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Abstract: Herein, we present results from molecular dynamics MD simulations (~1 ns) of the TEM-1
pB-lactamase in agueous solution. Both the free form of the enzyme and its complex with benzylpenicillin
were studied. During the simulation of the free enzyme, the conformation of the Q loop and the interresidue
contacts defining the complex H-bond network in the active site were quite stable. Most interestingly, the
water molecule connecting Glu166 and Ser70 does not exchange with bulk solvent, emphasizing its structural
and catalytic relevance. In the presence of the substrate, Ser130, Ser235, and Arg244 directly interact
with the S-lactam carboxylate via H-bonds, whereas the Lys234 ammonium group has only an electrostatic
influence. These interactions together with other specific contacts result in a very short distance (~3 A)
between the attacking hydroxyl group of Ser70 and the f-lactam ring carbonyl group, which is a favorable
orientation for nucleophilic attack. Our simulations also gave insight into the possible pathways for proton
abstraction from the Ser70 hydroxyl group. We propose that either the Glul66 carboxylate-Watl or the
substrate carboxylate-Ser130 moieties could abstract a proton from the nucleophilic Ser70.

Introduction second step, the intermediate is hydrolyzed by a water molecule
in order to regenerate the active site for the next turnover.
Among the serine enzymes, the class A enzymes constitute the
majority of penicillin destroying enzymes and, therefore, have
been intensively studied by means of high-resolution X-ray
crystallography, enzyme kinetics, site-directed mutagenesis
experiments, and molecular simulatich®n the basis of this
large amount of data, the active-site residues which have been

The most important mechanism through which bacteria have
become resistant t@-lactam activity is the production of
hydrolytic enzymes known glactamase$? The mechanistic
division of g-lactamases is into the serine enzymes, in which
the essential serine is acylated by fisactam substrates, and
into the zinc metallo-enzymes, where the zinc ion(s) in the active

site efficiently catalyze the hydrolysis of a broad spectrum of found to play an important role in the mechanism of all the

B-lactam antibiotics. For historical reasons, the most usual . . .
. . . class-AS-lactamases are the following: the nucleophilic residue
classification of these enzymes is based on the comparison of, .
) . . . Ser70, several conserved residues as Lys73, Lys234, Glu166
their amino acid sequences. This separates the s@+iaeta-

. . and Serl130, and a water molecule (Watl) bridging the Glu166
mases into three classes A, C, and D, whereas thefzinc- : ;
. carboxylate with Ser70 (the sequence numbering of Ambler et
lactamases are grouped together into the structurally and_; . L ; .
kinetically heterogeneous class B al. is used). In addition, the side chains and/or backbone atoms
h y. | g b he 7i q of other residues (Asnl170, Ala237, Ser235, Arg244, etc.)
T %ser?eﬁ- actamasesdqutnuhméer; gzmc-;en;yme§ and aré siapilize the acylenzyme intermediate. In particular, the main-
cgnm ere ‘3810%3 .|mn|1e |at|et reat ew;;ta;;;ucf.acnon 'S" chain N atoms of Ser70 and Ala237 form the so-called
¢ aracterlzg Oy a Simple acylenzyme pathwhiythe first Ste_p ' “oxyanion hole” which interacts with the oxygen of thdactam
after establishing the Michaelis complegiJactams react with carbonyl group
serinep-lactamases to give an acylenzyme intermediate. In a General base catalysis is thought to increase the nucleophi-
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activates Watl for attack on the carbonyl carBdfor the Ser130 could participate in the proton transfer tofHactam
mechanism of acylation, a less widely accepted hypothesisN atom. However, continuum electrostatic calculations in the
suggests that the carboxylate of Glu166 accepts a proton fromabsence and presence of different typeg-tdctam antibiotics
Ser70 either directly or mediated by W& This proton can have assigned theKp for Lys73 above 1056 which is in
then be delivered to the leaving nitrogen atom through a network agreement with experimentakpdeterminationd’ These results
of hydrogen bonds involving Lys73 and the hydroxyl group of are clearly inconsistent with an unprotonated Lys73 acting as
Ser130. Very recently, this proposal has gained support thanksthe general base. On the other hand, several molecular modeling
to an ultrahigh-resolution structure (0.85 A) of the TEM-1 studiest®20 have shown that thg-lactam carboxylate and the
fB-lactamase in which a boronic acid inhibitor is covalently Ser130 hydroxyl group may assist both the activation of Ser70
bound to the @ of Ser70, whereas Glul66 is clearly proto- and the protonation of the leaving-lactam N atom in
nated:C penicillins. On the basis of quantum chemical calculations on
The mechanistic proposal for the acylation process in which the entire enzyme-benzylpenicillin complex, we recently char-
Glul66 acts as a base catalyst remains controversial. This isacterized catalytic pathways for the Serl30 and carboxylate
well illustrated by site-directed mutagenesis experiments per- assisted routes which were compatible with the experimental
formed on Glu166112Thus, the replacement of the negatively kinetics of the TEM-1 enzym#.
charged Glul66 by a neutral asparagine in the TEM-1 enzyme The viability of one catalytic pathway or another largely
yields mutant enzymes formingtable acylenzymes whose  depends on factors that are not entirely clear: the mobility of
structure has been determined by X-ray crystallogrdphy. the active-site residues, the location of the catalytic water
Careful analyses of the kinetic properties of the native and molecules, the actual protonation state of the Glu1:6§s73
mutant forms of the TEM-1 enzyme reacting with different pair, etc.. In this respect, molecular dynamics (MD) simulations
substrates show that the Glu166Asn mutation decreased @ constitute a valuable tool that is capable of determining the
factor the kinetic constant for the deacylation stéphis large nature and stability of contacts between functional groups that
impact from the mutation of Glul66 is in agreement with its are essential elements in the proposed reaction mechanisms. To
role as a basic catalyst during the hydrolysis of the acylenzyme our knowledge, the only MD study of the unbound form of a
intermediate. On the other hand, the acylation rate constantsfully solvated class AS-lactamase is a short trajectory (180 ps)
(kacy/Km) Were also affected, their values being decreased by 2 of the PC1 enzyme fronStreptomyces auredsin this latter
orders of magnitude with respect to those of the wild-type article, the authors speculated that an acylation mechanism in
enzyme. However, the observed acylation rates with the which the Glul66 carboxylate acts as a base catalyst, could be
Glul66Asn mutant of the TEM-1 enzyme were of the same dynamically feasible since the large mobility of the Glu166
order of magnitude as those measured with other penicillin- residue during their MD simulation resulted in a close contact
recognizing proteins (PRPs) which lack any residue analogous(2.5-3.0 A) with the Ser70 hydroxyl group. Recently, MD
to Glu166 Overall, these results confirm that Glu166 is crucial simulations were carried out on the wild-type and the Met69Leu
for the deacylation process and has a nonnegligible effect onmutant of the TEM-1 enzyme complexed with clavunalate, a
the acylation of the TEM-1 enzyme. However, it is also clear typical inhibitor of serings-lactamased! However, the structural
that these experimental data do not supply a definitive picture and energetic analyses reported were limited to what was
for the precise role of Glul66 during the acylation process. necessary in order to analyze the subtle global effects of the
Regardless, the exact role of Glul66 in the acylation step, Met69Leu mutation which confers the observed inhibitor-
the catalyticacylation of the Glu166Asn mutant enzymes must resistance to the enzyme. On the other hand, substrate binding
rely on an alternative mechanism without the direct participation to class A f-lactamases, has been studied using molecular
of Glul66. In fact, the same mechanism could occur in both mechanics methodologi€4618.22.23t must be noted, however,
the wild-type and mutant enzymes. Therefore, other proposalsthat energy minimization methodologies are not as effective as
assign an active kinetic role to Lys73 or Ser130, which are MD approaches in understanding the nature of intra-protein and
strictly conserved residues in the clasgAactamases. Herein,  protein—substrate interactions.
we briefly comment on two particular mechanisms. It has been In this article, we explored the likely conformations of the
proposed that the-amino group of Lys73, which has a close TEM-1 -lactamase by computing long MD trajectoriesl(2
contact with Ser70 in the Glul66Asn acylenzyme crystal ns) for the fully solvated enzyme both in its free forfrE(M1
structure, is neutral due to the active site environmént. simulation) and in its complexed form with benzylpenicillin as
Alternatively, a substrate-induced mechanism has been proposed
in which the K, of Lys73 is reduced upon substrate b|ndMg (15) Raquet, X.; Lounnas, V.; Lamotte-Brasseur, J.ré&ré. M.; Wade, R. C.
. Biophys. J.1997, 73, 2416-2426.
Thus, a neutral Lys73 residue could act as a general baseie) Lamoite-Brasseur, J.; Lounnas, V.; Raquet, X.; Wade, FerGein Sci.
catalyzing the acylation step, whereas the hydroxyl group of 1999 8, 404-409.

(17) Damblon, C.; Raquet, X.; Lian, L. Y.; Lamotte-Brasseur, J.; Fpizp
Charlier, P.; Roberts, G. C. K.; Fres J. M.Proc. Natl. Acad. Sci. USA

(8) Vijayakumar, S.; Ravishanker, G.; Pratt, R. F.; Beveridge, DJ.LAm. 1996 93, 1747-1752.
Chem. Soc1995 117, 1722-1730. (18) Ishiguro, M.; Imajo, SJ. Med. Chem1996 39, 22072218.
(9) Lamotte-Brasseur, J.; Jacob-Dubuisson, F.; Dive, GrefFde M.; Ghuysen, (19) Atanasov, B.; Mustafi, D.; Makinen, M. WWProc. Nat. Acad. Sc200Q
J. M. Biochem. J1992 282, 189-195. 97, 3160-3165.
(10) Minasov, G.; Wang, X.; Shoichet, B. K. Am. Chem. SoQ002 124, (20) Diaz, N.; Steez, D.; Sordo, T. L.; Merz, K. M., JrJ. Phys. Chem. B
5333-5340. 2001, 105 11 302-11 313.
(11) Strydnadka, N. C. J.; Adachi, H.; Jensen, S. E.; Johns, K.; Sielecki, A.; (21) Meroueh, S. O.; Roblin, P.; Golemi, D.; Maveyraud, L.; Vakulenko, S. B.;
Betzel, C.; Sutoh, K.; James, M. N. Nature 1992 359 700-705. Zhang, Y.; Samama, J.-P.; Mobashery, JSAm. Chem. So2002 124,
(12) Gillaume, G.; Vanhove, M.; Lamotte-Brasseur, J.; Ledent, P.; Jamin, M.; 9422-9430.
Joris, B.; Ffee, J. M.J. Biol. Chem.1997, 272 5438-5444., (22) Matagne, A.; Lamotte-Brasseur, J.; Dive, G.; Knox, J. Rirdsré. M.
(13) Massova, |.; Mobashery, 8ntimicrob. Agents. Chemothdi998 42, 1-17. Biochem. J1993 293 607-611.
(14) Zawadzke, L. E.; Chen, C. C. H.; Banerjee, S.; Li, Z;90k S.; Kapadia, (23) Lamotte-Brasseur, J.; Dive, G.; Dideberg, O.; Charlier, P.refré M.;
G.; Moult, J.; Herzberg, OBiochemistryl996 35, 16 475-16 482. Ghuysen, J. MBiochem. J1991, 279, 213-221.
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a typical substrateTEM1-BP simulation). In particular, we
studied the protonation state of the active site in which the
charge of Glul66 is set te'1 and that of Lys73 te+-1. Along

the simulations, we characterized the interactions between the

important functional groups, the structural and dynamical
changes upon substrate binding, the specific role of the key
residues in anchoring the substrate, etc. For the Michaelis
complex between the TEM-1 enzyme and benzylpenicillin, we
simulated a second configuration in which both Glul66 and
Lys73 were neutral (this simulation is label@&EM1-BP-2).

The TEM1-BP-2 configuration, which might be of the most
mechanistic interest, arises from the transfer of a proton from
Lys73—Glul66 in theTEM1-BP state. The relative stability

of the TEM1-BP and TEM1-BP-2 configurations were ana-
lyzed by combining semiempirical quantum chemical calcula-
tions on enzymesubstrate subsystems and density functional
calculations (DFT) on the Glul66-Lys73 side chains. All of
these theoretical results have provided further insights into the
catalytic processes taking place in the active site of class A
p-lactamases.

Methods
MD Simulation of the Unbound Form of the TEM-1 Enzyme.

Scheme 1

axial

equatorial

interactions, the ParticleMesh-Ewald (PME) methott was used with
a grid size of 64x 64 x 64 (grid spacing of~1 A) combined with a
fourth-order B-spline interpolation to compute the potential and forces
in between grid points. The estimated root-mean-squared deviations
of the PME force errofd during the simulations were lower thant0

For theTEM1 model, an equilibration period of 200 ps resulted in
a stable trajectory, as evidenced by the convergence of the dimensions
of the simulation box and the evolution of the total energy of the system.
Subsequentlya 1 nstrajectory was computed and coordinates were
saved for analysis every 50 time steps. All of the MD results were
analyzed using the CARNAL module of AMBER 5.0 and some other
specific trajectory analysis software developed locally. In these analyses,
the following criteria were employed to discriminate betwestrort
and long (and presumably weaker) hydrogen bond interactions. We
assign hydrogen bonds skortand stable when the average distances
of the O/N-++O interaction is less than 3.0 A and the percent occurrence

Starting coordinates for the protein atoms and the crystallographic wateris on the order of 100%. Other polar contacts, with average-@IN

molecules were taken from the solid-state structure of the TEM-1
p-lactamase at 1.8 A resolution (PDB ID code: 1BI2)This high-

distances within 3.63.5 A and a percent occurrence that is less than
100%, are assigned dsng and weak hydrogen bond interactions.

resolution structure has a sulfate anion in the active site that was deletedstructural figures were produced with the programs Mols&righd

from the coordinate file. The protonation state for the ionizable residues
were set to their normal ionization state at pH 7, except Asp214 which
is neutral in the TEM-1 active sit€:**To generate th§ EM1 model,

Raster3D:*
Parametrization of Benzylpenicillin. The five-membered thiazo-
lidine ring of benzylpenicillin can exist in two conformatioffsthe

the protein atoms, as well as the water molecules of the crystal structure,ayjally oriented carboxylate group and the equatorially disposed

were surrounded by a periodic box of TIP3P water molecules that
extended 10 A from the protein atoms. Neounterions were placed
by the LEaP prograf 7 A beyond the @@Ser70 atom to neutralize
the —6 charge of th@EM1 model. This resulted in thEEM1 system
with 4080 protein atoms being solvated by 199 X-ray water molecules
and 9491 additional water molecules. The parm96 version of the all-
atom AMBER force field was used to model the syst&m.

To remove bad contacts in the initial geometry, energy minimization
was done using conjugate-gradient minimization (2500 steps for the
water molecules followed by 2500 steps for the entire system). MD
simulations were carried out using SANDER included in version 5.0
of the AMBER suite of program¥. The time step was chosen to be
1.5 fs and the SHAKE algorithth was used to constrain all bonds
involving hydrogen atoms. A nonbond pairlist cutoff of 9.0 A was used
and the nonbonded pairlist was updated every 25 time $tepise

pressure (1 atm) and the temperature (300 K) of the system were

controlled during the MD simulations by Berendsen’s method

(separate scaling factors for the solute and the solvent temperatures(31

were used). Periodic boundary conditions were applied to simulate a
continuous systerf. To include the contributions of long-range

(24) Jelsch, C.; Mourey, L.; Masson, J. M.; Samama, JPmteins: Struct.
Func. Genet1993 16, 364—-383.

(25) Schafmeister, C.; Ross, W. S.; RomanovskiLEap, 1.0 ed.; University
of California: San Francisco, 1995.

(26) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M., Jr.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
A. J. Am. Chem. S0d.995 117, 5179-5197.

(27) Case, D. A.; Peariman, D. A.; Caldwell, J. W.; Cheatham II, T. E.; Ross,
W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M., Jr.; Stanton, R. V;
Cheng, A. L.; Vincent, J. J.; Crowley, M.; Ferguson, D. M.; Radmer, R.
J.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P. AMBER
5.0 ed.; University of California: San Francisco, 1997.

(28) van Gunsteren, W. F.; Berendsen, H. JMBI. Phys.1977, 34, 1311.

(29) Allen, M. P.; Tildesley, D. JComputer Simulation of Liquid<larendon
Press: Oxford, 1987.

(30) Berendsen, H. J. C.; Potsma, J. P. M.; van Gunsteren, W. F.; DiNola, A.
D.; Haak, J. RJ. Chem. Physl984 81, 3684-3690.
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conformer (see Scheme 1). According to NMR experiments, ring
flipping of the thiazolidine moiety occurs quite freely in solutitr#’
However, it is commonly thought that the equatorial conformation is
biologically active whereas the axial conformation is inactie fact,
the thiazolidine ring shows an equatorial conformation in all of the
crystal structures of acyl-enzymes derived from peniciltin: 42
Nevertheless, others contend that it is still unclear which is the
biologically active conformer that binds to penicillin recognizing
proteins®

We carried out HF/6-31G* optimizations in the gas-phase for the
two conformers of benzylpenicillin (BP) which differed in the ring
puckering of the thiazolidine moiety using the Gaussian 98 suite of
programs* Single-point MP2/6-3+G** calculations on the HF/6-
31G* geometries predict that the axial conformer is the more stable
structure by 2.5 kcal/mol. To derive the corresponding force-field
parameters for BP which are not present in the standard AMBER

) Essman, V.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen,

L. G. J. Chem. Physl995 103 8577-8593.

(32) Petersen, H. Gl. Chem. Phys1995 103 3668-3679.

(33) Kraulis, P. JJ. Appl. Crystallogr.1991, 24, 946—950.

(34) Merritt, E. A.; Bacon, D. JMethods Enzymoll997, 277, 505-524.

(35) Boyd, D. B. InChemistry and Biology g§-Lactam AntibioticsMorin, R.
B., Gorman, M., Eds.; Academic Press: London, 1982; Vol. 1, pp437
4309.

(36) Clayden, N. J.; Dobson, C. M.; Lian, L.-Y.; Twyman, J. M Chem. So¢.
Perkin Trans. 111986 1933-1940.

(37) Twyman, J. M.; Fattah, J.; Dobson, C. 831.Chem. SocChem. Commun.
1991, 647-649.

(38) Keith, D. D.; Tengi, J.; Rossman, P.; Todaro, L.; WeigeleT®trahedron
1983 39, 2445-2458.

(39) Jhoti, H.; Singh, O. M.; Weir, M. P.; Cooke, R.; Murray-Rust, P.; Wonacott,
A. Biochemistryl994 33, 8417-8427.

(40) Miyashita, K.; Massova, |.; Taibi, P.; Mobashery,J3.Am. Chem. Soc.
1995 117, 11 055-11 059.

(41) Maveyraud, L.; Massova, |.; Birck, C.; Miyashita, K.; Samama, J. P.;
Mobashery, SJ. Am. Chem. S0d.996 118 7435-7440.

(42) Chen, C. C. H.; Herzberg, ®iochemistry2001, 40, 2351-2358.

(43) Nangia, A.; Desiraju, G. Rl. Mol. Struct.1999 474, 65-79.
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database, we followed the procedure suggested by Fox*etabe BP substrate, the Watl molecule, and the side chains of Ser70, Ser130,
consistent with the AMBER force fieltf. For each of the BP Glul66, Lys73, Lys234, and Arg244 (QM region) were relaxed,
conformers, we computed the electrostatically derived atomic chargeswhereas the rest of the protein and a solvent cap of 1500 water
using the RESP methodolod§The use of RESP charges ensures that molecules centered on they@Ser70 atom (MM region) were held
electrostatic interactions between all atoms of the enzyme/small fixed. Initial geometries were taken from snapshots extracted every 20
molecule complex were treated on an equal basis. Some structural datas during the simulations. In these calculations, the AM1 Hamiltdhian
required to represent the equilibrium geometry of the bicyclic skeleton was used to describe the QM region (AM1 is known to provide a better
of benzylpenicillin were extracted from the HF/6-31G* optimized root-mean-square deviation f@flactam molecules than other semiem-
structures. Most of the bond, angle, and dihedral parameters werepirical methods such as MNDO and PM3, when the results were
available from the AMBER force field. The missing parameters were compared with crystallographical d&tz%). The AMBER force field
assigned the values of similar types found in the force field. The van was used for the rest of the system. Hydrogen link atoms were placed
der Waals (vdW) parameters were taken from the closest existing at the corresponding fCatoms to cap exposed valence sites due to
AMBER atom types according to the electronic structure similarity. In  bonds, which crossed the QM-MM boundary. The ROAR 2.0 program
addition, some specific torsion parameters were adjusted to reproducewas used to carry out the QM/MM minimizations.

the MP2/6-3#-G**//HF/6-31G* AE between the equatorial and axial
conformers.
The BP parametrization was tested by minimizimgvacuo the

From the QM/MM relaxed structures, we selected subsystems formed
by all residues within a distancé 8 A to Oy@Ser70 including most
of the residues in th& loop (residues: 6876, 103-107, 125-135,

geometry of the two conformers, their resultant structures were very 161-174, and 234 248). TerminalN-methylamine or acetyl groups
similar to the HF/6-31G* ones. For example, root-mean-square devia- were placed at the C and N backbone atoms of those residues cleaved
tion of the heavy atoms in the bicyclic nucleus between the AMBER from the protein main chain by the truncation process. In addition, the
and the HF/6-31G* structures is 0.26 and 0.13 A for the equatorial BP substrate and the Watl molecule were also extracted. Single-point
and axial conformers, respectively. The molecular mechanics (MM) AML1 calculations were performed on these subsystems using the Divide

energy of the axial structure is 2.7 kcal/mol below that of the equatorial
structure in close agreement with the MP2/6+&**//HF/6-31G*

and Conquer (D&C) approachincorporation of solvent effects within
a QM methodology was accomplished by merging the D&C algorithm

calculations. To further test our BP parametrization, we computed a with the PoissorBoltzmann (PB) equatiof?.In the PB calculations,

1.0 ns MD trajectory of BP fully solvated in a periodic box of 3885

the solute was represented by Charge Model 2 (CM2) atomic ch#rges.

TIP3P waters. During the simulation, we observed several flips of the An additional “nonpolar” contribution due to the creation of a solute

thiazolidine ring between the equatorial and axial conformers. The final
BP parameters are given in the Supporting Information.

MD Simulations of the Michaelis Complex Formed between the
TEM-1 Enzyme and Benzylpenicillin. The starting structure for the
TEM1-BP andTEM1-BP-2 models was a Michaelis complex between
the TEM-1 enzyme and benzylpenicillin described previoé$ijhis
Michaelis complex was initially constructed from the 1BLT X-ray

cavity in the continuum is accounted for by a term proportional to the
solvent accessible surface area of the solute. The DivCon99 preigram
was employed to perform the D&C AM1 calculations using the dual
buffer layer scheme (inner buffer layer of 4.0 A and an outer buffer
layer of 2.0 A) with one protein residue per core. This D&@bsetting

with a total buffer region of 6.0 A gives accurate relative energfiés.

cutoff of 9.0 A was used for the off-diagonal elements of the Fock,

coordinates. The structure of the active site was relaxed by means of1-electron and density matrixes.

a short MD trajectory (100 ps) in which only residues and water
molecules within 15 A of the @@Ser70 atom were allowed to move.

Solute entropic contributions were estimated for the series of
subsystems taken from the trajectories by usingntim@demodule of

The benzylpenicillin substrate was then accommodated in the active the AMBER 5.0 package. This program uses the normal modes and

site by molecular modeling and partial relaxation through energy-
minimization using a QM/MM hybrid Hamiltonian (further details are
given elsewhere¥

The water molecules in the QM/MM structure were retained and
placed in theTEM1-BP and TEM1-BP-2 systems. For th@EM1-
BP-2 model, the Glul66 carboyxlate and the Lys73 ammonium group

were converted into neutral carboxyl and amino groups, respectively.

The resultant enzymesubstrate systems were surrounded by a periodic
box of solvent molecules, which contained a total of 9664 water
molecules. Seven Nacounterions were placed by LEaP to neutralize

the models, which were then minimized for 2500 steps using the parm96

version of the AMBER force field. The MD simulation protocols for
TEM1-BP and TEM1-BP-2 were identical to those for the unbound
model TEM1).

Energetic Analysis.For theTEM1-BP and TEM1-BP-2 simula-
tions, a series of QM/MM minimizations were performed in which the

(44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
J., R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D,;
Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.;
Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski,
J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.6;
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normal-mode analysis determines only approximate estimates of the Table 1. Summary of the RMS Deviations, Radius of Gyration,

solute entropy. and RMS Fluctuations?

To include the influence of higher levels of theory in the energetic TEML TEM1-BP TEM1-BP-2
description of the relative energy between TeM1-BP andTEM1- RMSD
BP-2 models, we also performed single-point B3LYP/6+33** total 1.30+0.15 1.27+ 0.04 1.30+ 0.06
(EssLype-snc~) and standard AM1 Eawi) calculations on small backbone 0.920.11 0.82+ 0.06 0.84+ 0.06
subsystems which consisted of the side chains of Glu166 and Lys73 subdomairo/f 1.14+0.12 1.20+0.07 1.24+0.07
(H-link atoms were attached to the corresponding &oms). The f“bdgma'm éggi 8'(1)3 igo]i 8'83 130];& 8'82
computed value for the energy differend&& 4 vrs-31+6+ — Eami1) is @ oop ’ ’ ' ' ’ ’
high level correction in the global heat of formatidik ). The B3LYP/ Radsy,”
6-31+G** calculations were done using the Gaussian 98 package of 17.82+0.04 17.79:0.04 17.80+ 0.04
programs'+59 RMSF

| |tna yb wshcomblnetq tl f crcr)érespondlng _eaEt 0 (:r:matlon oI the backbone 0.68 0.06 055 0.05 0.66L 0.05
solute ), the correction termEssyeresier ~ Eaun, the normal- subdomair/f  0.74+006  0.70£0.06  0.84% 0.07
mode entropy of the solutd ®) and its solvation energyAGCon) in subdomairo. 0.82+ 0.08 0.744 0.06 0.82+ 0.06
order to estimate the free energy of the enzyisgbstrate subsystems Q loop 0.64+ 0.07 0.62+ 0.10 0.66+ 0.07

GO~ HO+ (E — Eny) — T+ AG? aAll data are given in Angstrom$.X-ray value= 18.1.
~ B3LYP/6-31+G** AM1 solv

The different energy terms i6° were averaged along 50 snapshots
for each of the two configurations. We note that this computational
protocol is similar to the so-called molecular-mechanics Poisson
Boltzmann surface-area (MM-PBSA) approach that takes solute
configurations from MD trajectories with explicit solvent and combines
the molecular mechanics energy of the solute with the free energy of
solvation from PBSA calculatiorf§.It may be interesting to note that
although the MM-PBSA approach has intrinsically much larger errors
than free energy perturbation/thermodynamic integration methods, it
predictsAG values in respectable agreement with experirfient.

Results

RMSD Values and RMS Flexibility. The TEM-1 enzyme
is a medium-sized globular protein with two domains. The first
one is an/ domain which comprises a five strand@heet
into which threen-helices (h1h10 andhll) are packed toward
the solvent interfac& The second domain consists of eight
helices (h2-h9) located on the other side of the pleatesheet.
Thea ando/f domains are connected through thingeregions
in which H-bonds and salt bridges prevent any large confor- Figure 1. Superposition of ribbon_ models de'rived 'from_ the average

. . . g . structure of the TEM-1 enzyme during tH&M1 simulation (in red) and

mational Chan_ges. The ?Ct've site of the protein is IOC_ated n e_‘the 1BLT crystallographic structure (in yellow). Ser70 is represented by
large depression at the interface between both domains and is,dw spheres.
readily accessible to solvent. The catalytically important residues . o .
are located on one helix-turn (Ser70 and Lys73), on a short At this point, it is worthwhile to compare our results for the
loop in the alla-domain (Ser130), on the innermost strand of TEM-1 enzyme with those for the PC1 enzyme from the 180-

a B-sheet (Lys234, Ala237) and on the so-call&oop ps MD simulation reported by Vijayakumar et®alhe deviation
(Glu166, Asn170) in the alk-domain. of the PC1 protein from the crystal structure was much larger

(~2.5 A) than what we observed for the TEM-1 enzyme. (3

A). For the PC1 enzyme, the largest RMS deviations arise from
a conformational transition of th@ loop linked to the rupture

of an important salt bridge between Arg164 and Asp179 during

The heavy atom root-mean-squared deviations (RMSD) of
the simulated TEM-P-lactamase protein relative to the 1BLT
crystal structure are given in Table 1. In all the simulations the
RMSD value was, on average,1.3 A. These figures indicate ) ;
that the structural changes in the protein were not large during th€ simulation (see below). _ o
the course of the simulations. By superimposing the average Flgure 2 shows the time evolution of the RMS deviation of
protein structure from th@EM1 simulation upon the initial the instantaneous structurgs from the crystal structure for the
X-ray structure, we observed that the largest deviations arise in | EM1 and TEM1-BP configurations. Although the average

the protein loops and the solvent exposelelixes (see Figure RMSD values of both configurations are practically identical,
1). the RMSD profile forTEM1 fluctuates more widely than that

for TEM1-BP throughout the MD trajectory. This is also
(59) Becke, A. DExchange-Correlation Approximation in Density-Functional ~ reflected in the RMS flexibility (RMSF) of the whole protein

Theory Yarkony, D. R., Ed.; World Scientific: Singapore, 1995. H i H
(60) Wang. W Donni. O.: Reyes, C. M.: Kollman, P. Anntt. Re. Biophys. as calculated by comparing the instantaneous protein structure
Biomol. Struct2001, 30, 211-243. to the average one (see Table 1). The calculated RMSF values

(61) Kollman, P. A.; Massova, |.; Reyes, C.; Kuhn, B.; Huo, S.; Chong, L.; ; I _
Lee, M.; Lee, T.; Duan, Y.; Wang, W.; Donini, O.; Cieplak, P.; Srinivasan, for the entire protein in th#EM1 andTEM1-BP models had

J.; Case, D. A.; Cheatham, T. Bcc. Chem. Re00Q 33, 889-897. values of 0.83+ 0.07 and 0.75+ 0.05 A, respectively. The
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Figure 2. RMS Deviation between the instantaneous computed structures Va0 N o
and the crystal structure for the TEM-1 enzyme as a function of time in the (\ HO T H H
TEM1 and TEM1-BP simulations. N;’H’ ;2
. 05y b (;’}-_H“n
Table 2. Average Distances (A) between Heavy Atoms s P 128 wati
Corresponding to Selected Salt Bridges in TEM-1 M Lo ST b
i %34 0 O0-=ses-oo-H-N Ashgrg
distance TEM1L TEML-BP TEM1-BP-2 . Hzs 28
- HY 24
Ne@Arg61:--:Oe2@Glu37 2.80:0.11 2.80+0.11 2.83+0.12 (h Hj &
Nyl@Arg6L-0e2@Glu64  3.07:0.29 2.90+0.22 5.41+0.91 1 Wt 0% e
N71@Arg43:-0e1@Glu64 2.84£0.29 2.89+0.28 4.86+0.19 2Wat 51%

Ne@Argl6%--O01@Aspl63 2.88:0.12 2.86+0.12 2.84+0.11
N72@Argl64--062@Aspl79 2.76: 0.10 2.76+0.10 2.77+0.10
Ne@Argl64--002@Aspl79  2.75:0.08 2.74£0.08 2.75+0.08
Ne@Argl78--0O02@Aspl76  3.13: 0.26 2.98+0.19 3.04t0.21
Ne@Arg222--001@Asp233  3.03: 0.18 2.96+0.17 2.97+0.18

segregation of the RMSF values into distinct structural elements

shows that the whole protein has a larger flexibility in the

unbound modeTEM1. Therefore, these observations suggest

that, in the presence of the substrate which is bound between

the two protein domains, the TEM-1 enzyme is rigidified.
Conformation of the Q loop and Stability of Salt Bridges.

The Arg164-Aspl79 salt bridge, which is invariant among class

A p-lactamases, is placed at the base of@hiop linking the Figure 3. (a) Schematic representation of the most important interactions

two ends of the loop. In the TEM-1 enzyme, tfeloop has a characterizing the active site of tiEEM1 model. (b) Stereoview of a

polar character due to the presence of other salt bridge contactgnapshot of th@EM1 active site.

(e.g., Arg161-Asp163), which constrains this region of the Table 3. Summary of Some Significant Interatomic Distances (A)

protein. In our simulations, th@ loop slightly deviates from in the Active Site of TEM-1 Observed during the MD Simulations2

the crystal structure (RMSE- 0.98+ 0.07 A, 1.00+ 0.09 A interactions TEML TEMLBP  TEMLBP2

for the TEM1 andTEM1-BP models, respectively) and has a 5 ac.76.0,@ser130 343 0.46 (3.53.1) 4144 034 3.46L 0.22

RMS f|EXIbI|Ity similar to that of the rest of the protein. The Oy@Ser76--0e2@Glul66  3.78: 0.50 (4.24.2) 3.88+ 0.36 4.78+ 0.29

direct salt bridge interaction between Argl64 and Aspl79 at Oy@Ser70--N;@Lys73 3.11::0.61(2.92.8 2.88+£0.14 2.74+0.11

the base of th€ loop was stable, with an average ®Arg164 Oy@Ser76--Ni@Lys234  4.50k0.51(4.72.8) 4.71+0.26 2.87+0.12
Oy@Serl38-NC@Lys73  3.94t 0.87 (4.23.6) 5.66+ 0.32 4.96+ 0.27

+*002@Aspl79 separation of2.8 A. Similarly, other salt o, @ser130-Nc@Lys234  2.94-0.17 (2.92.8) 2.76+ 0.08 2.80+0.10
bridge interactions present in tli&loop and thehingeregions Oe1@Glu166:-NO@Asn170 2.81 0.11(3.02.9) 3.25+ 0.98 3.15+ 0.48
of the protein (Arg61--Glu37, Arg43-Glu64, and Arg222-  Oc2@Glul66-Ni@Lys73 290+ 0.20 (3.43.4) 2.81+0.14 3.76+0.36

. ) NE@Lys73--0@Ser130 2.9%0.22 (3.33.0) 2.78+0.12 3.22+ 0.26
Asp233) were also stable in tREM1 andTEM1-BP models NC@Lys73--00@ASN132 2.8k 0.16 (3.02.8) 2.86+ 0.15 3.04% 0.26

(see Table 2). The stability of these contacts, which are n;@Lys234--0@Ser235  3.020.42 (3.02.8) 2.96+ 0.36 2.85+ 0.12
important for the relative conformation of the protein domains N;y2@Arg244--06@Asn276 2.94-0.21 (3.03.9) 2.88+0.15 2.91+ 0.18
and theQ loop, is in agreement with the moderate RMSD and
RMSF values of th@EM1 and TEM1-BP models.

Structure of the Active Site in the TEM1 Model. A typical ] )
snapshot of the active site region and a schematic representation !N 9eneral, the complex hydrogen-bonding network found in
of the most important interresidue contacts observed during thethe active site of the crystal structu?éis well reproduced
TEM1 MD simulation are shown in Figure 3. The mean values PY the TEM1 model. This H-bonding network interconnects

for some of the significant interatomic distances between heavy the catalytically important residues (Ser70, Glu166, Lys73,
atoms for selected H-bond contacts are summarized in TableS€rt30, Lys234, Arg244, etc.) and some solvent molecules,

3. The extent of water penetration and solvent ordering is €SPecially Watl (see Table 3 and Figure 3A). The largest
determined by calculating the pair distribution functiay(s) discrepancies between the X-ray data and the MD analyses
around selected atoms of the polar residues. The first peak@PPear in the relative position of the Lys73 ammonium group.
pos_ition Ofg(r) a”q its integrat?d value are collected in Table (62) FonZeE.; Charlier, P.; To'th, Y.; Vermiere, M.; Raquet, X.; Dubus, A,;
S1 in the Supporting Information. Frere, J.-M.Acta Crystallogr, Sect. D1995 51, 682-694.

aX-ray values (in parentheses) were obtained from the 1BLT and 1XPB
PDB structures.
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Although Lys73 gives a short and stable salt bridge interaction Table 4. Summary of the Average Distances between Heavy
with GIVLG throughout (TEEML. trjectory (G2@GIuLoe-- o () and Petcent occurence Gt o Imporant Hydrogen
NE@Lys73=2.90+ 0.20 A), X-ray data show a Lys73-Glu166

ionic contact, which is significantly longer@3.4 A). However,
it must be noted that, in the X-ray structures, a sulfate anion f-bond Xy % Xy %
interacting closely with Ser130 also affects the position of the BP—012--H—Oy-Ser130 ~ 2.65:0.11 100.0 2.64-0.10 100.0
Lys73 side chain and, therefore, it is quite likely that the Lys73- BP~012+H-Oy-Ser235  2.82:0.18 100.0 2.74-0.14 100.0

: ) ~  BP-012--H-N-Lys234  359+:0.29 53.0 3.80£0.17 16.0
Glul166 salt bridge would be strengthened in aqueous solution gp—013--H-0y-Ser235 2.9 0.19 100.0 3.04-0.20 99.6

TEM1-BP TEM1-BP-2

as indicated by the MD simulations. BP—-013--H—Ny1-Arg244 2.79+0.12 100.0 2.74-0.09 100.0
. BP—08:-H—N—Ser70 3.38:0.27 964 3.780.17 59.0
Inspection of the average values for the heavy atom separa-g,_qg..._N_AR237 5864011 1000 288 012 1000

tions (X---Y) and their statistical fluctuations in Table 3 helps Bp-08:-H—0O-Wat1 326031 09 297-0.22 58.0

us determine the strength and flexibility of the key interresidue Ala237-C=0--*HN14-BP 3.10+£0.22 48.2 342024 0.1
contacts in aqueous solution. In particular, the Lys73-Glu166 gg:gig:n:gi'@g:fz s oo ok

salt bridge is buttressed by short and stable H-bond contacts

involving the acetamide side chains of Asn132 and Asnl170,

the hydroxyl group of the essential Ser70, and several water clavulanic acid and carbapenefidn the TEM1 simulation,
molecules (see Figure 3). In solution, the pattern of H-bonds the first hydration shell of the )l2@Arg244 and the O@Val216
around Lys73 and Glul66 is similar to that in the crystal atoms overlap to form long-lived fp-++(H,O)y++O water
structure. Specifically, we found that the following contacts, bridges withn = 1 and 2 in 68 and 21% of the simulation
which were present in the initial X-ray structure, were stable snapshots (see Figure 3). The calculated lifetimes for these water
throughout the simulations. (1) Interactions between the am- bridges ranged from 0.5 to 10 ps because bulk water molecules
monium group of Lys73 with the carbonyl of the Asn132 side diffuse in and replace existing water molecules in the bridge.
chain and the Ser70 hydroxyl group; (2) the direct hydrogen  When we compare the structure of the active site that emerges
bond between the side chain of Asnl170 and the Glul66 from the TEM1 model with previously reported resuftshe
carboxylate; and (3) the water bridge connecting the hydroxyl most striking difference is in the dynamics of the polar cluster
group of Ser70 with the Glu166 carboxylate via Watl. However, around Lys73-Glul166. In the PC1 simulation, the hydroxyl
some differences were also observed: no direct H-bondsgroup of Ser70 and the QQ@GIlul66 atom formed a short
between Asn132 and Glu166 in solution where observed, which H-bond (G1@Glu166:--Oy@Ser70~ 2.8 A) and the hydro-

is in disagreement with the X-ray structure. In our simulation, lytic Wat1l molecule was forced to move away from Ser70, that
Asnl132 and Glul66 interact through a water molecule that is, the Glu166-Watl-Ser70 clustering was unstable. This rear-
readily interchanges with bulk solvent (see Figure 3). The rangement of the H-bonding network observed in the PC1 X-ray
presence of some water molecules in the Lys73-Glu166 polar structure was linked to the large mobility of teeloop. In our
cluster is also observed in the pair distribution functio9 simulation, the Glul66Watl—Ser70 association was stable
around selected atoms €@Glul66, N@Asn132, etc.). Inte-  throughout theTEM1 simulation (see above). Most interest-
gration of theg(r) plot out to the first minimum, indicates that  ingly, the Watl molecule did not exchange with other (bulk)
there are about-1—2 water molecules at2.7 A in the first water molecules. This means that the predicted half-life for the
solvation layer for Glu166 corresponding to the bridging water Glu166-Watl—Ser70 water bridge would be relatively long
molecules. The Lys73 ammonium group lacks a first solvation (>1 ns).

layer since itsg(r) has its first peak centered at 4.35 A. Enzyme—Substrate Binding Determinants in the TEM1-

Another sequence of H-bonds, which were stable in aqueousBP Model. A snapshot of the active site of the TEM-1 enzyme
solution, interconnects the Ser130 hydroxyl group, the Lys234 complexed with benzylpenicillin is given in Figure 4. Figure 4
ammonium group, and the O@Ser235 atom (see Figure 3). This@lso schematically shows the most significant H-bond and
linear sequence of H-bonds is linked to the polar cluster around hydrophobic contacts between the substrate and the enzyme
the Lys73-Glu166 pair because the backbone carbonyl groupresidues. In Table 4, the H-bond contacts are characterized in
of Ser130interacts with the Lys73ammoniumgroup (O@Seri30 terms of distances between heavy atoms and their percentage
NE@Lys73 = 2.91 + 0.22 A). In addition, the Ser130 of occurrence.

Lys234-Ser235 cluster is solvent accessible. Thus, gt The overall protein architecture of tHiEEM1-BP model is
function for the G, N&, and O atoms of Ser130, Lys234, and almost identical toTEM1 because the RMSD ofEM1-BP
Ser235, show peaks around 289 A with integrated values with respect to the averag&M1 structure is only 0.91 A (0.71

0f 1.9, 1.8, and 4.1, respectively. The coordination number for A backbone). However, as indicated above, the presence of the
the Ser235 hydroxyl group corresponds to that typically found Substrate inTEM1-BP results in a moderate decrease of the
for solvent exposed residues. Other polar groups in the active Protein flexibility with respect to the unbound modBEM1.

site, the Arg244 guanidinium and the backbone amide of Ala237  In the active site region, we found that changes in the
(the “oxyanion hole”), are mainly stabilized by H-bonds with |nterreS|due contacts and the erX|b|I|ty.of f[he amino acid side
surrounding water molecules. In addition, the presence of a waterchains were not large upon substrate binding. For example, the
bridge connecting the Arg244 guanidinium group with the polar cluster around th_e Lys#%lul66 pair including the
carbonyl group of Val216 is of particular interest given that a CGlu166-Watl—Ser70 bridge as well as the Sertd(ys234-
structurally conserved water molecule anchored by Val216 and S€r235 H-bonding sequence, were stable in the presence of the
Arg244 has been proposed to play an important role as a S0urce(63) Imtiaz, U.; Billings, E. M.; Knox, J. R.; Manavathu, E. K.; Lerner, S. A;

of a proton in the inactivation of class g-lactamases by Mobashery, SJ. Am. Chem. S0d.993 115, 4435-4442.
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A) conformer. However, the puckering of this ring changed rapidly
L into the equatorial conformation during the equilibration phase
|5'8234 _Seryss of the simulation. Because the molecular mechanics representa-
NH3 i tion used for benzylpenicillin reproduces the conformational

Serqap \ | H properties of the substrate both in the gas-phase and in aqueous
ki /LH N H solution, we conclude that the active site of the TEM-1

. p-lactamase binds preferentially to the equatorial conformer of

z 13 H penicillins. In effect, the equatorial conformation of the BP

D l*"[/(N o HN Seryy substrate avoids a possible steric clash with the methyl group

S (o M H-N of Ala237 and simultaneously favors the direct interaction
between the substrate carboxylate and Arg244 (see below).

Alagsy As shown in Figure 4, the three structural parts of the

{ 16 benzylpenicillin antibiotic (i.e., the five-membered thiazolidine

H ring, the four-memberef-lactam ring and the 6-acylamino side

AsNqaz ,;) chain) contribute to anchor the substrate to the active site cleft:

Tyrios (1) In the thiazolidine ring of BP, the methyl groups are
oriented toward the hydrophobic side chain of Val216. Simul-
taneously, the negatively charged carboxylate group interacts
with an array of polar and charged residues: Serl130, Lys234,

Ser235, and Arg244. In terms of the--XY distances of the

corresponding H-bonds, the shortest H-bond was j#l@6er13e--

O12@BP interaction (2.6% 0.11 A), whereas the weakest

interaction corresponds to the BEOO -+ "3HN-Lys234 con-

tact (~3.6 A), which is present in only 53% of the computed

trajectory. The Ser235 hydroxyl group has a bifurcated H-bond

with both O atoms of the BP carboxylate group/(@Ser23%-

O@BP~2.8-2.9+ 0.2 A). In addition, one of the amino ends

of the Arg244 side chain has a directyN-H---O13@BP

contact (2.79+ 0.12 A). The other amino end of Arg244 is

Figure 4. (a) Schematic representation of the enzyragbstrate binding water bridged simultaneously to the O13@BP atom and the

determinants between benzylpenicillin and the TEM-1 enzyme. Numbering \/51216 carbonyl group through one water molecule. The

of the benzylpenicillin atoms. (b) Stereoview of a snapshot ofTiEM1- . . . . .

BP active site with benzylpenicillin shown in green. per3|stence of this water bridge is very high when the substrate

is present (96% of the analyzed snapshots show th2--N

substrate. Indeed, this suggests thatTE&1 model evolves  (H20)--O=C interaction with an average life 6f100 ps). The

in a conformation suitable for accommodating the benzylpeni- stability of this association, which is clearly important for
cillin substrate. However, it is also interesting to note that some Substrate binding, is in agreement with its proposed role in the
of the interresidue H-bonds are strengthened in the presence ofPening of the five-membered ring of clavunalate inhibitors and
the substrate, most likely due to the partial desolvation of the carbapenem@

active site region. This is the case for the @Ser70--H— (2) In the -lactam ring, the BP carbonyl group is oriented
NE@Lys73 H contact which has a stable-@ distance (2.88  toward the H-N bond of the backbone amide of Ala237. This
+ 0.14 A) throughout th@ EM1-BP trajectory. results in a short (2.86 0.11 A) and very stable (100%)-€

As expected, the presence of the substrate desolvates the poldp***H—N bond. A weaker H-bond interaction of the BP
residues in the active site. For the less solvent accessiblecarbonyl group is formed with the Ser70 main chain amide (3.38
residues, Lys73, Glu166, and Ser70, the only solvent molecule £ 0.27 A, 96%).
close to their side chains is Watl bridging the Glu166  (3) To bind the side chain of BP, the most important specific
carboxylate and the Ser70 hydroxyl groups. Watl was buried interaction was the €0-:-*H—N H-bond formed between the
underneath the benzylpenicillin substrate throughout the simula-acylamino carbonyl group and the amino group of the Asn132
tion. On the other hand, the first solvation shell centered on side chain. This long-lived interaction had an average D
Oy@Ser130 was nearly devoid of solvent molecules (the distance of 2.98t 0.20 A. A weak hydrogen bond is formed
correspondingg(r) function peaks at 3.69 A). The rest of the between the N14@BP atom and the Ala237 carbonyl group,
polar groups (Lys234, Ser235, and Arg244) were also desolvatedwhich results in an average N340 distance of 3.16t 0.22
although they remain solvent accessible (see Figure 4). Of A. We also characterized the hydrophobic interactions between
course, the formation of long-lived enzymsubstrate contacts  the —CH,—Ph moiety of BP and Tyr105 on the basis of the
compensates for the loss of active site solvation. distance involving the center of mass of the Tyr105 side chain

The thiazolidine ring of the substrate was in the equatorial and the benzyl group of BP. The resultant value (5.0.4 A)
conformation throughout tiEEM1-BP trajectory. In terms of indicates that the motions of both aromatic rings are correlated
the CremerPople parameters, the mean values of the puckering during the dynamics although they do not form a claser
amplitude and the phase angle were 044D.06 A and 95+ contact (see Figure 4).
6°, respectively. In the starting enzymsubstrate complex, the The analyses of thEEM1-BP simulation show that binding
puckering of the thiazolidine moiety corresponded to the axial of the BP substrate occurs without substantially altering the

J. AM. CHEM. SOC. = VOL. 125, NO. 3, 2003 679



ARTICLES

Diaz et al.

T T
C2BP+--Oy@8Ser70

TEM1-BP-2

distance (A)

TEM1-BP

25 L L
0 200 400

Time (ps]

6(;0 8(;0 1000
Figure 5. Separation (A) between the C4 atom of benzylpenicillin and the

Oy atom of Ser70 during th€EM1-BP and TEM1-BP-2 simulations.

Table 5. Average Heats of Formation, Solvation Energies and
Entropic Contributions in kcal/mol of the Protein Subsystems
Constructed from the TEM1-BP and TEM1-BP-2 Configurations?

HP AG gy -TAS®
TEM1-BP —2420+ 36 581+ 15 —695+ 3
TEM1-BP-2 —2409+ 38 —-603+ 21 —696+ 3
1D (=22 =D
EBSLVPIG-SHG” EAMl
L73-NHz"---"O0C-E166  —482.1953+ 0.0030 -91+1
L73-NH,--HOOC-E166 —482.23550.0012  —134+8
(=29 (=43

a Relative differences between tli&M1-BP-2 mean values with respect
to theTEM1-BP values are in parentheses. Average ener§ies (pis-atc+
in au; Eam1 in kcal/mol) for the Glu166 and Lys73 side chains are also
indicated.

conformation of the catalytically important residues. However,
is the Michaelis complex represented by #eM1-BP model

compatible with a fast catalysis? To address this, we analyzed

the TEM1-BP trajectory by monitoring the distance between
C4@BP of thep-lactam carbonyl group (electrophile) and

Oy@Ser70 (nucleophile). Interestingly, the mean value for this

distance was low, 3.12 0.18 A, with the closest distance being
only 2.68 A. Figure 5 shows a plot of they®-C4 separation

indicating that this distance fluctuates quite smoothly around

its average value. The average Ser7Qta@y---C4@BP angle
is 98.6 & 7.2°, which is close to those observed for typical
C—0—C bond angles. Thus, the nucleophile in TEeEM1-BP

simulation is well positioned to attack the carbonyl carbon of

the substrate.
Structure and Dynamics of the Michaelis Complex After
a Lys73—Glul66 Proton Transfer. It has been proposed that

A)

30 .-

o 29
ﬁsnm/T 3.0 -
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Figure 6. (a) Schematic representation of several interresidue contacts

the generation of an unprotonated Lys73 residue could be characterizing the active site of ti&€M1-BP-2 model. (b) Stereoview of

accomplished by a proton transfer between LysZ3ul66 in

a snapshot of thEEM1-BP-2 active site (benzylpenicillin not shown). (c)
Stereoview of a snapshot of ti&M1-BP-2 active site with benzylpenicillin

the presence of the substrate. In this way, Lys73 could act asshown in green.

the general base by abstracting a proton from the Ser70 hydroxyl

group. To examine the structural and dynamic consequencesof the unbound modelEM1. Therefore, the global flexibility

of a Lys73—Glul66 proton transfer, we carried out thEM1-
BP-2 simulation in which the side chains of Lys73 and Glu166

of the complexed form of TEM-1 increases when the Lys73
Glul66 salt bridge is lost. However, we observed that the RMS

were neutralized, whereas the rest of the active site residuedflexibility of the important residues in the active site do not

were in the TEM1-BP configuration. Figure 6 shows the
structure of the active site region in th&EM1-BP-2 state. Other
data (RMSD and RMSF values, mean-% distances, etc.)
are collected in Tables-15.

The TEM1-BP-2 simulation gives RMSDs that hardly differ
from those observed for tiEEM1-BP model. In contrast, the
RMS flexibility discriminates between both models: fHeM1-
BP-2trajectory gives RMSF values for all heavy (0.860.05
A) or backbone atoms (0.66 0.05 A) that are closer to those

680 J. AM. CHEM. SOC. = VOL. 125, NO. 3, 2003

significantly differ between th@ EM1-BP and TEM1-BP-2
states.

The interresidue contacts in the active site change in response
to the neutralization of the Lys73 and Glu166 side chains. The
most important changes occur in the contacts and relative
positions of Lys73, Ser70, Glu166, Asn132, and Asn170 (i.e.,
the residues which were clustered in thEM1 and TEM1-

BP models), whereas the interactions between Ser138234--
Ser235 were less affected (see Figures 3A and 6A). Specifically,



Acylation Mechanism of Class A S-Lactamases

ARTICLES

we found that: (1) the Glul66 carboxylic group is stabilized
by Glu-COOH--OH, (Watl) and Glu-&0O-:-NH,—CO—

However, the semiempirical AM1 Hamiltonian overestimates
the intrinsic stability of the neutral Lys73-NHHOOC-Glu166

Asnl170 H-bond contacts. (2) The Glul66-Wat-Ser70 water configuration with respect to the ionic Lys73-NH--~OOC-

bridge is lost. ITEM1-BP-2 Watl links the backbone carbonyl
group of Ala237 with that of the 6-acylamino side chain of BP.

Glul66 state by about 18 kcal/mol. Thus, when the averaged
high level correction termA(Egsiype-3irc+ — Eami), iS

(3) The hydroxyl group of the essential Ser70 residue bridges included, we obtain a correctefiG® value of +6 kcal/mol

the Lys73 amino and Lys234 ammonium groups through long-

lived Lys234-NH"---OH(Ser70)--NH,-Lys73 interactions. The
mean @ @Ser70--N¢@Lys73 distance amounts to 2.740.11

A, the hydroxyl group of Ser70 being the proton donor in this
H-bond interaction.

Given that Asn132 is the only residue in the polar cluster
around the Lys73Glul66 pair, which is involved in substrate
binding, it turns out that thEeEM1-BP andTEM1-BP-2 models
have very similar enzymesubstrate interactions. Thus, in Figure

6 and Table 4 we see that contacts between the BP carboxylat

favoring theTEM1-BP configuration. This magnitude of the
estimatedAGP° difference suggests that tHEEM1-BP state
corresponds to the ground state of the Michaelis complex
between the TEM-1 enzyme and benzylpenicillin. Simulta-
neously, theTEM1-BP-2 state could be also populated if the
energetic fluctuations in thel® and AG%,, terms @15—38
kcal/mol; see Table 5), were channeled into the Lys73 and
Glul66 side chains.

é)iscussion

and the nearby residues (Ser130, Ser235, Arg244) were stable New Insight into the Structure and Dynamics of the

in the TEM1-BP-2 trajectory. Similarly, the H-bond between

TEM-1 f-Lactamase.From the analyses of our MD simulations

theﬂ-'aCtam CarbOﬂy' and Ala237 is also stable. HOWGVGT, the for the unbound form of the TEM-1 enzyme, we concluded that

6-acylamino side chain of BP readjusts its positioning in
response to thEEM1-BP—TEM1-BP-2 conversion. Although
the Asn132-CONk--O=C(BP) interaction is maintained, the
weak BP-N14—H---O=C—Ala237 hydrogen bond is nearly

the TEM1 configuration is a good model for representing the

structure and dynamics of the protein in aqueous solution. The
quality of the model is reflected in the moderate RMS deviations
between the simulated and experimental structure of TEM-1,

lost, whereas the side chain carbonyl of BP also interacts with the preservation of important contacts in thimge regions

Watl. Simultaneously, the hydrophobic clustering of the BP
benzyl ring with the Tyr105 side chain is more compact: the
center of mass of the aromatic rings are 4.9.3 A apart and

connecting the alb. and theo/ domains, etc. However, the
TEM1 simulation, not only complements the structural informa-
tion provided by X-ray daté&! but also gives new insight into

movements of the Tyr105 side chain are damped out (the RMSthe behavior of the fully hydrated protein. In this respect, the

flexibility of Tyr105 is reduced from 0.62t 0.27 A in the
TEM1-BP model to 0.25+ 0.07 A in TEM1-BP-2).

From our analyses, it is clear that ti&EM1-BP—TEM1-

most important aspects of tHEEM1 simulation are as fol-
lows: (1) the relatively low mobility of theQ loop, (2) the
persistence of the H-bonds interconnecting the catalytically

BP-2 conversion preserves the important substrate binding important residues and, (3) the localization of the Wat1 molecule

interactions and results in a stable Ser70-OMNH,-Lys73

H-bond which is adequate for the unprotonated Lys73 to be

bridging the Ser70 and Glu166 side chains.
The stability of theQ loop in the solvated TEM-1 enzyme

the general base catalyst. However, it is also interesting to correlates with the presence of several ionic contacts stabilizing
analyze the relative abundance of near attack conformations inthe loop conformation beyond the conserved Argt84p179

the TEM1-BP-2 state in terms of the @@Ser70--C4@BP

salt bridge. This relatively “rigid” picture both in the crystal

distance. Figure 5 also plots the evolution of the reactive distanceand solution states, contrasts sharply with the highly madBile

in the TEM1-BP-2 model. This interaction has an average value
of 4.17+ 0.18 A with a lower bound of 3.46 A This average
distance is~1 A longer than that in th@ EM1-BP model. In
addition, the Ser70@&Oy---C4@BP angle is low (59.2
6.0°). This means that proton transfer from Lys73 to Glul66
shifts the carbonyl group of thé-lactam ring away from the
attacking hydroxyl group of Ser70. Hence, ti&M1-BP
configuration is more favorable tharEM1-BP-2 for nucleo-
philic attack. However, we expect that nucleophilic attack would
not be entirely impeded in thHEEM1-BP-2 state because many
of the analyzed structures-(7%) have Q@Ser70--C4@BP
distances below 4.0 A.

To further discriminate between tA&EM1-BP and TEM1-

loop observed in the MD simulation of the P@llactamase
from S. aureusn which the Arg164-Aspl79 salt bridge was
unstablé® Although the PC1 enzyme certainly has a more
hydrophobice loop, we feel that the actual dynamics of e
loop should not differ dramatically since this loop contains the
catalytically important Glul66 residue. We also note that, in
our calculations, the PME method was applied to include long-
range electrostatic effects which are usually required to stabilize
the conformation of highly charged biomolecules in aqueous
solution. Thus, the absence of long-range corrections in the
simulations of the PC1 enzyme could explain the loss of the
Argl64—Aspl79 contact and the large mobility of tReloop.

The TEM1 simulation results in a long-lived Lys#351u166

BP-2 models, we estimated the free energy difference betweensalt bridge while the average distances of other important
the two protein configurations in the presence of the substrateinterresidue contacts were very similar in solution and in the
following the computational procedure described in the Methods X-ray structure. Our simulations confirm the participation of
section. Table 5 summarizes the results from different energy Watl in the structure of the active site as originally observed
calculations (semiempirical, ab initio) on model systems and by the crystallographic studies of the free enzyme and molecular
those from solvation free energy and entropy (normal mode) modeling?324In effect, we found that Wat1 is integral to the
calculations. By adding the average values of the free-energyactive site since the Glu166-CO&-H,0O(Watl)--HO—Ser70
terms (i.e.,AH{® — TAS + AAG’,), it turns out that the interaction is present throughout the simulation. The observed
TEM1-BP-2 state is more favorable by about 12 kcal/mol. stability of the water bridge mediated by Wat1 agrees with recent
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experimental data that indicates the critical role Watl plays in (i.e., there is no direct H-bond connecting Lys234 and the
the deacylation process in thald-type TEM-1f5-lactamase. substrate). The simulations confirmed that the stable water
Electron nuclear double resonance (ENDOR) spectroscopy bridge interconnecting the substrate carboxylate, the Arg244 side
under cryo conditions revealed the presence of a water moleculechain and the Val216 carbonyl is also important for substrate
within hydrogen-bonding distance to the Glul66 carboxylate binding. Nevertheless, the most interesting residues functioning

in the wild-type TEM-1 acylenzym& The ENDOR-active
water was locatee-1 A from the site occupied by Watl either
in the X-ray structure of the free enzyme or during THeM1
simulation. Altogether, the X-ray structures of the unbound
TEM-1 enzyme, theTEM1 MD simulation, and the ENDOR
spectroscopic data, nicely illustrate how the Watl is integrated
into the architecture of the active site.

as “carboxylate anchors” are Serl130 and Arg244 because their
side chains form short and persistent H-bonds with the BP
carboxylate.

The role Arg244 plays in stabilizing the Michaelis complex
is in agreement with the direct salt bridge between Arg244 and
the substrate carboxylate found in the X-ray structures for
acylenzyme intermediates of mutated class-Bactamases!+2

Clearly, the structural relevance of Watl goes hand-in-hand Although earlier molecular modeling studies did not detect a
with its crucial catalytic role as the hydrolytic water in the direct interaction between Arg244 and {Bdactams at the pre-
deacylation process. For example, the catalytic importance of acylation complex, our simulations suggest that Arg244 can
Watl was clearly shown by the structure of the TEM-1 stabilize the benzylpenicillin substrate all along the reaction
pB-lactamase inhibited by d8hydroxymethyl)penicillanic acid coordinate for the acylation process.
in which the hydroxymethyl moiety of the inhibitor occupies  The contribution of the Ser130 hydroxyl group to positioning
the region near the Watl molecéleSimilarly, in the Asn170GIn  the substrate carboxylate seems also important. Interestingly,
mutant of the PC1 enzymé the extended side chain of the thjs ability of Ser130 seems particularly notable in the P8E
GIn residue blocks access to Watl and impairs deacylation. class A p-lactamase fromPseudomonas aerugina& The
However, the PC1 mutafttand the Glu166Asn mutant of the  pPSE-4 enzyme, which preferentially hydrolyzes carbenicillins,
TEM-1 enzymé? have relatively fast acylation rates (comparable has a point Lys234Arg mutation and an alternate conformation
with that of the native form in the case of the PC1 mutant). for Ser130 with respect to the TEM-1 enzyme. These changes
Therefore, an active kinetic role for the Glu166-Wat1-Ser70 help shift the substrate in the active site cleft in order to avoid

association during the acylation process remains uncertain. g steric clash between the carbenicitircarboxylate group and
Substrate Binding Determinants. In previous work, the the Asn170 side chaif$.
blndlng of benZylpeniCi"in to the active site of different class A|th0ugh our ana|yses focused on the Speciﬁc interactions
A p-lactamases (the enzymes fr@treptomyces albus, PC1  of the substrate carboxylate with Arg244 and Ser130, we note
from S. aureusand TEM-1 fromE. coli) has been investigated  {hat the side chains of these residues are embedded in a complex
by means of energy minimization or docking analy$&s#222%  hanyork of interactions involving Lys234, Ser235 and water
The important role of the Asn132 and Ala237 residues in the molecules. In fact all these groups comprise a “positively
Michaelis complex has been observed in all the molecular charged cluster”, which is well adapted to recognize and bind
modeling studies. In the same studies, however, the identity and/ine carboxylate group of penicillins. In this respect, mutagenesis
or relative importance of the residues interacting with the experiments have shown that, although the Arg244 and Ser130
p-lactam carboxylate (Ser130, Lys234, Ser235, Arg244) were mytations have nonnegligible effects on the acylation of the
quite variable. TEM-1 enzyme, the mutated enzymes retain an important level
The TEM1-BP and TEM1-BP-2 MD simulations provide  of catalytic activity. For example, both the Ser130Gly and
new insight into the relative strength and specificity of the ger130Ala TEM-1 mutants can hydrolyze benzylpenicillin
protein—substrate contacts. For example, the distortion of the efficiently, with the observed differences in the/Km values
p-lactam carbonyl group in the ground-state Michaelis Complex  arising mainly fromK,.6” On the other hand, the Arg244Thr
revealed by FTIR spectroscopy has been attributed to its gng Arg244GIn mutants result in impaired enzymes, hakigg
hydrogen bonding to two backbone amides of Ala237 and Ser70, values which are 23 orders of magnitude lower than those
(the “oxyanion hole”\> According to our simulations, the  of the wild-type enzymé&8 Taking into account these data as
observed shift in the €0 stretch frequency is mainly due to  e|| as the existence of a network of interrelated contacts in
one H-bond with Ala237 (BPC=0---H—N—Ala237) which  the “positively charged cluster”, it may be reasonably expected
has a mean distance between heavy atoms28+ 0.1 A, that the particular role of Arg244 and Ser130 in substrate binding
~0.5 A shorter than that corresponding to the weakerBP- could be partially compensated by other polar groups or water
O--*H—N—Ser70 interaction. molecules in the mutated enzymes. Thus, previous molecular
The analysis of the interactions between the benzylpenicillin modeling studieshave shown that, in the Ser130Gly mutant
carboxylate and the nearby residues can be particularly relevantcjass A g-lactamases, a water molecule can be placed at
As mentioned above, the thiazolidine moiety of benzylpenicillin - approximately the same position as that occupied by the Ser130
adopted an equatorial conformation in which the negatively hydroxyl group in the wild type. Similarly, the polar side chains
charged carboxylate was capable of establishing direct H-bondf the threonine-244 and glutamine-244 residues in the Arg244
contacts with the hydroxyl groups of Ser130 and Ser235 and mutants could contribute to the binding of the substrate

one amino end of the Arg244 guanidinium. However, the carboxylate either directly or through water bridges.
ammonium group of Lys234 played mainly an electrostatic role

(64) Mustafi, D.; Sosa-Peinado, A.; Makinen, M. \Biochemistry2001, 40,
2397-24009.

(65) Hokenson, M. J.; Cope, G. A,; Lewis, E. R.; Oberg, K. A.; Fink, A. L.
Biochemistry200Q 39, 6538-6545.
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(66) Lim, D.; Sanschagrin, F.; Passmore, L.; De Castro, L.; Levesque, R. C.;
Strydnadka, N. C. Biochemistry2001, 40, 395-402.

(67) Matagne, A.; Fne, J. M.Biochim. Biophys. Actd995 1246 109-127.

(68) Delaire, M.; Labia, R.; Samama, J. P.; Masson, JJMBiol. Chem1992
267, 20 600-20 606.
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Finally, we note that the placement of the characteristc = The TEM1-BP simulation confirms that activation of Ser70
carboxylate of cephalosporins in the pre-catalytic complex with by the Glul66-Watl moiety is favored thanks to the stable
class G5-lactamases, which has been solved crystallographically Ser70-OH--OH,---~O0OC-Glu166 water bridge, which clearly
for the AmpC enzyme complexed with cephalotfinurns out pre-organizes the required proton transfer pathway. Therefore,
to be very similar to the mode of carboxylate binding character- the structure and dynamics of the TEM1-benzylpenicillin
ized by our simulations on the TEM-1 enzyme. The class C complex were compatible with the acylation mechanism assisted
enzymes are better cephalosporinases than penicillinases whildy both Glu166 and Watl as originally proposed on the basis
the TEM-1 enzyme is considered a highly proficient penicilli- of molecular modeling studie¢d.However, as discussed in the
nase. This suggests that the “cluster” of polar/charged residuesintroduction, this route for acylation cannot be unique and,
around the substrate carboxylate is required for optimum therefore, other alternative (and competitive) mechanisms must
catalysis in the sering-lactamases. be possible in the active site of the TEM-1 enzyme.

Implications for the Acylation Mechanism. The enzyme- Another mechanism for delivering the proton from Ser70 to
substrate complex in thEEM1-BP model corresponds to the the leaving N atom may occur via the assistance of both the
ground-state Michaelis complex in which the substrate is bound hydroxyl group of Ser130 and the substrate carboxylate group.
by specific and long-lived enzymesubstrate interactions.  This mechanism implies several proton-transfer steps, that is,
Importantly, the mode of binding of benzylpenicillin is very Ser76-Ser136-COO (BP)—N(BP). According to the results
favorable for catalysis given that the interresidue interactions of our MD calculations, the first proton “jump” would be, most
linking the potentially reactive groups (i.e., Ser70, Ser130, likely, Ser130-OH>"OOC—BP since the hydroxyl group of
Lys73, Glul66) are very stable. Furthermore, fhactam Ser130 is hydrogen-bonded to the carboxylate group of BP
carbonyl group, H-bonded to the backbone amide of Ala237, throughout thdEM1-BP simulation. Subsequently, localization
lies very close to the hydroxyl group of the nucleophilic Ser70 of the negative charge on the/@Ser130 atom could induce a
with an average G4-Oy@Ser70 distance of3.2 A. Hence, rearrangement of the Ser70 hydroxyl group followed by a Ser70-
provided that a proton is abstracted from the Ser70 hydroxyl OH—~0—Ser130 proton transfer. Alternatively, the sequence
group, the nucleophilic attack can readily occur. Of course, the of proton jumps, Ser78Ser136~ COO (BP), could occur in
cruxof the mechanistic problem is how to activate the hydroxyl a concerted fashion. It is also interesting to note that proton
group of Ser70. We discuss three possibilities for the initial delivery to the leaving N atom could readily occur via the
proton-transfer step that could trigger the whole acylation substrate carboxylate group while a more complex pathway
process: (1) a Lys73-Ngi——0OOC-Glu166 proton transfer; (2)  involving the side chains of Glu166, Lys73, and Ser130 would
a Ser70-OH>-0O0C-Glu166 transfer assisted by the bridging be required for the Glul66-Watl assisted mechanism. The
Watl molecule; (3) a Ser130-O+HOOC—BP proton transfer viability of the mechanism is further supported by its similarity
leading to a carboxylate and hydroxyl assisted mechanism for with the mechanistic proposals for the clasg3@actamases.
the acylation reaction. Thus, the crystallographic structure of the precovalent substrate

As mentioned in the Introduction, the mechanistic proposal complex between cephalothin and the Ser69Gly mutant of the
in which Lys73 acts as the general base requires that theAmpC S-lactamasé? shows that the substrate carboxylate
ammonium group of Lys73 be deprotonated. In the presenceaccepts a hydrogen bond from Tyr150, which in turn could
of the substrate, the simplest pathway for neutralization of Lys73 abstract a proton from the nucleophilic Ser64, either directly
would be a Lys73-Nk—-OOC-Glul66 proton transfer. The Or via Lys67. For the deacylation of class C enzymes, a
rearrangement of the H-bond network in response to the differentmechanism has been proposed in which the hydrolytic water
charge distribution produced by this proton-transfer event, was molecule is activated by substrate-assisted catalysis.
explored by carrying out thEEM1-BP-2 simulation in which Could the Ser130 and carboxylate-assisted mechanism rep-
both Lys73 and Glu166 were neutralized. We found that the resent ageneralacylation pathway for class A-lactamases?
main substrate-binding determinants were not altered by the In the class A3-lactamase fronBacillus cereusesterification
Lys73—Glu166 proton transfer and a new Ser70-OHNH,- of the carboxylate group in penicillins decreases the enzyme
Lys73 H-bond is formed which, in turn, could activate Ser70. e€fficiency ke./Ku) by a factor of~10*, whereas a cephalosporin
However, other geometrical changes were less favorable forlactone is hydrolyzed 50 times faster than an analogous
catalysis: the C4-Oy@Ser70 separation was increased-tb1l cephalosporin with a free carboxylate grodpTherefore,

A and Watl was loosely bound to the carboxylic group of another proton-transfer pathway, not involving the substrate
Glu166. Moreover, our energetic analyses show thal Ed1- carboxylate group, should constitute a competitive kinetic route
BP state corresponds to the ground state of the TEM-1- in the hydrolysis of cephalosporins.

benzylpenicillin complex, being 6 kcal/mol below theTEM1- Our MD simulations strongly suggest that both the Glu166
BP-2 configuration. In fact, our calculations are in agreement Watl pair and the hydroxyl group of Ser130 bound to the
with previous fX, determinations for Lys73 in the TEM-1  substrate carboxylate group, could accept the proton from Ser70.
enzyme using PoisserBoltzmann methodologi€$. These Hence, it is reasonable to hypothesize that the two acylation
electrostatic calculations, which were carried out for different pathways would be competitive. Kinetic preference for one
substrates including benzylpenicillin, indicated that tig pf mechanism or the other, would depend on the nature of the
Lys73 is not lowered upon substrate binding and remains abovesubstrate (e.g., penicillins vs cephalosporins) and/or on the
10. Overall, we conclude that an acylation mechanism involving presence of point mutations. In this scenario, acylation of the
an active kinetic role for Lys73 is unlikely.

(70) Bulychev, A.; Massova, |.; Miyashita, K.; Mobashery, 5.Am. Chem.
S0c.1997, 119, 7619-7625.

(69) Beadle, B. M.; Trehan, I.; Focia, P. J.; Shoichet, BSkucture2002 10, (71) Laws, A. P.; Page, M. IJ. Chem. Soc¢.Perkin Trans. 111989 1577
413-414. 1581.
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TEM-1 enzyme by the boronic acid inhibitor, which lacks the calculations'® the Lys73~Glu166 proton transfer leading to an
carboxylate group interacting with Ser130, should proceed unprotonated Lys73 is energetically disfavored and, therefore,
through protonation of Glul66 as experimentally obseffed. Lys73 is predicted to not be the general base in the acylation
On the other hand, class A-lactamases (in their native or  process. The mechanistic proposal in which Glu166 accepts a
mutant forms) as well as other serine proteases could be acylategbroton from Ser70 via a water molecule is supported by the
with the assistance of the nonnucleophilic serine (Serl30 in present calculations since the Glul66-COGH0---HO—
TEM-1) and the substrate carboxylate group. Ser70 water bridge is highly stable and is properly oriented for
the proton transfer to occur. The Ser130 hydroxyl group and
the substrate carboxylate group can also play an active kinetic
MD simulations of the fully hydrated TEM-B-lactamase role through a Ser130-OH~OOC-benzylpenicillin proton
using the AMBER force field and long-range electrostatic transfer followed by a Ser70-Ot~0O—Ser130 process. Overall,
corrections provided insights regarding the structure and dynam-by taking into account the present results and those of previous
ics of the protein in aqueous solution. For the free enzyme, the experimental and theoretical work, we propose that the G166
important salt bridge contacts and the conformation of@he  Watl and the Ser130-carboxylate routes constitute competitive
loop originally observed in the X-ray structure remain stable pathways for activating the hydroxyl group of Ser70 in the class
throughout the simulation. The interresidue contacts defining A S-lactamases.
the complex H-bond network in the active site were also very
stable, especially the polar cluster surrounding the Lys73 Acknowledgment. The authors are grateful to the CICyT
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Summary

contacts (e.g.,A-lactam ring)G=0---H—N—Ala237) result in Supporting Information Available: Benzylpenicillin param-
a catalytically favorable distance-8 A) between the attacking  eters. Table showing the first peak position gif) and its
hydroxyl group of Ser70 and the-lactam ring. integrated value (6 pages, print/PDF). This material is available

The MD simulations of the benzylpenicillin-TEM1 complex  free of charge via the Internet at http:/pubs.acs.org.
furnished insights into possible pathways for proton abstraction
from the Ser70 hydroxyl group. In agreement with earli€ggp  JA0277040
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