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Class Ap-lactamases represent the most widespread form of Lys73
resistance t@-lactam antibiotics. These enzymes, which evolved N/*\ Ser130 Lys/73
in bacteria frompp-transpeptidases (which are the natural targets S W CL ,N{\H s
of these compounds), hydrolyze tAdactam ring and release the Y/_E\Z H coo™ SeﬂoH ; HO
cleaved antibiotics. As sucfi;lactamases pose a threat to human X7 HrQ. "o N ‘ A, }O‘ ety
health and form a target for drug design. Improved mechanistic (3 LI —:2 ¢ . © N/g\
understanding of these enzymes should assist in the development /on u“H noS o " H S
of inhibitors and new antibiotics. Thg-lactamase mechanism Glutes o NH oA

consists of two steps: acylation (covalent attachment g8 taetam Glutee

to an active site serine, SefJfollowed by deacylation. Although

the proposed mechanism of deacylatian widely accepted, the e 1. Acylation mechanism of class Alactamases. Step 1: formation
mechanism of the acylation step is uncertain, with a number of of the tetrahedral intermediate.

mechanistic proposals having been médeThe rate-limiting step level with the CHARMM22 force field4c QM/MM calculations

is the initial formation of a tetrahedral intermediate by nucleophilic |y are used to explore a number of mechanistic possibilities, by
attack of Ser70 on thg-lactam carbony! group.® Two possible modeling the associated PESs. However, of the various mechanistic

candidates for the catalytic general base are the structurally hoqgipilities tested, only one was found to be both energetically
conserved residues Glul66 and Lys73. Mutation of either residue 4, structurally reasonable, and in accord with experimental

results in greatly reduced activity.d However, to act as the base, datdab212akmnd recent molecular dynamics resift this model,
Lys73 would have to exist in the neutral form. This possibility, ~formation of the tetrahedral intermediate (Figure 1) involves
and the subsequent deacylation, has been moétdaljt from nucleophilic attack of Ser70 on tifelactam ring Z) and activation
experimental dafand theoretical investigatiol8jt seems unlikely of Ser70 through abstraction of a proton by the general base Glu166,
that Lys73 is neutral. An alternative proposal involves GIul66 as 5 5 conserved water molecule Wat290Y).
the basé% in both acylation and deacylation acting via a A pES was calculated as a function of two reaction coordinates
structurally conserved water molecule. Ry and Ry. The first coordinate was defined as the difference
The first step in the acylation mechanism in the enzyme, the panyveen two interatomic distances (one for the bond to be cleaved,
formation of the tetrahedral intermediate, has been modeled hereyq other for the bond to be formed}y(= d[Ox;H1] — d[OH1).
using a well-tested combined quantum mechanics/molecular me-the second was defined as the distance betweerdagtam
chanics (QM/MM) approach2? The calculated potential energy carbonyl carbon and the nucleophilic oxygen of SerRd &
surface (PES) shows that Glul66 acts as the general base (as i'EI[Cl;Ol]). Ry andR, were harmonically restrained and varied in
the deacyla_1tior_1 step), deprotonating Ser_70 via a water _molecule.steps of 0.2 and 0.1 A, respectively. Energy minimizations of the
Deprotonation is found to be concerted with the nucleophilic attack gyctures were performed at each grid point to a gradient tolerance
on the lactam ring. The modeled mechanism is both energetically 4t 5 91 kcal mot? applying the ABNR method (cutoff 13 A,
and structurally reasonable and is consistent with recent experi- jig|ectric constant 1.0). The intermediates (energy minima) were
mental structural investigatiort&:® determined more precisely by performing additional geometry
For this purpose, we prepared the crystal structure of the ohimizations with neither of the reaction coordinates restrained.
deacylation-defective ber?zylipenlc!llln acylated E166N-mutant TEM1 The shape of the resulting surface shows two minima representing
f-lactamase fronEscherichia coli(PDB entry code 1FQE) for the Michaelis-Menten complex (1) and a hydroxonium-ion struc-
the treatment with the QM/MM-moduté of the CHARMM 1 (2). The other two corners of the surface are high-energy areas
software package 27b2 (similar to the procedure described N opresenting unstable structures: negatively charged Ser70 and
ref 11b). Residue 166 was changed back to glutamate. Four, sionated ester geometries. The approximate transition state (TS)
important side chains (Ser70, Lys73, Serl130, and GIul66), the .4 pe identified with a barrier of 26 kcal nal
catalytic water (Wat290), and the substrate benzylpenicillin (70 £rom the surface, it can be seen that the acylation follows a
atoms in total) were treated quantum mechanically on the basis of .oncerted reaction mechanism, where activation of Ser70 and
the semiempirical AM1 Hamiltonian, which has been shown t0 cleqphilic attack happen simultaneouyn the transition state,
perform well on this systerff© Four “link atoms” were introduced  ha distance between the oxygen and the carbonyl carbon is only
to saturate the shells of QM-atoms covalently bonded to MM- 3 g5 A and the proton is nearly equidistant (1.2 A) between the
atoms!“2 All other atoms (3249 in total) were treated at the MM oxygens of Ser70 and the catalytic water. The reagfidgctam
carbon changes from 3o sp? hybridization. The carbonyl oxygen
1 Heinrich-Heine UniversfiaDUisseldorf. points into the so-called “oxyanion hole” where its charge is

* University of Bristol. - .
§ Current address: Molecular Design & Informatics, N.V. Organon, Oss, NL. ~ stabilized by two backbone nitrogen hydrogens (Ser70, Ala237).
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Figure 2. (a) QM/MM potential energy surface of the first step of acylation. (b) Overall reaction energy profile of the formation of the tetrahedral iermedia

Geometry (2) has a hydroxonium ion close to the general base
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