF/3-21G level QM/MM
methods, both of which have significant limitations, especially
in the calculation of activation barriers).26,37,38

The function of Lys73 in class A �-lactamases has been a
topic of wide debate. As mentioned above, Lys73 has been
shown experimentally to be one of the most important residues
for acylation besides Glu166 and Ser70. We investigate this
question here by calculating the effects of the Lys73 side chain
on the formation of the tetrahedral intermediate in our model,
as a first approximation to studying the reaction in a K73A
TEM-1 mutant.15,16,24,29-31,47 We also investigate the effects of
the presence of substrate by modeling the activation step in the
absence of a substrate in the active site.

Computational Details

High level QM/MM calculations for structure optimization
were performed using the program QoMMMa,48,49 which has

been developed in-house and couples a quantum chemical
package (in this case the program Jaguar (Schrödinger, Portland,
OR50) with the Tinker MM software (Software Tools for
Molecular Design, St. Louis, MO51,52). The CHARMM27 all-
atom force field was used to describe molecular mechanical
atoms in the calculations.53 All geometry optimizations were
performed at the B3LYP/6-31+G(d)/CHARMM27 level: this
hybrid density functional theory treatment should provide
reliable structures for the reaction. Hybrid density functional
theory methods such as B3LYP provide a good description for
many reactions: barriers and reaction energies are typically
significantly closer to experiment than those calculated with
semiempirical methods, such as AM1.54 Similarly, B3LYP
barriers for reaction are generally much closer to experiment
than Hartree-Fock results. However, many DFT-based methods
underestimate some reactions barriers by several kcal mol-1.46,55

Higher level correlated ab initio methods such as MP2 and
CCSD give a better treatment of electron correlation and hence
generally more accurate energy barriers. The quantum chemistry
program Molpro (Molpro 2006, Cardiff, U.K.56) was used to
perform higher level single point energy calculations on the
optimized structures, with the largest basis set used consisting
of aug-cc-pVTZ for heteroatoms, cc-pVDZ for hydrogens, and
cc-pVTZ for carbon atoms. This basis set will be referred to in
the remainder of this work as modVTZ. A smaller basis set,
referred to subsequently as modVDZ, consists of aug-cc-pVDZ
for heteroatoms and cc-pVDZ for hydrogen and carbon atoms.
In the spin-component-scaled (SCS) MP2 method,57 the cor-
relation energy contributions from parallel- (RR, ��, “triplet”)
and antiparallel-spin (R�, “singlet”) pairs of electrons are scaled
separately. SCS-MP2 reduces the overestimation of the cor-
relation energy. It is a significant improvement over MP2 in
the accuracy of calculated reaction enthalpies.57

The substrate complex used as the starting geometry was an
AM1/CHARMM27 QM/MM optimized substrate complex
(Michaelis complex, MC) from previous calculations.38 The
model is based on a high (1.7 Å) resolution X-ray structure of
the E166N mutant of the E. coli class A �-lactamase TEM-1
bound to benzylpenicillin (PDB58 entry code 1FQG15). As
described fully previously, this structure was remutated in silico
to generate the wild type. The model was solvated and truncated
by deleting every residue without at least one atom within a 18
Å radius sphere around the hydroxylic oxygen of Ser70 (see
ref 38 for a detailed description). In a QM/MM calculation, a
QM region must be defined, containing the atoms to be treated
quantum mechanically.12,59 This region must include all atoms
that are directly involved in the reaction. It may sometimes also
be desirable to include groups believed to have an important
(e.g., electrostatic) influence on the reaction, although the
number of atoms included in the QM region (QM atoms) is
often the primary factor determining computing time, and so
may place practical restrictions on the size of the QM region.
The QM region used here is somewhat smaller than our previous
lower-level QM/MM modeling, which also included the Lys73
and Ser130 side chains.

In our QM/MM treatment of the TEM-1 �-lactamase, the QM
region consists of the entire benzylpenicillin substrate, hence a fully
active antibiotic, the catalytic (crystallographically observed) water
molecule (number 290 in the PDB file for TEM-1, code 1FQG)
and side chain atoms of Ser70 and Glu166 (the total net charge
of the QM region was -2e). It was not possible to include Lys73
in the QM region because of the computational demands of the
high-level calculations: these limited the number of atoms that
could be treated by QM. Two hydrogen ‘link atoms’ were added

SCHEME 1: Key Processes of the Acylation Mechanism
Modeled Here for Formation of the Tetrahedral
Intermediate (TI) from the Michaelis
(Enzyme-Substrate) Complex (MC) in the TEM-1 Class
A �-Lactamasea

a The modeled processes are labeled X, Y, and Z.
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to saturate the valences of atoms covalently bonded to MM
atoms, such that Ser70 was modeled as methanol and Glu166
as acetate,42,60 and corresponding MM charges were adjusted
to preserve total charge. The whole system consisted of 56 atoms
in the QM region and a MM region of 3228 protein and water
molecule atoms. Every atom further than 18 Å from the reaction
center (the hydroxylic oxygen of Ser70 in the starting structure)
was held fixed throughout every calculation. Starting from a
lower level (AM1/CHARMM27) optimized geometry that was
used in previous studies, the energy of the Michaelis (enzyme-
substrate) complex was initially minimized without any other
restraints or constraints. This newly optimized structure of the
Michaelis complex was used as the starting geometry for the
calculation of the potential energy surface for the formation of
the tetrahedral intermediate (TI). In the presentation of results,
the energy of the (optimized) Michaelis complex is taken as the
reference energy; thus all calculated energies are given relative
to the energy of the optimized substrate complex.

We have shown in previous calculations, testing several
different reaction coordinates and combinations of them, that
for the acylation, involving Glu166 as general base, a combina-
tion of reaction coordinates is required to capture the concerted
character of the acylation step.37,38 We combine two restrained
reaction coordinates for the calculation of the potential energy
surface, of the type previously used successfully in modeling
enzyme mechanisms.17,27,38,61-63 The first is a complex reaction
coordinate (RYZ), which models two processes: the proton
transfer from Ser70 to the water molecule 290 and the
nucleophilic attack on the �-lactam carbonyl group. This reaction
coordinate (RYZ) was defined as the difference between (1) the
sum of the interatomic distances between the hydroxyl proton
of Ser70 and the accepting oxygen of the water molecule and
the Ser70 oxygen to the carbonyl carbon, and (2) the distance
between the proton and the Ser70 oxygen (RYZ ) d[O2:H1] +
d[O1:C1] - d[O1:H1]; see Scheme 1). This combined definition
of two processes in one reaction coordinate leaves the system
the freedom to satisfy this restraint at every step of the
simulation, with both events occurring either in a concerted or
in a more sequential manner. We have found this reaction
coordinate to be effective in previous modeling work.37,38 The
other reaction coordinate (RX) describes the proton transfer from
the water molecule 290 to Glu166 and is defined as the
difference between (the interatomic distance of the accepting
oxygen of Glu166 to the proton) and (that between the donating
oxygen of the water molecule to the moving proton): (RX )
d[O3:H2] - d[O2:H2]; see Scheme 1). A force constant of 1000
kcal Å-2 mol-1 was applied to restrain the atoms harmonically
to the reaction coordinate values, which were decreased in steps
of 0.1 Å. The geometries were optimized at every point of the
potential energy surface with respect to the values of the two
reaction coordinate restraints. Reaction energetics are obtained
by removing any energy contribution from the reaction coor-
dinate restraints (the resulting energies are referred to as single
point energies). Through the application of a harmonic restraint
with a moderate force constant for the reaction coordinates, the
optimized geometries do not always comply exactly with the
applied reaction coordinate values (very small deviations up to
0.007 Å were encountered). This was accounted for by
considering only the exact reaction coordinate values of the
geometries in the generation of the potential energy surface by
interpolation. The geometry of the tetrahedral intermediate was
additionally optimized without any restraints. For the calculation
of the reaction in the wild-type enzyme, we performed in total
205 B3LYP/6-31+G(d)/CHARMM27 geometry optimizations,

each of which required about 35-50 h CPU time on a Linux
cluster computer system. The large number of optimized
structures allows reliable interpolation to construct the overall
potential energy surface, and thus the identification of the lowest
energy pathway and associated structures that allow conclusions
about the underlying reaction mechanism.

Given that the B3LYP QM/MM method gave results com-
parable to the more expensive ab initio QM/MM methods (see
Results below), we used this approach to model two more
reactions and calculated the corresponding potential energy
surfaces to shed light on substrate effects and the electronic
effect of Lys73. First, we modeled the activation of Ser70 in
the absence of a substrate in the active site to investigate the
influence of the substrate on Ser70 activation. For the calculation
of the corresponding surface, the atoms of benzylpenicillin were
removed from the Michaelis complex, resulting in a QM region
of only 16 atoms (with total charge -1e). After an initial
geometry optimization, the potential energy surface for the two
proton transfers for activation of Ser70 (X and Y; see Scheme
1) was calculated using two reaction coordinates (also at the
B3LYP/6-31+G(d)/CHARMM27 level of theory). RX was kept
unchanged for these calculations, whereas the other reaction
coordinate RY did not include the nucleophilic attack of Ser70
(because the substrate was not present) in this case (RY )
d[O2:H1] - d[O1:H1]; see Scheme 1).

Second, the reaction in a mutant (K73A) was modeled to
investigate the effect of Lys73 on the formation of the tetrahedral
intermediate. A K73A mutant was generated from the optimized
Michaelis complex structure of the wild type. This was done
by transforming the γ-carbon of Lys73 into a hydrogen and
deleting all other atoms of Lys73 that do not occur in an alanine
residue. The starting geometry for the mutant enzyme calcula-
tions was obtained by an initial optimization of the position of
the created hydrogen (all other atoms fixed) followed by a
B3LYP/CHARMM27 QM/MM geometry optimization of the
system (with boundary atoms fixed as in our previous calcula-
tions). The potential energy surface for the K73A acylation was
calculated using the same setup and reaction coordinates as for
the wild-type enzyme potential energy surface calculations as
described above. This “deletion” approach is similar to previous
decomposition analyses of contributions of MM residues to
calculated QM/MM energy profiles for enzymes,64-67 including
in previous calculations on acylation of the TEM-1 enzyme.38

See in particular discussion of the analysis of transition state
stabilization in para-hydroxybenzoate hydroxylase in ref 68.
The aim of this approach is to obtain, to a first approximation,
an indication of the influence of a particular residue on the
calculated reaction energetics. This approach will not create a
structural model of the (K73A) mutant protein: that would
require solvation and equilibration of the mutated structure, nor
do we seek to calculate the effects of the mutation on the overall
rate of reaction. Rather, we seek to explore whether the Lys73
side chain has a significant stabilizing effect on the key step of
tetrahedral intermediate formation.

The energetics for formation of the tetrahedral intermediate
in the wild type enzyme were corrected by calculations at higher
levels of theory as follows: the QM and MM coordinates were
extracted from the B3LYP/6-31+G(d)/CHARMM27 optimized
structures. The coordinates were used to recalculate QM/MM
single point energies with several higher level quantum me-
chanical methods for the QM atoms, including the CHARMM27
charges of the MM atoms in the QM Hamiltonian. In total we
calculated three entire corrected QM/MM surfaces using SCS-
MP2/modVDZ, MP2/modVDZ, and HF/modVDZ as the QM
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methods. Furthermore, we recalculated the energies for the three
most important structures of the reaction, that is, the Michaelis
complex (MC), the transition state (TS), and the tetrahedral
intermediate (TI) using bigger basis sets, up to the SCS-MP2/
modVTZ level. It is worth emphasizing that the pVDZ and
pVTZ basis sets are significantly more computationally intensive
than the simple 6-31G+(d).

Results

The B3LYP/6-31+G(d)/CHARMM27 potential energy sur-
face for the formation of the tetrahedral intermediate in the wild
type TEM-1 enzyme is shown in Figure 1. The lowest energy
path from the Michaelis complex (MC: RX[0.57 Å]; RYZ[3.05
Å]) to the tetrahedral intermediate (TI: RX[-0.53 Å]; RYZ[0.7
Å]) goes approximately diagonally through the middle of the
surface. No stable intermediate structure (i.e., energy minimum)
is predicted between the reactants and tetrahedral intermediate.
The route of the lowest energy path through the middle of the
surface indicates that the reaction proceeds via a concerted
mechanism. Stepwise paths have considerably higher energy:
a pathway along either single reaction coordinate RX or RYZ

leads to areas of highest energy, which correspond to unstable
high energy structures (e.g., RX[0.57 Å];RYZ[1-0.7 Å] and
RX[-0.4-0.6 Å];RYZ[3.05 Å]).

Overall the potential energy surface has a very smooth shape,
indicating that the applied reaction coordinates and modeling
procedure capture the essential details of the reaction correctly.
No other chemical changes were observed and structural changes
of the enzyme during the reaction are relatively small. The
energy profile along reaction coordinate RYZ shows complex
behavior, with, e.g., a larger slope between 0.8 and 1.5 Å,
indicating that the two reactive processes involved in this
coordinate (Y and Z; see Scheme 1) do not occur synchronously.
The barrier for formation of the tetrahedral intermediate can be
estimated as 4.5 kcal mol-1 from the energy of the transition
state (TS), i.e., the highest energy point along the lowest energy
path (RX[-0.03 Å]; RYZ[2.35 Å]). The tetrahedral intermediate
has a significantly lower energy than the Michaelis complex of
-5.4 kcal mol-1, i.e., predicting that formation of the TI is
exothermic.

The B3LYP/6-31+G(d)/CHARMM27 transition state struc-
ture is shown in Figure 2. The two protons transferred during
Ser70 activation are almost equidistant between the respective
accepting and donating oxygens: the distance between the
accepting carboxylate oxygen of Glu166 and the transferring
proton from the water is the same as the distance between that
proton and the donating water oxygen (d[O3:H2] is 1.2 Å and
d[O2:H2] is 1.22 Å; see Scheme 1 and Figure 2). Also the
proton-oxygen distances of the transfer from Ser70 to the water

Figure 1. B3LYP/6-31G+(d)/CHARMM27 QM/MM potential energy surface for formation of the tetrahedral intermediate in acylation. MC is the
Michaelis (enzyme-substrate) complex; TI is the tetrahedral intermediate. The energy is given in kcal mol-1 and the reaction coordinates RX and
RYZ in Å.

Figure 2. B3LYP/6-31G+(d)/CHARMM27 transition state structure,
showing some important residues. Glu166 deprotonates an ordered
water molecule, which deprotonates Ser70. The distance between the
�-lactam carbon and the hydroxyl of Ser70 is reduced to 2.37 Å in the
TS. Carbon atoms are gray, oxygens are red, sulfur are yellow,
hydrogens are cyan, and nitrogens are blue.
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molecule are similar (d[O2:H1] is 1.2 Å and d[O1:H1] is 1.23
Å; see Scheme 1 and Figure 2). The distance between the
carbonyl carbon and the attacking oxygen (d[O1:C1]; see Scheme
1) decreases by 0.18 Å from 2.55 Å in the Michaelis complex
to 2.37 Å at the transition state, much longer than the equilibrium
length of the bond to be formed (1.55 Å in the tetrahedral
intermediate). The geometry of this carbonyl carbon has changed
from an ideal planar sp2 conformation in the Michaelis complex
with the carbonyl oxygen a little out of plane. No stable
intermediate with Ser70 deprotonated is observed at any position
on the potential energy surface when a substrate is present in
the active site.

The potential energy surfaces calculated with other levels of
QM/MM theory (HF/modVDZ/CHARMM27, MP2/modVDZ/
CHARMM27 and the SCS-MP2/modVDZ/CHARMM27) are
all qualitatively similar to the B3LYP QM/MM surface (data
not shown). The MP2, SCS-MP2, and B3LYP QM/MM
calculations all gave similar reaction barriers, though the
calculated relative energy of the tetrahedral intermediate differs
somewhat comparing the B3LYP and MP2 or SCS-MP2 results
(see below). The results overall indicate that the B3LYP method
treats this reaction reasonably well. The B3LYP results are also
relatively insensitive to the basis set used. At the B3LYP/aug-
cc-pVDZ level, the TS has an energy relative to the substrate
complex (MC) of 3.4 kcal mol-1 and the TI a relative energy
of -5.4 kcal mol-1. At the B3LYP/6-31+G(d) level, the relative
energy of the TS is 4.5 kcal mol-1 and that of the TI is -5.4
kcal mol-1. Only the Hartree-Fock method gave significantly
different energetics for the modeled reaction, not unexpectedly.
The relative energies for the three important species in the
reaction (MC, TS, TI) are summarized in Table 1 (because the
CHARMM27 force field53 was always used for the MM part,
we refer only to the level of the QM method in the following).

The calculated barriers with all methods except HF are
significantly lower than the experimentally derived barrier (12
kcal mol-1). The MP2 barrier is lowest, but all the methods
that include electron correlation give barriers of the same
magnitude. For instance, the highest level of theory employed,
referred to here as SCS-MP2/modVTZ, gives a barrier (4.1 kcal
mol-1) very close to the B3LYP/6-31+G(d) result (4.5 kcal
mol-1). These methods do, however, differ in their prediction
of the relative stability of the TI. All the methods predict the
TI to be more stable than the substrate (all calculate the QM/
MM energy of the TI to be lower than that of the substrate).
The B3LYP/6-31+G(d) method appears to underestimate the

stability of the TI (-5.4 kcal mol-1) relative to the substrate,
compared to the high-level ab initio QM/MM calculations with
SCS-MP2 or MP2 methods (relative energies of TI from -9.4
to -12.5 kcal mol-1, Table 1).

The influence of the substrate during Ser70 activation was
investigated by modeling the two proton transfers for activation
of Ser70 in the absence of the substrate (X and Y Scheme 1) at
the B3LYP/6-31+G(d)/CHARMM27 QM/MM level (only). We
found that the calculated barrier did not change compared to
the activation of Ser70 in the presence of benzylpenicillin. In
this hypothetical model, the resulting, activated structure after
the two proton transfers contains deprotonated Ser70 and is
marginally less stable than the Michaelis complex (by 0.3 kcal
mol-1). It should be noted that this structure is somewhat
artificial, as the void left by deletion of the substrate is not filled
by water molecules, and the protein structure is essentially
unaltered from the substrate complex. Thus we do not regard
this as an estimate of the true energy cost for deprotonating
Ser70 in the apo enzyme; these calculations are intended to test
the effect of the presence of the substrate in the structure used
here.

The acylation in the K73A mutant with benzylpenicillin was
modeled exactly as for the wild type (a potential energy surface
was calculated at the B3LYP/6-31+G(d)/CHARMM27 level
with the same two reaction coordinates). The general shape of
the potential energy surface for formation of the TI with the
K73A mutant was similar to the wild type potential energy
surface (data not shown, compare Figure 1); i.e., the lowest
energy path still goes through the middle of the potential energy
surface with no additional minima observed other than the TI.
However, the reaction energetics change slightly: the barrier is
6.2 kcal mol-1, 1.7 kcal mol-1 higher than the wild type.

The transition state structure in the K73A mutant is generally
similar to that calculated for the wild type, although there are
a few differences: the distance between the moving proton and
the oxygen of Ser70 (1.18 Å) is slightly shorter than the distance
between these two atoms in the TS of the wild type (1.23 Å).
Also the distance between the accepting oxygen of Glu166 and
the transferring proton of the water molecule (1.1 Å) is shorter
in the mutant TS than in the TS of the wild type where the
distance is 1.2 Å (see Figure 2).

Discussion

The chemical mechanism postulated for the formation of the
tetrahedral intermediate in the acylation step of TEM-1 by

TABLE 1: Reaction Energetics for Formation of the Tetrahedral Intermediate Calculated at Different Levels of QM/MM
Theorya

species basis set SCS-MP2 MP2 HF B3LYP

energy of the transition state (kcal mol-1) relative to Michaelis
complex (i.e., barrier height)

6-31G+(d) 4.5
aug-cc-pVDZ 4.5 2.9 12.2 3.4
aug-cc-pVDZ
H ) cc-pVDZ, C ) cc-pVDZ

5.2 3.6 12.5

aug-cc-pVTZ
H ) cc-pVDZ, C ) cc-pVTZ

4.1 2.4 11.8

energy of the tetrahedral intermediate (kcal mol-1) relative to
Michaelis complex

6-31G+(d) -5.4
aug-cc-pVDZ -10.9 -12.5 -2.9 -5.4
aug-cc-pVDZ
H ) cc-pVDZ, C ) cc-pVDZ

-9.4 -10.9 -2.7

aug-cc-pVTZ
H ) cc-pVDZ, C ) cc-pVTZ

-9.5 -11.2 -1.7

a Energies for the transition state and the tetrahedral intermediate are given relative to the energy of the Michaelis (substrate) complex. The
structures correspond to the key points on potential energy surfaces calculated at each different QM level by single point QM/MM calculations
on structures from a B3LYP/6-31G+(d)/CHARMM27 potential energy surface calculation (see text for details). Where no number is shown,
the calculation was not performed.
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benzylpenicillin revolves around Glu166 as the general base.37,38

In this mechanism, Glu166 activates Ser70 through a hydrogen
bond network: Glu166 deprotonates a conserved water molecule,
which in turn deprotonates Ser70 (see Scheme 1). The potential
energy surface calculated for TEM-1 �-lactamase acylation at
the B3LYP/6-31+G(d)/CHARMM27 level has a very smooth
shape indicating that the applied reaction coordinates model the
process of TI formation well. This is indicated by the fact that
no processes which are not defined in the two applied reaction
coordinates are encountered, which would cause “edges” or
discontinuities in the surface due to large energy drops. The
lowest energy path leads directly from the Michaelis complex
to the TI, which is lower in energy; i.e., the first step of the
acylation reaction happens in a concerted manner and is
exothermic. This finding supports the conclusion of two lower
level QM/MM studies.26,37,38

Higher level calculations, up to the SCS-MP2/modVTZ/
CHARMM27 level (the highest level of quantum chemical
theory applied to the �-lactamase reaction to date), support the
conclusions drawn from the B3LYP/6-31+G(d)/CHARMM27
results. With the exception of the Hartree-Fock results, all the
calculated barriers are in the same range (the highest level
calculations predict a barrier of 4.1 kcal mol-1). Furthermore,
the position of the TS on the potential energy surfaces obtained
with HF, MP2, or SCS-MP2 QM/MM methods is very similar
to what is observed on the B3LYP/CHARMM27 surface. The
nucleophilic attack in the TS here is slightly more advanced
than in our previous lower level study of TEM-1.38 The
calculated barriers with all the correlated QM/MM methods are
significantly lower than the experimental value of about 12 kcal
mol-1 (derived from the rate of cleavage of benzylpenicillin by
TEM-1, estimated from kcat by transition state theory).24,69-72

On the face of it, this might indicate that this step is in fact not
rate limiting, or that there are limitations in the modeled
mechanism or in the model studied. However, the results here
are not definitive enough to draw such conclusions with
confidence. One should be cautious about making direct
comparisons between experimental free energy barriers and
potential energy barriers.63 Experimental free energy barriers
contain the effects of entropy, and zero-point (and thermal)
vibrational energy differences. The former are expected to
increase the barrier relative to the potential energy barrier (i.e.,
the free energy barrier is likely to be somewhat higher than the
potential energy barrier), whereas the latter would decrease the
barrier. For example, QM/MM calculation of the potential
energy barrier for the hydroxylation reaction in para-hydroxy-
benzoate hydroxylase revealed that it was smaller (22.8 kcal
mol-1) than the free energy barrier (25.9 kcal mol-1) obtained
with the free energy perturbation method.73 However, typically
for enzyme reactions, the difference between the energy barrier
and the free energy of activation for the catalytic step is fairly
small.46 Quantum tunneling is potentially important in reactions
involving proton transfer, and could also reduce the effective
barrier somewhat.67,74-77 It is also important to remember that
experimental (e.g., steady state) rates may refer to overall rates
of reaction rather than that for a single chemical step. The
apparent activation free energy is an effective upper limit with
which to compare a calculated activation energy for any single
step. The barriers here appear somewhat too low but are not
inconsistent with experimental results. Another very important
factor is that only a single conformation of the protein is
considered heresthe effects of conformational averaging are
not included. Relatively small changes in structure can cause
significant changes in calculated barriers.46,49,61,78 Different

conformations would be likely to show significantly different
degrees of stabilization of the TI, for example. The TI here is
found to be very stable, more stable than the substrate complex.
The height of the barrier is likely to be related to the relative
stability of the TI, so other conformations might well show
higher barriers. Conformations with lower barriers would be
expected to dominate the reaction, but only if the energetic cost
of forming such conformations is relatively low compared to
the difference in barriers between conformations.61 More
extensive study would be required to determine the free energy
cost of tetrahedral intermediate formation in the TEM-1 enzyme.

As expected, the energetics obtained from Hartree-Fock QM/
MM calculations differ significantly from B3LYP, SCS-MP2,
and MP2 results (Table 1). The calculated Hartree-Fock QM/
MM barriers are about ∼12 kcal mol-1 and coincidentally match
the experimental activation energy of 12 kcal mol-1. The fact
that the Hartree-Fock QM/MM energy barrier apparently agrees
well with experiment certainly does not show that this method
is the best of those applied here. The B3LYP, MP2, and SCS-
MP2 methods are an improvement on the HF method due to
their inclusion of electron correlation. However, MP2 and
B3LYP methods sometimes underestimate reaction barriers
somewhat, e.g., for some proton transfers.46,79-82 There is also
some variation between the methods in the predicted stability
of the TI, though all predict that it is more stable than the
substrate complex, as discussed below. The tetrahedral inter-
mediate also is predicted to be less stable at the Hartree-Fock
level (-1.7 kcal mol-1 at the HF/modVTZ level) compared to
methods that include electron correlation (-9.5 kcal mol-1 at
the SCS-MP2/modVTZ level).

The structure of the TS (Figure 2), which is mostly similar
to that previously reported at the AM1 level,38 shows the two
transferring protons almost equidistant between their respective
donating and accepting atoms. The proton transfer “relay
station”,38 the water molecule (number 290), is stabilized and
held in its position throughout the reaction by a hydrogen bond
to the carbonyl oxygen of the side chain of Asn170, an important
residue that has been found experimentally to be indispensable
for the hydrolysis of imipenem �-lactam antibiotics.38,83 The
study by Smith et al. reports83 that a Gly170Asn point mutation
on the GES-1 �-lactamase resulted in an enzyme (labeled GES-
2) that exhibited little change in catalytic rate (kcat increased
from 0.003 to 0.004 s-1) but a 100-fold decrease in Km with
imipenem, from 45 to 0.45 µM. This was thought to be partially
due to Asn170 forming a hydrogen bond with the conserved
water molecule. The water molecule also interacts with the other
residues involved in the proton transfers (Glu166 and Ser70).
On the basis of interatomic distances, the Ser70-penicillin bond
is only just starting to be formed at the TS. It is apparent that
deprotonation of Ser70 is energy demanding, while subsequent
nucleophilic attack is relatively facile. This has been observed
in other enzymes such as fatty acid amide hydrolase, where the
TS corresponds to the deprotonation of the serine rather than
the nucleophilic attack.27 After the TS, the proton from Ser70
moves more than 1.45 Å away from the Ser70 oxygen and the
nucleophilic attack forming the tetrahedral intermediate happens
quickly.

In the TS, the slightly deprotonated Ser70 interacts in the
beginning of the nucleophilic attack with the positively charged
Lys73 that donates a hydrogen bond to Ser70 (2.7 Å distance
between the Lys73 �-nitrogen and Ser70 hydroxylic oxygen in
the TS; see Figure 2). As found in our earlier, lower level QM/
MM calculations, the oxyanion hole provides increasing stabi-
lization of the reacting system as the reaction proceeds (as
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negative charge increases on the carbonyl oxygen):38 it stabilizes
the TS relative to the substrate but stabilizes the TI most of all,
because the negative charge of the oxygen is greatest at the TI.
Lys73, on the other hand, appears specifically to stabilize the
TS. Interestingly, a similar finding was reported in fatty acid
amide hydrolase,61 where Lys241, similarly to Lys73 in TEM-
1, stabilizes the TS for proton transfer between the two serine
residues, equivalent to the proton transfer between Glu166 and
the water molecule in TEM-1. In fatty acid amide hydrolase,
the positioning of the lysine side chain is found to be important
in determining the barrier to reaction, with different active site
conformations showing significantly different barriers to reac-
tion.61 Similar effects could be important in TEM-1. The high
computational expense of the QM/MM methods applied here
precluded the examination of reaction in multiple conformations
of TEM-1.

The modeling of the activation of Ser70 in the absence of
the substrate gave a barrier (4.8 kcal mol-1) that is (perhaps
surprisingly) very similar to that when the substrate is in the
active site (4.5 kcal mol-1, Table 1). This indicates that
the benzylpenicillin substrate has very little influence on the
deprotonation reaction energy. The proportion of deprotonated
Ser70 in the free enzyme is likely to be vanishingly small, as
expected.

All the methods predict the tetrahedral intermediate to be
more stable than the substrate in the enzyme, corresponding
to an exothermic reaction. This indicates a descending energy
profile (if indeed acylation is the most significant barrier and
the other steps follow the pattern found in our previous
calculations17), which has been proposed to be expected for
well-evolved enzymes that catalyze exergonic reactions.84,85

We have previously calculated the energy profile for the entire
reaction at a lower level of theory17 and would expect the
energy profile for the whole reaction (i.e., including steps
beyond tetrahedral intermediate formation) to be similarly
downhill if calculated at a higher level for our model. There
is of course uncertainty in the calculated relative energy of
the tetrahedral intermediate: this energy, like the barrier, will
be sensitive to details of the model (see below). In contrast,
Meroueh et al. found endothermic reaction energetics for the
formation of the TI, though this in itself does not constitute
evidence for either mechanism.26 QM/MM studies of the
formation of a tetrahedral intermediate as the first step of an
acylation reaction found similar endothermic reaction ener-
getics in the case of NS3 protease86 and fatty acid amide
hydrolase.27 The relative stability of the TI is likely to be
determined by the conformation of the enzyme and the
(perhaps subtle details of the) positioning of the substrate in
the oxyanion hole. Further sampling of conformations would
be required to establish the relative stability of the TI in
TEM-1.

The barrier for the nucleophilic attack found here is low, and
this is almost certainly related to the calculated stability of the
TI (both facts could be significantly different for other con-
figurations of the enzyme in calculations at the same level). It
is worth pointing out that barriers for similar (e.g., for amides)
nucleophilic attack reactions in the gas phase tend to be very
low,87 while barriers to reaction in aqueous solution88-90 are
significantly higher. This does not mean, however, that the
reaction in the enzyme should be equated with a gas phase
reaction; the “desolvation” hypothesis has been discussed in
detail elsewhere.59,91 In the enzyme, polar groups are oriented
to supply significant stabilization of the reacting species, and
are specifically organized and positioned to provide catalysis

(i.e., better stabilization and thus a lower barrier than for an
equivalent reaction in solution).59,91 The small barrier found here
is in contrast to computational findings for some related enzyme-
catalyzed reactions such as zinc-dependent �-lactamases92 (but
see also ref 93) and peptidases;94,95 the predicted high relative
stability of the tetrahedral intermediate also contrasts with some
findings for other enzymes as mentioned above. Detailed
comparison with other enzymes and of the effects of protein
and solvent structural configurations and different computational
techniques will be useful in analyzing the causes of these
differences.

The most important finding here though does not depend
crucially on the exact value of the calculated barrier, nor on
the apparent stability of the tetrahedral intermediate: that is, the
results show that the proposed mechanism of acylation with
Glu166 as the base is certainly energetically feasible, and the
active site of the TEM-1 is structurally well organized to
catalyze the reaction via this mechanism.

In the study by Meroueh et al. an alternative reaction path
was proposed,26 on the basis of a stable intermediate structure
in which an acidic residue (Glu166 in its protonated form) and
a basic residue (Lys73 in its neutral form) are in close proximity.
These workers calculated MP2/6-31+G(d) single point energies
at HF/3-21G optimized geometries. In our current and
previous17,37,38 modeling, we have found no evidence for such
a species, and it seems energetically improbable. It seems
unlikely that similar substrates (such as penicillanic acid used
in that study and benzylpenicillin used here) are turned over
with different reaction mechanisms, although it is possible that
the mechanism may not be unique: alternative possible mech-
anisms (e.g., for different substrates) could perhaps give the
lactamase a degree of catalytic robustness, e.g., allowing it to
be promiscuous and accept a wide variety of substrates. The
acylation barrier of about 22 kcal mol-1 calculated in the study
of Meroueh et al. is notably higher than the apparent experi-
mental value of around 16-17 kcal mol-1 (Note that this is for
hydrolysis of penicillanic acid by TEM-1, which is slower than
that for benzylpenicillin). On the face of it, this argues against
that proposed mechanism, but this difference in activation energy
is not conclusive given the factors discussed above that can
affect comparison of calculated and experimental activation
energies. The methods applied by Meroueh et al. are likely to
give reasonably good energetics for the reaction (MP2/6-
31+G(d) energies calculated for HF/3-21G optimized geom-
etries). Though the energy calculation methods (MP2) are
comparable to those applied here, there are differences between
the QM/MM approaches applied here and in their study, which
could be important. The TI and TS found by Meroueh et al.
are significantly less stable (relative to the reactant complex)
than we find here: our TS is 18-20 kcal mol-1 relatively lower
than theirs, and our TI is 23-25 kcal mol-1 lower than theirs.
It is difficult to identify precisely the origin of the differences
observed here in the calculated energetics. It seems unlikely
that either the different substrates or the higher basis sets used
by us (up to modVTZ) compared to the basis set used by
Meroueh et al. (6-31+G(d)) are responsible for these large
differences. It is possible that the use of a different QM level
of geometry optimization (HF/3-21G), or the differences in the
applied reaction coordinates, are related to these apparent
stability differences. Other possible factors that could give rise
to differences include the QM/MM treatment, including long-
range electrostatic interactions. Most important is likely to be
the use of different structures (including different positioning
of solvent molecules) and (perhaps) different protonation states:
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for a complex system such as a protein, even slightly different
structures may give significantly different energetics (e.g.,
different barriers) for a mechanism,49,63,78,96 and thus complicate
the comparison of different mechanisms. Similarly, different
initial models (e.g., differing in protonation states for ionizable
residues, or solvation) may well produce significantly different
results. Ionizable residues in proteins may have pKa values
significantly altered from those expected in solution, and they
may play unexpected roles in biochemical mechanisms (e.g.,
arginine acting as an acid62); thus mechanisms involving
“nonstandard” protonation states should not be ruled out in
advance. To rule out a mechanism with confidence, it would
be important to include conformational effects (e.g., sampling
protein conformations by molecular dynamics63) and other
important contributions and show that the barrier was higher
than the experimental finding by an amount that is significant
for the computational method.97 This cannot yet be shown for
the TEM-1 �-lactamase, and further study is required for
definitive conclusions. Our results do show that our proposed
mechanism (involving Glu166 as the base for acylation) is
structurally and energetically reasonable and is consistent with
experimental kinetic and structural data.

Of course, the choice of QM and MM regions (and indeed
the choice of initial protonation states for residues in both
regions) restricts the type of mechanism that can be modeled
and dictates the calculated energetics. Treating Lys73 by MM
precludes its direct involvement in proton transfer here. This
choice was made because the computational demands of the
high level QM/MM calculations limited the number of atoms
that could be treated by QM. Without specific modeling or
definitive experimental data, one cannot definitively rule out a
mechanism. It is possible, though, to perform calculations to
show that a mechanism is reasonable.97 A mechanism that is
found to have an extremely high energy barrier in a realistic
model can be concluded safely to be unlikely, while a mech-
anism with a reasonable barrier (not significantly higher than
the apparent barrier derived from experimental rates) may be
regarded as reasonable and consistent with experimental data.
The barrier found here is notably lower than the apparent barrier
from the overall rate: this could indicate that the acylation is
not in fact rate limiting or could be due to the structure used
(the exact barrier will vary significantly depending on the
protein/solvent configuration used for potential energy barrier
calculations), or to some details of the model or mechanism
being incorrect, or to weaknesses in the theoretical methods.
At the relatively high level of QM/MM theory applied here,
one can discount significant errors in the energy barrier for a
reaction of this type due to the QM method.46 We believe that
the structural model used for the enzyme here is reasonable, in
line with experimental data. It should also be noted again that
the calculated barrier here is a potential energy barrier and does
not include the activation entropy (nor tunnelling, zero-point
or thermal vibrational effects).

TEM-1 �-lactamase is important not only because of the
medical relevance of this enzyme class but now also as a model
system for testing computational molecular modeling me-
thods. Other important model enzymes include chorismate
mutase,46,49,64,78,96 citrate synthase,62,65 para-hydroxybenzoate
hydroxylase,46,68,73 and cytochrome P450cam:63,98 such “guinea
pig” enzymes allow for comparison of different methods and
testing how the model setup influences calculated energetics
for reactions.63,98 This can analyze uncertainties in calculations,
and provide error estimates, helping to solidify mechanistic
conclusions.97 High-level QM/MM methods46,54 of the type

applied here provide a benchmark for testing and validating
lower-level computational approaches.

All of our calculated energetics obtained from several high-
level QM/MM methods give consistent results that are quan-
titatively very similar and qualitatively identical, leading to the
same conclusions consistent with experimental data (It is
important to point out that the experimental rate for this single
step is unknown, and so a direct comparison with experiment
can only be made for the overall reaction; we conclude that
this step is energetically feasible and lower than the apparent
experimental barrier, which in turn may relate to a single
chemical rate-determining step, widely believed to be associated
with acylation). All the methods that include electron correlation
are well suited to model the formation of the tetrahedral
intermediate and to calculate the corresponding potential energy
surface, because the energies of unstable species and transition
states are particularly sensitive to the treatment of electron
correlation. While the calculated energetics (including the
relative stability of the TI) are expected to be somewhat sensitive
to the structure of the protein used, our calculations show that
the proposed mechanism in which Glu166 acts as the base, via
a conserved water molecule, to deprotonate the nucleophilic
Ser70 can occur (in a detailed model of the enzyme) without
structural reorganization and with low barriers.

It has been proposed that Lys73 stabilizes Ser70 during its
deprotonation. We investigated this by calculation of a potential
energy surface with Lys73 mutated to alanine.31,38 As noted in
the Computational Details, this does not model the structural
or solvation changes associated with the mutation: the calcula-
tions given an indication of the contribution of Lys73 to the
calculated energetics here. We found a slightly increased barrier
for this mutant, which lacks the positive charge of Lys73 in
the active site. As shown in our previous semiempirical QM/
MM study, in the course of Ser70 deprotonation, the negative
charge of the deprotonated Ser70 oxygen increases.38 The
positive charge of the �-ammonia group of Lys73 is well located
to stabilize this negative charge (see Figure 2). This stabilizing
effect is missing in the K73A mutant model, giving an increased
barrier for acylation in the mutant. Furthermore, the transition
state structure reveals that the abstracted proton from Ser70 is
more tightly bound to Ser70 in the mutant TS.

Our calculations (including previous QM/MM modeling of
the deacylation reaction) indicate that Lys73 plays an important
role as a proton shuttle in subsequent reaction steps (in both
acylation and deacylation).24,38,99 The observed decreased acy-
lation rates in K73 mutants are most likely a consequence of
both the lack of transition state stabilization during Ser70
activation found here and the inability to transfer protons
efficiently within the active site in subsequent reaction steps.
These functions of Lys73 in acylation, as well as its proposed
role in deacylation may explain its strict conservation in the
class A �-lactamase family.17

This work shows that QM/MM calculations can be performed
for enzyme reactions using high level correlated ab initio QM/
MM methods with reasonably large basis sets. The calculated
energetics for the reaction are not very sensitive to the basis
sets used. Given that class A �-lactamase mechanisms certainly
warrant further computational investigation in future, it is
appropriate to discuss what computational methods and ap-
proaches may be most useful (e.g., choice of basis set and
modeling or simulation methods). We believe that the most
important extension for future QM/MM investigations of class
A (and other) �-lactamases should be more conformational
sampling and tests of the sensitivity of the results to the
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structural model used (and, e.g., the solvation of the system
and protonation states). For modeling the reaction by potential
energy surface/profile (e.g., adiabatic mapping/geometry opti-
mization/reaction pathway) calculations, multiple conformations
(e.g., from MM or QM/MM MD12,49,96) should be considered,
to investigate the dependence of the results on the starting
structure, and the sensitivity of the calculated energies. Adiabatic
mapping calculations have well-known limitations for calculat-
ing reaction barriers and energies (e.g., in not allowing
significant environmental change associated with reaction), and
therefore molecular simulations are required for investigations
of many enzyme-catalyzed reactions.63,100,101 Calculations of free
energies of reaction, e.g., by umbrella sampling molecular
dynamics, perhaps with specifically parametrized semiempirical
QM100 or empirical valence bond59 methods, will be useful;
clearly it will remain impossible for the foreseeable future to
perform extensive molecular simulations (e.g., molecular dy-
namics100 or Monte Carlo102) with correlated ab initio methods46

for QM regions of the size typically required for modeling
enzyme-catalyzed reactions. A larger QM region than that used
here (e.g., including Lys73) would be needed to model all the
steps of acylation and deacylation,17 and could be used to study
alternative mechanisms, but will increase the computational
demands of the calculations. If the aim is to calculate activation
energies with high (e.g., approaching “chemical”) accuracy,103

which correlated ab initio methods can potentially provide, then
it would also be necessary to consider zero-point energy,46

quantum tunneling,67,74 and entropic46 contributions. For com-
parison of relative barriers (e.g., for different substrates), such
contributions to the barrier may be approximately equal, making
comparison of potential energy barriers reasonable.66,97 Alterna-
tive �-lactam substrates and mutant �-lactamase enzymes should
be investigated. High-level QM/MM calculations,46 e.g., using
correlated ab initio methods such as the SCS-MP2 results here,
should provide useful benchmarks for testing and developing
more approximate QM or more empirical modeling methods.
QM/MM calculations with density functional (e.g., B3LYP)
methods,104 with relatively small basis sets (e.g., 6-31+G(d)
appear to provide a reasonably accurate description of this
reaction, though attention should be paid to the calculated
relative stability of the tetrahedral intermediate. The results here
show that QM/MM calculations at the B3LYP QM level should
provide a reasonable compromise in terms of accuracy and
speed, allowing fairly extensive calculation of potential energy
surfaces. Calculations of reaction free energies with DFT
methods such as B3LYP are becoming possible in QM/MM
calculations on enzymes, but the necessary simulations (requir-
ing perhaps hundreds of millions of energy (and for dynamics
simulations, also force) evaluations) will remain highly com-
putationally demanding. Hartree-Fock ab initio QM/MM
calculations perform poorly for the energetics of the reaction
(as expected), at a comparable computational cost and are not
recommended. Correlated ab initio QM/MM calculations46 with
large basis sets (e.g., single point calculations for energies of
crucial points on surfaces calculated with DFT QM/MM
methods) will provide a useful test (and energetic corrections)
of lower level results.

Conclusions

High level QM/MM calculations (using various QM methods
up to the SCS-MP2/modVTZ/CHARMM27 level) have been
performed to model the proposed rate-determining step for the
formation of the tetrahedral intermediate in acylation of the class
A �-lactamase TEM-1 with benzylpenicillin. The results support

a mechanism in which Glu166 acts as the general base to
deprotonate Ser70 (via an intervening water molecule) for
nucleophilic attack on the �-lactam carbonyl group. The
calculated barriers are ∼4-5 kcal mol-1, which is somewhat
too low in comparison to experimental data, but of reasonable
magnitude considering that entropic effects are not included and
the energies were calculated from a single conformation only.
The results show that the proposed mechanism is reasonable.
Comparison with correlated ab initio QM/MM calculations
shows that the B3LYP hybrid DFT method provides a reason-
ably good structural and energetic description of this reaction.

The formation of the tetrahedral intermediate consists of three
processes: Ser70 deprotonation and transfer of the proton to
the catalytic water molecule, proton transfer from this water
molecule to Glu166, and nucleophilic attack of Ser70 on the
�-lactam substrate. The potential energy surface of the acylation
was calculated by applying two reaction coordinates, one of
which describes two bond-making/breaking events, thus model-
ing all three such processes at once. The calculation of the
potential surface in this way is important to achieve reliable
results for such a highly concerted reaction.

The potential energy surfaces calculated here support previous
lower-level findings that formation of the tetrahedral intermedi-
ate follows a concerted reaction mechanism.38 Analysis of the
calculated transition state structure reveals that the energy
demanding events of these three processes are the two proton
transfers for Ser70 activation. The nucleophilic attack of Ser70
on the �-lactam carbonyl carbon is slightly delayed, not
synchronous with these proton transfers, although the whole
process is clearly concerted. Modeling of the activation of Ser70
in the absence of the substrate gives an almost unchanged
barrier. That suggests that the presence of a �-lactam compound
does not affect the barrier for Ser70 activation.

The potential energy surface for the formation of the
tetrahedral intermediate in the K73A mutant model shed light
on the function of the important conserved Lys73 residue.
Analysis of acylation in this mutant revealed that the concert-
edness of the three processes remained unchanged, but the
energetics changed noticeably. The results support our previous
finding37 of Lys73 having the important function of stabilization
of the TS (and particularly deprotonated Ser70) in the course
of Ser70 activation. The barrier for the formation of the
tetrahedral intermediate in a K73A mutant model was found to
be slightly increased. This is in qualitative agreement with
experimental studies105 that show a decrease in rate when this
residue is replaced (the rate constant decreases from 3100 to
1.2 s-1 for benzylpenicillin hydrolysis in the K73A mutant,
which corresponds to an increase in activation free energy from
12.7 to 17.3 kcal mol-1). Lys73 is calculated here to stabilize
the transition state for TI formation in acylation; it is calculated
to lower the barrier by 1.7 kcal mol-1 corresponding to a roughly
10-fold rate enhancement. In addition to its vital role as a proton
shuttle residue in subsequent reaction steps,17 this function of
Lys73 is likely to be one of the reasons for the experimentally
observed decreased acylation rates of K73 mutants. The question
of the role of K73 deserves further investigation.

The high level QM/MM results presented here support an
acylation mechanism involving the carboxylate of Glu166 acting
as the general base, deprotonating a structurally conserved water
molecule for nucleophilic attack on the �-lactam ring carbonyl
carbon.
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