Analysis of a concerted mechanism in B-lactam enzymatic
hydrolysis. A quantum mechanics/molecular mechanics study
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One of the postulated mechanisms for the acylation step in B-lactamase catalyzed hydrolysis of B-lactams, a
concerted one, has been explored by means of a quantum mechanics/molecular mechanics approach. Minima

and transition structures for the reaction path are reported. The TEM-1 enzyme, a class A B-lactamase, and a
penicillanate, a substrate easily hydrolyzed by this enzyme, constitute the system employed in our study. We have also
analyzed the effects of the protonation state of Lys73 on the reaction mechanism. The energy barriers obtained, too
high for a catalytic process, indicate that a concerted mechanism is not the most probable enzymatic mechanism for
the acylation. Useful information is obtained by comparing the enzyme structures corresponding to the protonated
and the deprotonated Lys73 residue along the reaction path. In the protonated Michaelis complex the Glu166 residue
appears considerably closer to the Lys73 residue than in the deprotonated structure. This fact implies that an initially
protonated Lys73 could easily transfer a proton and thus would not be a factor in excluding acylation mechanisms in
which Lys73 acts as the general base in the deprotonation of Ser70. On the other hand, the Lys73 deprotonated acyl-
enzyme structure is in better agreement with the reported X-ray crystallographic data than that of the protonated

case.

Introduction

B-Lactamases are a group of bacterial enzymes that constitute
the major cause of bacterial resistance to -lactam antibiotics.
These enzymes catalyze the hydrolysis of the sensitive f-lactam
moiety of these kind of antibiotics, rendering the drug bio-
logically inactive.! On the basis of sequence relationships, four
different classes of B-lactamases, A-D, have been identified.
The class A enzymes are the most common and intensively
studied, whereas the class C enzymes are the second most
common. Both classes A and C are active site serine enzymes.”
The global catalytic pathway involves the acylation of the serine
at the active site by the B-lactam carbonyl group forming an
acyl-enzyme intermediate.®> This step is followed by hydrolysis
of the ester bond formed in the acylation (see Scheme 1).
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B-Lactamases are able to undergo deacylation easily, regenerat-
ing the enzyme and releasing the inactive antibiotic.

Though the global reaction mechanism in Scheme 1 is well-
known, the specific proton transfer steps and the role played by
the conserved residues present in the active site region remain
the subject of controversy. A clear similarity of the amino acid
sequence in this region arises from the analysis of structural
data of different B-lactamase enzymes.*'® In particular, the
class A enzymes contain a set of conserved residues presumably
crucial for catalysis, Ser70, Lys73, Lys234, Ser130, Glul66 (the

sequence numbering of Ambler et al.'* is used throughout this
paper). The acylation implies the deprotonation of the hydroxy
group of the active serine, Ser70, and the protonation of the
B-lactam nitrogen. Despite the accumulation of kinetic and
mutagenesis data,’ neither the identity of the residue which
accepts the proton coming from the Ser70 nor the steps for
achieving the B-lactam nitrogen protonation are clear. Different
possibilities have been proposed. In one of them the Glul66
residue plays the role of the general base which deprotonates
the Ser70 residue prior to nucleophilic attack.'® Structural data
indicate a distance between the carboxylate oxygens of Glul66
and the hydroxy group of Ser70 that is too long for a direct
proton transfer. However, a recent molecular dynamics MD
study'” shows a very high mobility for Glul66 in the PC1
enzyme, a class A [-lactamase, which could favour the
approach to Ser70. Variants of the previous mechanism assign
to a conserved water molecule, existing between Glul66 and
Ser70, the role of proton relay for this transfer.'® Another
possibility for the acylation has been proposed by Strynadka et
al.* This mechanism is more complicated and involves different
residues for an indirect proton transfer from Ser70 to the
B-lactam nitrogen through Lys73 and Ser130. Thus, this mech-
anism would explain not only the deprotonation of Ser70 but
also the B-lactam nitrogen protonation. A third proposed pos-
sibility consists of a direct proton transfer from the hydroxy
group of Ser70 to the B-lactam nitrogen atom.?**! The proton
transfer, the serine acylation, and the B-lactam ring opening
would occur through a single step. Therefore along this paper
we will refer to this possibility as the concerted mechanism.
Theoretical chemistry provides valuable tools for studying
a system at a molecular level. Until recently only models of
limited size have been studied quantum mechanically. In a
recent work, Wladkowski et al.?* studied the initial acylation
step in the enzymatic hydrolysis of B-lactams using an ab initio
quantum mechanical approach. The model used incorporates a
simple B-lactam substrate and essential fragments of the key
residues needed to analyse the mechanism proposed by
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Strynadka et al. Moreover, several studies employing molecular
orbital calculations have been devoted to the study of the reac-
tion mechanism in non-enzymatic B-lactam hydrolysis. 2?32
The azetidinone molecule or some substituted derivatives
have been used as the B-lactam system, although full anti-
biotic molecules have also been studied in semiempirical calcu-
lations. The nucleophile agent is normally represented by a
hydroxide anion,”*?5 a water molecule*'**® or methanol.?'
These kinds of non-enzymatic studies have supplied useful
information and increased our understanding of these systems,
but they cannot consider the specific enzyme-substrate
interactions.

Recently, a new procedure based on a mixed quantum/
classical (QM/MM) approach has been developed.”® This
allows the identification of transition structures. The sub-
strate and the desired key residues (or part of them) are treat-
ed quantum mechanically whereas the rest of the protein is
treated by a classical force field. The details are given in the
next section. This new methodology is suitable for studying
reaction mechanisms in an enzymatic environment: the char-
acteristic ability of the hybrid methods for treating systems of
the size of a protein is combined with the possibility of
obtaining both minima and transition structures along a reac-
tion path (and therefore energy barriers). This constitutes an
essential new tool to differentiate between postulated reaction
mechanisms.

We have previously commented on some of the several pro-
posed mechanisms for the acylation process. All of them have
both critical points and supporting features and new contribu-
tions are necessary to better understand this process. In this
paper we have applied the quantum mechanics/molecular
mechanics (QM/MM) methodology to study the concerted
mechanism for the acylation step of the enzymatic hydrolysis of
B-lactam compounds. This mechanism has only one transition
structure that connects the reactant complex and the acyl-
enzyme intermediate and thus it is the simplest case for
applying this new methodology. Furthermore, some of us
have previously studied the neutral and alkaline hydrolysis of
the N-methylazetidinone molecule, a model for B-lactam.”® In
the neutral case a similar concerted mechanism has been
studied, which allows us to compare the enzymatic and non-
enzymatic processes. The clinically relevant TEM-1 B-lactam-
ase, a prototypic class A enzyme, and the penicillanate 1, a
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substrate easily hydrolyzed by this enzyme, constitute the
system employed in our study.

A second objective of this paper is to analyse the effects of
the protonation state of Lys73 on the reaction mechanism.
There is considerable controversy on the protonation state of
this residue. It is possible to find studies supporting an initially
protonated state' and studies that propose a deprotonated
Lys73 caused by a shift of the pK, from 8§ to 14 as the substrate
binds.?” The mechanism proposed by Strynadka for the acyl-
ation requires an initially deprotonated Lys73 as the general
base for activating the essential Ser70. The other possible
mechanisms do not present this crucial dependence, but their
respective energy profiles could be modified by the presence
or not of a positive charge on the lysine. To analyse this aspect
we have obtained the energy profile of the concerted mechan-
ism for the two possible situations. The observed differences
along the reaction path between the enzyme structures corre-
sponding to the protonated and the deprotonated lysine are
discussed.
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Computational details

Initial coordinates for the system have been obtained from the
crystallographic structure of an acyl-enzyme intermediate
recently reported.® The intermediate is formed by the TEM-1
B-lactamase enzyme and the 6a-(hydroxymethyl)penicillanate,
a novel inhibitor for this enzyme. The structure is available in
the Protein Data Bank (ID code, I TEM). The hydroxymethyl
moiety was manually removed to obtain the penicillanate 1.

The hybrid QM/MM treatment was performed by means of
the CHARMM 24b2 program,®® using the semi-empirical AM1
hamiltonian® with the CHARMM 24b2 protein parameter
set.’*3! The entire molecular system, containing 4820 atoms,
was divided into QM and MM regions. The substrate and the
entire residue implied in the studied mechanism (Ser70) were
treated quantum mechanically, while the rest of the protein and
the water molecules present in the crystallographic structure
were treated by the classical force field. Other residues, such as
Glul66, Lys73 and Ser130, should be included in the QM
region in order to explore other possible mechanisms. This will
be the subject of future studies based on the conclusions of the
present study. The entire TEM-1 protein was considered in the
calculations and the position of all the atoms of the system
were allowed to relax. Two link atoms ** were inserted where the
QM/MM boundary intersected covalent bonds: these were
placed (a) along the C—N bond between Met69 and Ser70, and
(b) along the C-N bond between Ser70 and Thr71. The QM
region contained a total of 36 atoms, including the quantum
link atoms. Although the sulfur atom does not actively partici-
pate in the reaction we have tested the AM1 parametrization to
describe carbon—sulfur bonds, which appear in our present QM
system. In the case of dimethyl sulfide, the AM1 values for the
CS bond length and CSC angle (1.717 A and 102.95 degrees
respectively) compare quite well to the MP2/6-31G* values
(1.804 A and 98.49 degrees). We have also optimized an isolated
penicillanate molecule at the AM1 and HF/6-31G* levels. At
the AM1 level, the two CS bond lengths and the CSC bond
angle are 1.747 A, 1.783 A and 96.25 degrees respectively while
at the HF level the converged values are also quite similar
(1.830 A, 1.867 A and 94.39 degrees).

QM/MM energy minimizations were performed in order to
obtain the potential energy surface. A guest structure from the
quadratic region of the saddle point was used as the input in
the transition state structure search carried out with GRACE
software.?® A partial-rational-function-operator/adopted-basis-
Newton—Raphson method was employed, using a Hessian
matrix of 108 X 108 order, describing the curvature of the QM/
MM energy hypersurface for a sub-set of the system, together
with a diagonal Hessian plus updates for the rest of the system.
The rms residual gradient on the 36 atoms in the sub-set is less
than 0.001 kcal mol™ A~ in the optimised structure, while on
the remaining atoms it is less than 0.005 kcal mol™' A~
Finally, the IRC (Intrinsic Reaction Coordinate) path*® was
traced from the refined transition structure in each direction
using the GRACE capabilities. From the last point in each
direction we started a minimization leading to a reactant com-
plex (the Michaelis complexes described in the Results section)
and an acyl-enzyme intermediate (the product of this process).

Results and discussion

As stated in the Introduction, two possibilities were studied
depending on the protonation state of the Lys73 residue. In
Figs. 1, 2 and 3, we show the obtained structures for the
Michaelis complexes, transition structures and acyl-enzyme
complexes respectively. For clarity reasons only some key
residues are shown.

Michaelis complexes

In general, except for some particular aspects, the structures
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Fig. 1 Structures of the Michaelis complexes obtained after QM/MM minimization. R1: protonated Lys73 structure; R2: deprotonated structure.

For clarity, only some key residues are shown.
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Fig. 2 Transition structures obtained for the concerted mechanism. TS1: protonated Lys73 structure; TS2: deprotonated structure.
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Fig. 3 Structures of the acyl-enzyme intermediate. P1: protonated Lys73 structure; P2: deprotonated structure.

obtained for the protonated, R1, and deprotonated Lys73
enzyme, R2, are similar. For this reason a large part of the
following discussion is common for both cases. In the following,
we will usually give the geometrical parameters as two slash-
separated values (A/B). The number on the left will correspond
to the protonated Lys73 description and the number on the
right to the deprotonated one.

The enzyme substrate hydrogen bonds are structural features
of great interest, in particular those related to the B-lactam
carbonyl, carboxylate and nitrogen atom. In the Michaelis

complexes the f-lactam carboxylate oxygen atoms form strong
hydrogen bonds with all the closest residues, the distances to the
proton donor atoms being, Arg244 N, (2.77/2.74 A), Ser235
Oy (2.80/2.82 A), Lys234 NE (2.78/2.75 A) and Ser130 Oy (2.73/
3.47 A). From the previous values we observe that R2 keeps the
same interactions as R1, except for that corresponding to the
Ser130. In this case, the hydroxy hydrogen of Ser130 is now
pointing toward the Lys73 N& atom. This hydrogen bond
between Lys73 NE and Ser130 Oy is not very strong, as reflected
in the large donor-acceptor distance (3.12 A) and quite a large
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deviation from linearity. In R1 and R2, the Lys234 N¢ also
forms strong hydrogen bonds with Ser235 O (2.75/2.79 A) and
with Ser130 Oy (3.00/2.88 A). It is not difficult to suppose that
all these strong interactions (the lysine employs all three of the
NE hydrogens) will lead to a relatively fixed position for the
Lys234 residue. Effectively, in the above mentioned MD study
of the PC1 B-lactamase,'’ the Lys234 residue was found to
remain essentially fixed at its crystallographic position during
the whole simulation.

The reactant complex structures described here present, as
expected, hydrogen bonding interactions between the p-lactam
carbonyl oxygen and the amide group of Ser70 N (3.01/3.13 A)
and Ala237 N (2.87/2.84 A). These interactions form the so
called oxyanion hole in the analogous serine proteases.** It is
believed that these components exercise a stabilizing role on the
negative charge developed on the carbonyl oxygen with the
Ser70 nucleophilic attack. This effect would be of particular
importance when the reaction mechanism involves an initial
tetrahedral adduct at the first reaction step, i.e., the acyl-bond is
formed prior to the B-lactam ring opening. In this case the
negative charge of the nucleophilic agent is transferred to the
B-lactam molecule and, at least partially, located on the carb-
onyl group. In the concerted mechanism studied here, a tetra-
hedral adduct does not appear along the reaction pathway (the
ring is opened as the serine is acylated), therefore a minor role is
expected.

The Ser70 Oy is 2.69/2.52 A from the carbonyl carbon atom
and the hydroxy proton points towards the B-lactam nitrogen.
Thus this complex seems to be especially suitable for the con-
certed mechanism. In R1, the amine protons of the protonated
Lys73 NE are hydrogen bonded to Ser70 Oy (2.85 A), Ser130 O
(2.85 A) and to Glul66 Og, (2.60 A), respectively. This last
interaction with the Glul66 residue is of particular interest as
we shall discuss below. Obviously, due to the different proton-
ation state of Lys73 in R2, the interactions of this lysine with its
environment form one of the points where the structural
descriptions for R1 and R2 differ. Effectively, in R2 the Lys73
NE does not present any hydrogen bond interaction. Ser70 Oy is
located at 3.36 A and Ser130 O at 3.22 A from Lys73 N¢, and
no Lys73 hydrogen points towards these atoms. The most inter-
esting feature corresponds to the absence of interaction with
the Glul66 residue which is the principal difference between the
protonated and deprotonated structures studied here. In the
protonated case, one of the carboxylate oxygens of Glul66 is
found very close to the Lys73 N&, 2.60 A. This distance is suit-
able for a low barrier proton transfer. In fact, this distance
seems too short and the possible spontaneous proton transfer is
prevented by the classical description of both residues. In the
deprotonated reactant complex the Glul66 residue is found at
a longer distance, about 5 A. This large difference can be
explained on the basis of the large mobility of the Glul66 resi-
due which has been reported in a molecular dynamics simu-
lation study.'” As was said before, this mobility has led to the
impossibility of rejecting the hypothetical role of Glul66 as the
general base in the acylation step, despite the long distance
between the Glul66 carboxylate and the hydroxy group of
Ser70. From the results presented here, a new possibility now
emerges. It seems that a protonated Lys73 can easily transfer a
proton to Glul66 and thus its initial protonation state would
not be decisive for excluding a mechanism in which Lys73 acts
as the general base in the deprotonation of Ser70 such as that
proposed by Strynadka et al.*

Transition structures

As in the previous section, we have named the transition struc-
ture corresponding to the protonated Lys73 enzyme TS1 and
the deprotonated one TS2. Both structures are shown in Fig. 2.

In both TS1 and TS2 structures the CN distance, 1.54
A, is slightly lengthened with respect to that of the Michaelis
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complexes, 1.45 A, but the ring still remains essentially closed at
this point on the reaction coordinate. On the other hand, the
proton transfer from Ser70 Oy to the f-lactam nitrogen atom is
quite advanced (the NH and OH distances are 1.14/1.17 and
1.55/1.53 A, respectively). The same features were found in pre-
vious studies on an equivalent mechanism for the neutral
hydrolysis of the N-methylazetidinone molecule.”> However, in
both TS1 and TS2 structures the Ser70 Oy is located at 2.56/
2.49 A of the B-lactam carbonyl carbon. These distances seem
to be too long for a favorable serine addition to the B-lactam
carbonyl group. In fact, in the previous studies on non-
enzymatic hydrolysis the position and orientation of the
water 2'“?5 or methanol*'* molecules in the transition structures
are better adapted for addition to the B-lactam carbonyl, and
the distance from the nucleophilic oxygen to the carbonyl car-
bon is never longer than 2.0 A. In the TS1 and TS2 transition
structures the serine appears displaced towards the B-lactam
nitrogen atom. However, this displacement does not lead to an
advancement in the acyl-enzyme bond formation The displace-
ment is forced by the requirement of a direct proton transfer
from the Ser70 Oy to the B-lactam nitrogen. The Ser70 Oy
distance to the PB-lactam carbonyl carbon is reduced with
respect to the Michaelis complexes by only 0.13/0.03 A in TS1
and TS2 respectively. Thus, the formation of the new NH and
CO bonds takes place in a very asynchronous way, compared
with the gas phase or solution mechanisms. As we will show
below this fact leads to a large negative charge appearing on the
Ser70 Oy.

In general, the hydrogen bond interactions present in the
Michaelis complexes are kept in the transition structures. In the
oxyanion hole a slightly weakening of these interactions is
observed. The Ala237 N is now 2.92/2.90 A, and the Ser70 N is
2.98/3.09 A from the B-lactam carbonyl oxygen. Though the
distances to the Ser70 N are shorter than those of the reactant
complexes, the carbonyl oxygen—amide proton distance is
slightly increased as a consequence of a larger deviation from
linearity in this hydrogen bond.

Acyl-enzymes

The acyl-enzyme structures corresponding to the protonated
(P1) and deprotonated (P2) Lys73 are shown in Fig. 3. In the
acyl-enzyme structures the CN bond is completely broken
(2.69/2.58 A for P1 and P2 respectively) and the B-lactam nitro-
gen is protonated. The B-lactam ring, practically planar in the
Michaelis complexes and transition structures, increases its
dihedral angle up to 12.7 and 17.1 degrees in P1 and P2 respect-
ively. As in the transition structures the hydrogen bond inter-
actions present in the reactant complexes are in general kept in
the acyl-enzyme structures. The B-lactam carbonyl oxygen
reinforces its interaction with the oxyanion hole components,
Ala237 N (2.86/2.81 A) and Ser70 N (2.86/2.89 A). Larger dif-
ferences appear around the B-lactam carboxylate. In particular,
in P1 the carboxylate has lost one of the four strong hydrogen
bonding interactions present in R1 and TS1. The hydroxy
hydrogen of the Ser130 residue is now pointing to the B-lactam
nitrogen, which is placed 2.91 A from the Ser130 Oy.

The deprotonated structure, P2, has also lost some of the
hydrogen bonds between the enzyme and the f-lactam carb-
oxylate, specifically those formed with Lys234 and Ser130. The
carboxylate of the deprotonated acyl-enzyme complex (P2) is
stabilized just by the Arg244 (2.74 A) and Ser235 (2.87 A) res-
idues, whereas in the protonated structure (P1) the hydrogen
bond with Lys234 is also retained. We can compare both P1
and P2 structures with the X-ray crystal data of TEM1 acyl-
enzyme intermediates reported by Strynadka et al* and
Maveyraud et al’ In both cases, the obtained structures show
hydrogen bond interactions of the fB-lactam carboxylate with
the Arg244 and Ser135 but not with Lys234 and Ser130. Thus,
at least in this aspect, the structure of the Lys73 deprotonated



Table 1 Relative energies (kcal mol™") and Mulliken charges (au) on
some selected atoms for the Michaelis complex, transition structure
and acyl-enzyme adduct of the protonated and deprotonated Lys73
concerted mechanisms

Protonated Lys73 Deprotonated Lys73

R1 TS1 P1 R2 TS2 P2
AE 0.00 42.06 —31.89 0.00 4585 —41.23
qc 0.33 0.37 0.40 0.33 0.36 0.39
do -0.35 —0.24 —0.44 —0.36 -0.25 —0.45
qn —0.31 —0.19 —0.31 —0.27 —0.19 —0.32
9o, —0.36 —0.73 —0.30 —0.33 —0.68 —0.22
qu 0.24 0.34 0.17 0.24 0.36 0.20

acyl-enzyme (P2) of the present study is in better agreement
with the experimental information than that corresponding to a
protonated Lys73 acyl-enzyme. In any case, the rms deviations
over protein backbone atoms of P1 and P2 with respect to the
crystallographic complex® are very similar (0.53 and 0.54 A
respectively).

Energy profile

In Table 1 are reported the relative energies for the protonated
and deprotonated concerted mechanisms, 42.06 and 45.85 kcal
mol ! respectively. They are smaller than the energy barrier
found for the equivalent addition step in vacuum using water as
a nucleophilic agent and N-methylazetidinone as the B-lactam
model,? 57.12 kcal mol ! at the MP2//HF/6-31G* level. Wolfe
et al® obtained for the same water—N-methylazetidinone
system a much lower value, 42.651 kcal mol ' (MP2/6-31G*//3-
21G), optimizing the geometry with the 3-21G basis set. These
facts reveal the great dependence of the energy barrier of the
concerted process on the level of calculation. Employing the
AMI1 method, the energy barrier becomes 55.02 kcal mol .
Moreover, if the N-methylazetidinone is substituted by penicil-
lanate the energy barrier decreases to 45.10 kcal mol™'. This
last value is comparable to those obtained in the enzymatic
environment.*®

These high energy barriers seem to indicate that a concerted
mechanism is not the most probable enzymatic mechanism for
the B-lactam acylation. In fact, we have seen that this mechan-
ism requires constrained transition structures, with the Ser70
residue appearing at a very different position from that occu-
pied in both reactant and product structures. Moreover, the
distribution of charge developed on these structures is not the
most favorable for the stabilizing role of some key residues:
going from reactants to the acyl-enzyme, the atoms that present
larger variations in their charges are, as expected, the carbonyl
oxygen, carbonyl carbon and nitrogen atom of the B-lactam
antibiotic and the hydroxy group of Ser70. The charges of all
these atoms are given in Table 1. The most significant aspect is
the large negative charge developed on the serine hydroxy
oxygen in both transition structures, as a consequence of the
advanced proton transfer. However, the charge of the carbonyl
oxygen atom does not increase, in absolute value, with respect
to that of the Michaelis complexes. Indeed, it is less negative in
the transition structures than in the reactants. Probably, the
long distance between the Ser70 Oy and the carbonyl carbon
atom is responsible for this effect because the acyl-enzyme
bond is not even partially formed. These facts imply that the
oxyanion hole components (amide group of Ala237 and Ser70)
have no stabilizing effect in the concerted transition structures.
In fact, we have seen in the previous structural descriptions a
slight lengthening of the hydrogen bond distances between the
B-lactam carbonyl oxygen and the amide nitrogen of these
residues in the transition structures. Along the reaction path,
the stationary point where the charge on the carbonyl oxygen
is at a maximum is in the acyl-enzyme complex, where the
hydrogen bonds of the oxyanion hole are shorter.

Conclusions

From the previous results and with the limitation of the
methods used in this work, a semiempirical description of a
quantum core composed of the substrate and Ser70 and using
molecular mechanics for the rest of the system, the following
conclusions can be summarized. A mechanism based on a con-
certed sequence of events, acylation of Ser70 and simultaneous
hydroxy proton transfer to the B-lactam nitrogen, has been
analysed taking into account a protonated and a deprotonated
state for the Lys73 residue. For both cases a high energy barrier
has been obtained, 42.06 and 45.85 kcal mol ™! respectively.
Though the concerted transition structures cannot correspond
to the real mechanism, the Michaelis and acyl-enzyme com-
plexes are true minima structures which should be inter-
connected in any proposed mechanism. Useful information has
been obtained by analysing them. The hydrogen bond inter-
actions between substrate and active site residues have been
described. One of the most interesting aspects found in this
analysis is the dependence of the position of the Glul66 residue
on the protonation state of the Lys73 residue. The great mobil-
ity of Glul66 has been reported in previous molecular dynam-
ics studies. We have found that in the deprotonated Lys73 study
the Glul66 is quite distant from the Lys73 (about 5 A). How-
ever, the Glul66 is very close to Lys73 in the protonated Lys73
Michaelis complex, keeping the proximity in the corresponding
transition structure and acyl-enzyme. The proximity between
Glul66 and the protonated Lys73 would favor proton transfer
between them. In this way, an initial protonated Lys73 would
not be enough to discard a catalytic mechanism where this resi-
due acts as general base. Another insight comes from the analy-
sis of the hydrogen bonding interactions around the B-lactam
carboxylate in the acyl-enzyme complex. Previous works®*®
have reported X-ray crystal structures of acyl-enzyme inter-
mediates of the TEM1 enzyme. In these works the carboxylate
hydrogen bonds to both Arg244 and Ser235, but not to Lys234
and Ser130. In the present paper we have found that the
description of the deprotonated Lys73 structure is in better
agreement with the mentioned experimental findings.

Acknowledgements

J. P acknowledges a doctoral fellowship from the Ministerio de
Educacion y Cultura (Spain). I. T. acknowledges a postdoctoral
contract from the Generalitat Valenciana (Spain) and the
Universitat de Valéncia. This work has been partially supported
by DGICYT Project PB96-0795 and Generalitat Valenciana
Project GVDOC98-CB-11-8. We are grateful to the Universitat
Jaume I for providing us with computer facilities.

References

1 (a) S. G. Waley, in The Chemistry of B-Lactams, ed. M. 1. Page,
Chapman & Hall, London, 1992; (b) M. 1. Page, A. P. Laws, M. J.
Slater and J. R. Stone, Pure Appl. Chem., 1995, 67, 11; (¢) J. R.
Knowles, Acc. Chem. Res., 1985, 18, 97; (d) H. C. Neu, Science,
1992, 257, 1065; (e) J. Davies, Science, 1994, 264, 375.

2 M. 1. Page, Adv. Phys. Org. Chem., 1987, 23, 165.

3 (a) S. J. Cartwright, A. K. Tan and A. L. Fink, Biochem. J., 1989,
263, 905; (b) R. Virden, A. K. Tan and A. L. Fink, Biochemistry,
1990, 29, 145.

4 N. C. J. Strynadka, H. Adachi, S. E. Jensen, K. Johns, A. Sielecki,
C. Betzel, K. Sutoh and M. N. G. James, Nature, 1992, 359, 700.

5 L. Maveyraud, 1. Massova, C. Birck, K. Miyashita, J.-P. Samama
and S. Mobashery, J. Am. Chem. Soc., 1996, 118, 7435.

6 B. J. Sutton, P. J. Artymiuk, A. E. Cordero-Bordoa, C. Little,
D. C. Phillips and S. G. Waley, Biochem. J., 1987, 248, 181.

7 G. Oefner, A. D’Arcy, J. J. Daly, K. Gubernator, R. L. Charnas,
1. Heinze, C. Hubschwerlen and F. K. Winkler, Nature, 1990, 343,
284.

8 (a) O. Herzberg, J Mol. Biol., 1991, 217, 701; (b) O. Herzberg,
G. Kapadia, B. Blanco, T. S. Smith and A. Coulson, Biochemistry,
1991, 30, 9503.

J. Chem. Soc., Perkin Trans. 2, 1999, 1351-1356 1355



9 (a) C. C. H. Chen and O. Herzberg, J Mol. Biol., 1992, 224, 1103;
(b) C. C. H. Chen, J. Rahil, R. F. Pratt and O. Herzberg, J. Mol
Biol., 1993, 234, 165.

10 (a) C. Jelsch, F. Lenfant, J. M. Masson and J. P. Samama, FEBS
Lett., 1992, 299, 135; (b) C. Jelsch, L. Mourey, J. M. Masson and
J. P. Samama, Proteins: Struct. Funct. Genet., 1993, 16, 364.

11 (@) J. R. Knox and P. C. Moews, J Mol. Biol., 1990, 220, 435;
(b) P. C. Moews, J. R. Knox, O. Dideberg, P. Charlier and J.-M.
Frere, Proteins: Struct. Funct. Genet., 1990, 7, 156; (¢) J. R. Knox,
P. C. Moews, W. A. Escobar and A. L. Fink, Protein Eng., 1993, 6,
11.

12 O. Dideberg, P. Charlier, J. P. Wéry, P. Dehottay, J. Dusart,
T. Erpicum, J.-M. Frére and J.-M. Ghuysen, Biochem. J., 1987, 245,
911.

13 B. Samraoni, B. J. Sutton, R. J. Todd, P. J. Artymiuk, S. G. Waley
and D. C. Phillips, Nature, 1986, 320, 378.

14 R. P. Ambler, A. F. W. Coulson, M. Forsman, G. Tiraby, J.-M.
Frére, J.-M. Ghuysen, B. Joris, R. C. Levesque and S. G. Waley,
Biochem. J., 1991, 276, 269.

15 (@) J. Fisher, J. G. Belsaco, S. Khosla and J. R. Knowles,
Biochemistry, 1980, 19, 2895; (b) G. Dalbadie-McFarland, J. J.
Neitzel and J. H. Richards, Biochemistry, 1986, 25, 332; (¢) M. T.
Martin and S. G. Waley, Biochem. J., 1988, 254, 923; (d) W. l.
Healey, M. R. Labgold and J. H. Richards, Proteins: Struct. Funct.
Genet., 1989, 6, 275; (e) L. M. Ellerby, W. A. Escobar, A. L. Fink,
C. Mitchinson and J. A. Wells, Biochemistry, 1990, 29, 5797; (f)
H. Christensen, M. T. Martin and S. G. Waley, Biochem. J., 1990,
266, 853; (g) F. Jacob, B. Joris, O. Dideberg, J. Dusart, J.-M.
Ghuisen and J.-M. Frére, Protein Eng., 1990, 4, 79; (h) F. Jacob,
B. Joris, S. Lepage, J. Dusart and J.-M. Frére, Biochem. J., 1990, 271,
399; (i) H. Adachi, T. Ohta and H. Matsuzawa, J. Biol. Chem., 1991,
266, 3186; (j) W. A. Escobar, A. K. Tan and A. L. Fink,
Biochemistry, 1991, 30, 10783.

16 (@) R. M. Gibson, H. Christensen and S. G. Waley, Biochem. J.,
1990, 272, 613; (b) A. K. Knap and R. F. Pratt, Biochem. J., 1991,
273, 85.

17 S. Vijayakumar, G. Ravishanker, R. F. Pratt and D. L. Beveridge,
J. Am. Chem. Soc., 1995, 117, 1722.

18 J. Lamotte-Brasseur, G. Dive, O. Dideberg, P. Charlier, J.-M. Frére
and J.-M. Ghuysen, Biochem. J., 1991, 279, 213.

19 C. Damblon, X. Raquet, L.-Y. Lian, J. Lamotte-Brasseur, E. Fonze,
P. Charlier, G. C. K. Roberts and J.-M. Frére, Proc. Natl. Acad. Sci.
USA, 1996, 93, 1747.

20 (a) O. Herzberg and J. Moult, Curr. Opin. Struct. Biol., 1991, 1, 946;
(b) O. Herzberg and J. Moult, Science, 1987, 236, 694.

21 (a) S. Wolfe, C.-K. Kim and K. Yang, Can. J. Chem., 1994, 72, 1033;
(b) S. Wolfe and T. Hoz, Can. J. Chem., 1994, 72, 1044; (¢) S. Wolfe,

1356 J. Chem. Soc., Perkin Trans. 2, 1999, 1351-1356

H. Jin, K. Yang, C.-K. Kim and E. McEarchern, Can. J. Chem.,
1994, 72, 1051.

22 B. D. Wladkowski, S. A. Chenoweth, J. N. Sanders, M. Krauss and
W. J. Stevens, J. Am. Chem. Soc., 1997, 119, 6423.

23 (a) C. Petrolongo and G. Ranghino, Theor. Chim. Acta, 1980, 54,
239; (b) C. Petrolongo, G. Ranghino and R. Scordamaglia, Chem.
Phys., 1980, 45, 279; (c¢) C. Petrolongo, E. Pescatori, G. Ranghino
and R. Scordamaglia, Chem. Phys., 1980, 45, 291.

24 (a) M. Coll, J. Frau, F. Munoz and F. Donoso, J. Phys. Chem. A.,
1998, 102, 5915; (b) J. Frau, J. Donoso, F. Muiioz and F. Garcia
Blanco, THEOCHEM, 1997, 390, 255; (¢) J. Frau, J. Donoso,
F. Mufoz and F. Garcia Blanco, THEOCHEM, 1997, 390, 247 and
references therein.

25 (a) J. Pitarch, M. F. Ruiz-Lopez, J. L. Pascual-Ahuir, E. Silla and
I. Tufién, J. Phys. Chem. B, 1997, 101, 3581; () J. Pitarch, M. F.
Ruiz-Loépez, E. Silla, J. L. Pascual-Ahuir and 1. Tufién, J Am.
Chem. Soc., 1998, 120, 2146.

26 (a) A. J. Turner, PhD Thesis, University of Bath, 1997; (b) A. I.
Turner, V. Moliner and 1. H. Williams, Phys. Chem. Chem. Phys.,
1999, 1, 1323.

27 P. Swarén, L. Maveyraud, V. Guillet, J.-M. Masson, L. Mourey and
J.-P. Samama, Structure, 1995, 3, 603.

28 B. R. Brooks, R. E. Bruccoleri, D. Olafson, J. Slater, S.
Swaminathan and M. Karplus, J. Comput. Chem., 1983, 4, 187.

29 M. I. S. Dewar, E. G. Zoebisch, E. F. Healy and J. J. P. Stewart,
J. Am. Chem. Soc., 1985, 107, 3902.

30 J. J. Pavelites, J. Gao, P. A. Bash and A. D. Mackerell, J. Comput.
Chem., 1997, 18, 221.

31 A. D. MacKerell, D. Bashford, M. Bellot, R. L. Dunbrack, J. D.
Evansek, M. F. Field, S. Fisscher, J. Gao, H. Guo, S. Ha, D. Joseph-
McCarthy, L. Kuchnir, K. Kuczera, F. T. K. Lau, C. Mattos,
S. Michnick, T. Ngo, D. T. Nguyen, B. Prodhom, W. E. Reiher,
B. Roux, M. Schlenkrich, J. C. Smith, R. Stote, J. Straub, M.
Watanabe, J. Wiorkiewicz-Kuczera, D. Yin and M. Karplus, J. Phys.
Chem. B, 1998, 102, 3586.

32 M. J. Field, P. A. Bash and M. Karplus, J. Comput. Chem., 1990,
11, 700.

33 K. Fukui, Acc. Chem. Res., 1981, 14, 363.

34 (a) R. Henderson, J Mol. Biol., 1970, 54, 341; (b) J. D. Robertus,
J. Kraut, R. A. Alden and J. Birktoft, Biochemistry, 1972, 11, 4293.

35 Instead of considering the addition of water to the penicillinate, it
would be more correct to consider serine as a nucleophilic agent.
The calculations in the gas phase lead to senseless structures for the
process for which we are interested, even when the positions of some
atoms are fixed.

Paper 9/01869G



