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Abstract: Hybrid Car—Parrinello QM/MM calculations are used to investigate the reaction mechanism of
hydrolysis of a common S-lactam substrate (cefotaxime) by the monozinc S-lactamase from Bacillus cereus
(Bcll). The calculations suggest a fundamental role for an active site water in the catalytic mechanism.
This water molecule binds the zinc ion in the first step of the reaction, expanding the zinc coordination
number and providing a proton donor adequately oriented for the second step. The free energy barriers of
the two reaction steps are similar and consistent with the available experimental data. The conserved
hydrogen bond network in the active site, defined by Asp120, Cys221, and His263, not only contributes to
orient the nucleophile (as already proposed), but it also guides the second catalytic water molecule to the
zinc ion after the substrate is bound. The hydrolysis reaction in water has a relatively high free energy
barrier, which is consistent with the stability of cefotaxime in water solution. The modeled Michaelis
complexes for other substrates are also characterized by the presence of an ordered water molecule in
the same position, suggesting that this mechanism might be general for the hydrolysis of different s-lactam
substrates.

Introduction two metal ions in the active sife? Whereas the enzymatic
The increasing use of antibiotics in the clinical setting and Mechanism of the dizinc MBL fronBacteroides fragilishas

animal feedstock imposes a high evolutionary pressure thatbeen dissected in detdit1° that of the monozinc species is still
. ) .
favors selection of pathogenic microorganisms, capable of Subiect of debat&i™i The general sketch of the mechanism

developing sophisticated strategies against drug action. Thelnvolves the nucleophilic attack of the zinc-bound hydroxide

prevalent drug resistance mechanism consists in the productiorf® the/-lactam carbony! group (Step 1, Scheme 1), followed

of B-lactamases, i.e., enzymes that catalyze the hydrolysis ofby the ;cission Of, the-lactam C-N 1bolr;d, assisted by
the f-lactam amide moiety to produce the corresponding Protonation of the nitrogen atom (Step2)!® No consensus
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Aspl120, His263, Cys221 or a solvent molecule have been ~2.2 ns of MD simulations. In this work, (i) the protonation

postulated as putative candidatést

state of the residues at the active site at physiological pH was

Here, we report a detailed theoretical study of the mechanismthat determined by extensive DFT calculations on large models
of hydrolysis of a common antibiotic, cefotaxime (CEF, Scheme of the Bcll active site (Scheme 1 and Figure'l)ii) The

1linred, Figure 1), by the monozifitlactamase fronBacillus
cereus(Bcll). Bcll is active both in the mono or dizinc forms,

protonation state of all the other titratable residues was also
assumed according to physiological pH conditions, as discussed

but the monozinc derivative is thought to be the active speciesin ref 25. Thus, the active site His residues His116, His118,

in vivo.29-22 Bcll is one of the most widely studied MBLs and
its study may be extrapolated to the MBL froBacillus
anthracis®® which has 92% sequence identity with Bcll.

His196, and His263 were protonated od,NNe, No, and Ne
atoms, respectively (Figure 1), whereas other His protonation
states were assigned based on visual inspection of their putative

Comparison is made with the corresponding reaction in water. H-bond patterns: His55 @, His136 (Nj, Ne¢), and His285

Our approach is the hybrid CaParrinello MD/MM simulation,

(Ne¢). Asp and Glu groups were assumed to be ionized. (iii)

which has already been shown to describe the electronic The substrate cefotaxime (Scheme 1) was docked into the active

structure of a dinuclear zinc designed prot#inthus, it is
expected to be well suited to study this system.

site using the program Dogkwith the electrostatic and van
der Waals parameters of ref 25, and & péints spatial grid,

The quantum molecular modeling presented here provides awith 0.25 A spacing, centered on the zinc Bn(iv) Water
novel mechanism, in which an ordered water molecule buried molecules solvating Bcll were explicitly treated.

in the active site plays a direct and crucial role in catalysis by

The complex was partitioned in a QM region, which included

binding the metal ion as the reaction proceeds. This is a the reactive center (i.e., CEF, the zinc ion and its coordination
previously unrecognized feature in catalysis by monozinc MBLs polyhedron, Figure 1 in Supporting Information), and a MM
that fills several gaps in the proposed schemes and might beregion composed by the rest of the protein immersed in a water

general for the hydrolysis of Bcll substrates.

Computational Details

Enzymatic Hydrolysis. The calculations were based on the
Bcll—CEF structuré® in aqueous solution, as obtained after

(19) Page, M. I.The chemistry ofj-lactams Blackie Academic & Profes-
sional: London, 1992.

(20) Paul-Soto, R.; Bauer, R.; ¥ J. M.; Galleni, M.; Meyer-Klaucke, W.;
Nolting, H.; Rossolini, G. M.; de Seny, D.; Hernandez-Valladares, M.;
Zeppezauer, M.; et all. Biol. Chem.1999 274, 13 242-13 249.

(21) Orellano, E. G.; Girardini, J. E.; Cricco, J. A.; Ceccarelli, E. A.; Vila, A.
J. Biochemistry1998 37, 10 173-10 180.

(22) Wommer, S.; Rival, S.; Heinz, U.; Galleni, M.; Free J. M.; Franceschini,
N.; Amicosante, G.; Rasmussen, B.; Bauer, R.; Adolph, H.J\Biol.
Chem.2002 277, 24 142-24 147.

(23) Materon, I.; Queenan, A.; Koehler, T.; Bush, K.; Palzkill, Antimicrob
Agents Chemothe2003 47, 2040-2042.

(24) Magistrato, A.; DeGrado, W. F.; Laio, A.; Rothlisberger, U.; VandeVondele,

J.; Klein, M. L. J. Phys. Chem. BR003 107, 4182-4188.
(25) Dal Peraro, M.; Vila, A. J.; Carloni, FProteins2004 54, 412—423.
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box (~38 000 atoms).

The MM part was treated with the AMBER force field;
the PME method was used to evaluate long-range electrostatic
interactions® A cutoff of 12 A was used to account for the
van der Waals interactions and the short range, real part
contribution to the PME. The QM part was treated using density
functional theory-based molecular dynamics simulations, fol-
lowing the approach of Car and Parrineffowhich has been
shown to describe accurately a variety of enzymatic sys#ms,

(26) Ewing, T.; Kuntz, 1.J. Comp. Chem1997, 18, 1175-1189.

(27) Case, D. A.; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., Ill; Ross,
W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton, R. V.;
Cheng, A. L.; et alAMBER 6 University of California: San Francisco,
1999.

(28) Darden, T. A.;York, DJ. Chem. Phys1993 98, 10 089-10 094.

(29) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471-2474.

(30) Carloni, P.; Rothlisberger, U.; Parrinello, Mcc. Chem. Re002 35,
455-464.
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Figure 1. 3D (A) and electronic (B) structures of species relevant for the catalytic cycle. In B, the Boys orbitals (BO’s), which can be associated to
chemical bonds and electronic lone pditsire depicted as yellow spheres.

including Zn-based enzymé$3! The valence electrons were the dynamically averaged force profile along three constrained
described by a plane wave basis set up to a cutoff of 70 Ry, reaction coordinates, nametdlg; = d(O@OH-C2@CEF) dr2

which is not affected by basis set superposition erfédiEhe = dH@WAT—N3@CEF), anddrz = d(H—O01@Asp126-
interactions between valence electrons and ionic cores wereOy). For each point alongg, ~0.5 ps were used for thermal-
described with norm-conserving Martingroullier®® pseudo- ization, and~1 ps for averaging the force on the constraint

potentials. The BLYP*35exchange-correlation functional was and for calculating the errors on the forces. Hysteresis effects
used. This functional, along with planewaves basis set, hasaffecting the free energy profile were estimated by applying
demonstrated to correctly describe aqueous and biologicalthe constrained dynamics described below backward along the

systems?36Notice that the use of popular B3LYP functioffe® same reaction coordinates paths.
along with in plane-wave based calculations is computationally  The protocol for QM/MM simulation was as follows: 0.1
highly inefficient3? Car—Parrinello molecular dynami¢ssimu- ps of dynamics of the MM region with QM part frozen, followed

lations were carried out with a time step of 0.14 fs and a by ~3 ps of dynamics for the entire system; (ii) constrained
fictitious electron mass of 900 au; constant temperature simula- dynamics usinglg: as the reaction coordinate, from 3.6 A (ES
tions were achieved by coupling the system with a Nese  structure) until 1.4 A (INT structure, Scheme 1 and Figure 1),
Hoover”-38thermostat at 500 cnt frequency. The interactions  is performed in 12 steps; (ii)»2 ps dynamics of INT; (iv)
between the MM and QM regions were treated as in ref 39. constrained dynamics assumidg as the reaction coordinate
The free energies of activation were evaluated with the method (Figure 1), from 3.0 A until 1.4 A (TS2 structure); (ivy2 ps

of thermodynamics integratiof,by numerical integration of  of dynamics on the entire system; and (v) constrained dynamics

. assumingdrs as the reaction coordinate.
(31) Rothlisberger, UACS Sym. Sefl998 712, 264—231.

(32) Marx, D.; Hutter, JMod. Methods Algorithms Quantum Che?00Q 1, D-RESP atomic partial charg®sn the QM regions, which

301-449. reproduce the quantum electrostatic potential polarized by the
(33) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1943-2006. P q P P y

(34) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(35) Lee, C.; Yang, W.; Parr, R. ®@hys. Re. B 1988 37, 785-789. (40) Ciccaotti, G.; Ferrario, M.; Hynes, J. T.; Kapral, &hiem. Phys1989 129,

(36) Silvestrelli, P. L.; Parrinello, MPhys. Re. Lett. 1999 82, 3308-3311. 241-251.

(37) Nosé S. J.J. Chem. Phys1984 81, 511-519. (41) Sulpizi, M.; Laio, A.; VandeVondele, J.; Cattaneo, A.; Rothlisberger, U.;

(38) Hoover, W. GPhys. Re. A 1985 31, 1695-1697. Carloni, P.Proteins2003 52, 212—224.

(39) Laio, A.; vandeVondele, J.; Roethlisberger,JJChem. Phys2002 116, (42) Laio, A.; VandeVondele, J.; Rothlisberger,JJPhys. Chem. B002 106,
6941-6947. 7300-7307.
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Table 1. Selected Bond Lengths, Angles, and Planarity of the Species in Scheme 1

ES TS1 INT TS2 EP
01-C2 1.22(1) 1.22(2) 1.33(3) 1.26(1) 1.27(1)
01-Zn 4.14(45) 3.72(23) 5.24(13) 6.00(1) 6.02(9)
C2—-N3 1.39(2) 1.53(4) 1.59(3) 3.25(3) 3.35(6)
C2—O@OH (cka) 3.63(27) 1.75 1.44(4) 1.27(1) 1.27(1)
N3—H@WAT (ko) - 3.25(24) 3.10(10) 1.40 1.05(6)
Zn—No@His116 2.15(6) 2.16(9) 2.09(5) 2.18(5) 2.15(6)
Zn—Ne@His118 2.10(5) 2.17(8) 2.06(5) 2.06(4) 2.09(6)
Zn—No@His196 2.13(6) 2.08(5) 2.06(4) 2.05(5) 2.08(5)
Zn—O@OH 1.92(3) 2.15(11) 2.3/4.5 4.62(9) -
Zn—-0O@WAT - 2.03(7) 2.10(9) 2.07(4) 1.94(2)
N3 angles 94(2) 92(3) 95(2) 120(3) 114(3)
137(3) 124(2) 125(3) 104(4) 111(3)
125(3) 123(2) 127(4) 118(3) 124(4)
N3 planarity 13(6) 29(4) 25(5) —30(2) —25(4)
C2 planarity 1(1) 21(1) 26(2) 3(2) 2(1)
Zn planarity 28(4) 4(3) 31(2) 30(3) 30(3)

protein—water electric field, were calculated along the reaction, group. O@OH is 3.6(3) A far from the carbonyl C2 atom,
as well as Boys’ orbitals, which can be associated to electron whereas the zinc ion is at a distance of 4.2(3) A from O1@CEF.
lone pairs and localized chemical borfdsNotice that the The CEF carboxylate group interacts throughout the reaction
m-electrons of thegs-lactam ring are not delocalized (Figures 2  with Lys224 by means of H-bonds mediated by water molecules.
and 3 in Supporting Information (Sl)), so that the localization Relevant geometric parameters, hydrogen bond distances and
procedure in calculating the latter is fully justified. The CPMD D-RESP charges for the relevant species in the reaction are
3.5 with the QM/MM interface of ref 39 was used for the summarized in Tables-12 and Figure 1B.
calculations, running on an IBM SP4 parallel computer. The  Step 1.The reaction coordinate, d(O@GH2@CEF)= dgry,
VMD packagé* was used for analysis and visualization. is shortened from its initial value (3.6 A, ES species, Scheme
Hydrolysis in Aqueous Solution. As a reference, we 1) until the sign of the constrained force changis=(1.75 A,
modeled the first step of the hydrolysis of CEF in water. CEF TS1 species). The rearrangement of the electron lone pairs and
was inserted in a water box and underwenb ns MD chemical bonds during the enzymatic reaction are described here
simulation. Subsequently, the system was partitioned in a QM in terms of Boys’ Orbital& (BO’s) (Figure 1B).
region, which included CEF and its solvation sphere around Whendg; = 1.9 A, the O@OH-Zn bond, identified by a
the p-lactam ring (38 atoms), and a MM region, consisting of BO, becomes increasingly polar. The S@Cys221 loses the
the remaining water molecules-8000). Constrained QM/MM  H-bond interaction with O@OH, and now interacts with WAT.
simulations were carried out in which the distance between the At dz; = 1.8 A, a key event occurs: WAT enters the first
oxygen of the catalytic water and the carbonyl carbon@2(  coordination sphere of the zinc ion, changing the zinc geometry
was assumed as the reaction coordinate, and shortened fronfrom tetrahedral to trigonal bi-pyramidal (TS1 in Figure 1):
3.2t0 1.4 A. WAT, His118 and His196 lie in the equatorial plane, whereas
Structural Models of Bcll =-BPC and Bcll—IMI Com- His116 and OH are the apical ligands. This rearrangement
plexes.The ES complexes of Bcll with benzylpenicillin (BPC)  affects the H-bond pattern in the active site: now WAT interacts
and imipenem (IMI) were modeled as previously done for the with S@Cys221, 02@Asp120 and O4@CEF, whereas the
Bcll—CEF modeF® used here for QM calculations. The BPC  attacking OH H-bonds to the &1@Asp120, and His263
and IMI structures and force field parameters were taken from H-bonds to @2@Asp120 and O4@CEF (Scheme 1, Figure 1
refs 13, 45. The substrates were docked onto the Bcll X-ray and Table 2). The C2 atom acquires aftsgbridization (Figure
structure (pdb code 3bc2) employing the program Dickith 1). At drs = 1.7 A, the forces on the constraint change sign,
the same protocol described above and in ref 25. Approximately suggesting that the transition state has been reached (TS1), and
2 ns MD simulations employing the AMBER force fiéldvere the C2-01 bond adopts a single bond character (Figure 1B,
performed on these models using the setup and analysis protocoFigure 2 in Sl). The ZaA-OH and N3-C2 bonds weakerd(=
reported for the BcH-CEF complex® 2.1(1) A and 1.5(1) A, respectively), and become very polar,
as suggested by the displacement of the BO’s (Figure 1B), as
well as by the increase of the charges at O@OH and at the
The H-bond pattern of the Michaelis complex of CEF with  zinc jon, along with a decrease of the charge at O1@CEF
monozinc Bcll emerging from a previous classical MD stitdy (Figure 1B).
is fully maintained in the QM/MM simulation (ES in Scheme After TS1, ck; is further decreased from 1.7 to 1.4 A, where
1 and Figure 1): the zinc-bound OH H-bonds to Aspl20, the average constraint force is essentially zero, suggesting that
Cys221, and an ordered water molecule (WAT). Asp120 also the C2@CEFO@OH bond is fully formed. The ZrO bond
forms a stable salt bridge with Arg121. The solvent molecule fctuates around a rather large value (2.3(2) A). Upon removal
WAT is bridging the zinc-bound OH and the CEF carboxylate of the constraint, the reaction intermediate (INT) is formed: the
(43) Marzari, N.; Vanderbilt, DPhys. Re. B 1997, 56, 12847-12865. anOH bond spontaneously brealds£ 4.5 A)’ thus regtorlng
(44) Humphrey, W.; Dalke, A.; Schulten,.Kl. Mol. Graphics1996 14, 33— a distorted tetrahedral polyhedron for the zinc ion, with WAT,
(45) ?é%arez, D.; Dimas, N.; Merz, K. M., Ir. Comput. Chen2002, 23, 1587 His116, _HISllS’ and_ His196 as ligands. AS expected, WAT
1600. oxygen is less negative than that of OH (Figure 1B). The zinc

Results and Discussion
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Reaction Mechanism of Monozinc f3-Lactamases ARTICLES

Table 2. Selected H-Bond Distances (A) for the Species in Scheme 1, as Obtained from the QM/MM Calculations

H-bond distances ES TS1 INT TS2 EP
OH-H@WAT 1.94(18)
OH-H@WAT 2.30(71)
H@OH:---O62@Asp120 1.72(15)
H@OH---O01@Asp120 1.54(10) 1.87(13) 1.02(2) 2.26(21)
H@WAT:--062@Asp120 1.82(10) 1.75(12) 1.89(4)
H@OH:---062@Asp120 1.83(3)
O@OH--H-S@Cys221 1.97(14)
O@WAT--+ H-S@Cys221 2.26(53) 2.10(15) 5.05(46)
O@OH--- H—=S@Cys221 2.34(38)
O@WAT:-- H—-S@Cys221 3.20(9) 3.73(81)
O@OH--H—Ne@His263 2.47(17)
O@WAT---H—Ne@His263 3.20(22) 3.04(20) 3.02(6)
O@OH--*H—Ne@His263 3.20(33)
O4:--Hc@WAT 1.85(12) 1.82(10) 1.96(13) 3.27(16) 1.98(30)
002@Aspl126--H—Nyl@Argl21 1.85(10) 1.91(13) 1.91(11) 1.92(12) 2.09(17)
062@Aspl120--H—Ne@Arg121 2.00(19) 1.95(16) 1.95(13) 2.07(9) 1.96(13)
002@Asp120--H—Ne@His263 2.30(28) 2.32(32) 2.53(54) 3.14(14) 3.29(25)
O7---H—N@Asp120 2.03(13) 3.46(37) 3.58(36) 5.54(16) 2.09(16)
A B C

D
: . . .
20+
— Bell-IMI
- | — Bell-BPC
| — Bei-ceF
1.5 \ \
g | ||
2 | { |
1.0 | I \ {
_ | f |
\l 1 i J
r l it | " f 1 l‘
{ | . |l Mo ‘!1 ' {
05 ‘Ii ALl i iy W y A .; \
vadd l Aspi20s “Hs196Cy22l His26a
NLl L3 L7 I8 L9 L12 L4 C

Figure 2. MD averaged structures of the Michaelis complexes for (A) B&BIPC, (B) Bcll-IMI, and (C) Bcll-CEF2® The structures are overlaid with
the X-ray structure of free Bcll (in gray). The zinc ions are represented as spheres, and the docked substrates are depicted as sticks. (D)gRat-mean-s
fluctuations of Bcl-CEF, Bcell-BPC and Bcl-IMI MD structures (active site residues and loop regions are indicated in abscissa as in ref 25).

charge changes during the reaction in a nontrivial manner, being Step 2.In the initial structural model for this step (INT, Figure
affected possibly by several factors, including the distance 1), WAT H-bonds to @2@Asp120, whereas @ @Asp120
between the metal ion and its ligands, the coordination number H-bonds to CEF and Arg121. To investigate the scission of the
and the presence of either a water molecule or an OH groupC2—N3 bond, we assume that this event is assisted by
binding to the Zn. The metal-bound WAT moiety H-bonds to protonation of the3-lactam N3 atond® It has been suggested
0O02@Aspl120 and to the O4@CEF carboxylate moiety. The that this proton could be delivered by Cys221, Asp120, His263,
C2—N3 bond is significantly weakened, fluctuating around 1.6- or by a water molecul&:14 However, Asp 120 is deprotonated.
(1) A, and becoming much more polar than in the ES complex His263 is unlikely to donate its polar hydrogen since it is located
(Tables 1, 2, Figure 1B). rather far from N3 €4 A), and it is not well oriented

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12665
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Figure 3. (A) Comparison between BecHCEF, Bcll-BPC, and Bclt-
IMI MD structures after~2 ns. (B) O@OH-water oxygen g(r)’s for the
three MD simulations.

(H@His263:--N3—C2@CEF~ 14(°). In addition, a neutral
imidazole is expected to be less acid than a zinc-bound water.
The proposal of His263 as the proton donor in Step 2 relies in
the assumption that the imidazole is positively chargéed.
However, DFT calculations on extended models of the active
site predict that His263 is neutral in the resting stat|owing

us to discard this hypothesis. Cys221, on its turn, is even farther
from N3 (~6 A). Instead, the zinc-bound WAT, which is the
only water accessible to N3, is very well suited to act as a proton
donor based on its distance (and orientation) to the N3 atom
(~3.3 A, HOWAT-*N3—C2@CEF~ 90°) and on its low
pKa174647 Thus, dH@WAT-N3@CEF)= dr; is chosen as
the reaction coordinatelg; is shortened from its initial value
(3.3 A) to 1.4 A, where the forces approach zero. The tetrahedral
coordination of the zinc ion and its charge are fully preserved
during this step (Figure 1, Tables-2).

At dro = 2.25 A, the C2-N3 bond breaks, and the N3 atom
now has an additional lone pair, and it is not yet protonate
(NC, Figure 1B and Figure 3 in Sl). The recently formed-O1
C2—O0H carboxylate moiety is able to transfer its proton to
O01@Asp120. Atdg, = 1.4 A, TS2 is reached (Figure 1B):
one of the two N3 lone pairs rearranges to form the—N3
bond. Consistently, the HO@WAT bond is elongated to 1.1

d

(46) Merz, K. M., Jr.J. Mol. Biol. 199Q 214, 799-802.
(47) Rasia, R. M.; Vila, A. JBiochemistry2002 41, 1853-1860.
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A, and the Zr-O@WAT bond distance is shortened (Table 1).
WAT loses its H-bond with Cys221, which in turn drives
another water molecule (WAJ) from the bulk solvent to the
active site by means of a H-bond interaction (Figure 1A, Table
2).

Upon removal of the constraint, the NBI bond is completely
formed, and the WAT ©H bond breaks, regenerating a
hydroxyl moiety (OH) bound to the zinc ion, i.e., the nucleo-
phile. In fact, the ZRRO@WAT bond lengthd = 1.9(1) A) is
consistent with a zinc-bound OH (Table 1). Cys221 H-bonds
to the newly formed zinc-bound hydroxide (QHTable 2),
whereas WAT s engaged in a H-bond network similar to that
involving WAT in the ES species (Scheme 1, Table 2). Finally,
Aspl120 can be easily deprotonated (see below) to yield EP.

Free Energy Profile. The free energy of Step ANF*y, turns
out to be 18.5(2.0) kcal/mol, whereas the free energy of Step
2, AF%,, is larger (21.0(2.0) kcal/mol). However, because of
the approximations herein employed (most notably the BLYP
approximatior?*35the limited sampling of configurations, and
the force-field treatment of the protein frame), we estimate that
the errors in these values prevent us from identifying the slowest
step in the reaction. It should be noticed that the overall barriers
are in fair agreement with the experimental and theoretical data
estimated for the hydrolysis of simild-lactams!314.48

The free energy associated with the proton transfer from
Aspl120 to CEF Ot C2-0y carboxylate (3(1) kcal/mal) is
much smaller than those for Step 1 and Step 2, allowing us to
discard this chemical event as rate-limiting.

Comparison with the Corresponding Reaction in Water.

In the first step of the simulation of the water-mediated
hydrolysis of CEF, TS1 is formed at much shorter distances
(dr1 = 1.5 A), and the hydrolytic water loses a proton during
the nucleophilic attack (see Sl). The calculatsé¥; is much
larger than in the enzyme catalyzed reaction (48(3) kcal/mol),
possibly due to the huge free energy cost associated with the
cleavage of the HO bond relative to that of the ZrO bond

in the enzyme (see SI).

Role of WAT and Extension of the Mechanism to Other
Substrates. Our calculations predict a water-assisted proton
transfer in the enzymatic mechanism not suggested before for
these enzymes. The involved water molecule WAT, initially
sandwiched between the metal center and the substrate as
revealed by MD studd (Figure 1), coordinates the zinc ion in
the first transition state TS1, guided by the H-bond interactions
with Cys221 and Aspl120, giving rise to a pentacoordinated
species. This event assists the reaction, since the cleavage of
the Zn—OH bond is counterbalanced by the formation of aZn
WAT bond. This fundamental feature is facilitated in Bcll by
the existence of a relatively open active site that allows for the
presence of WAT in the zinc coordination sphere in the enzyme/
CEF complex, as emerged from our previous MD simulatfon.
Thus, the zinc ion and the surrounding hydrogen bond network
in the active site may be depicted as a machinery conveying
water molecules to act as nucleophiles (Step 1, Figure 1) and
proton donors (Step 2). Binding of this water molecule to the
zinc ion is crucial for (i) favoring the proton transfer, by
lowering WAT K,, and (ii) adequately orienting WAT for Step
2. This arrangement facilitates both the nucleophilic attack and
the N3 protonation to occur at the same face of the substrate.

(48) Bicknell, R.; Waley, S. GBiochem. J1985 231, 83—88.
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This is contrary to the theory of stereoelectronic effects, which The S-lactams’ carboxylate groujd,besides being involved in
predicts that the nucleophilic attack and the nitrogen protonation substrate binding in B1 MBLSs, is a key structural determinant
in amide hydrolysis should be antiperiplad&towever, the for the positioning of WAT.
butterfly shape ofs-lactam antibiotics favors both chemical Upon TS2 formation, another water molecule (WRATfom
events to occur at the less hinderedace of the substraté. the bulk is guided to the cleavage site by Cys221, which is
Zinc(ll) is a d'° transition metal ion, with a flexible coordina-  properly aligned along a channel between the metal center and
tion geometry, based on its null ligand field stabilization energy the substrate. WATmight then be involved in the next catalytic
and its fast ligand exchange featuP@#4any crystal structures  cycle. The crystal structure of monozinc Cys221Ser Bcll reveals
have accounted for changes in the metal coordination spherea disrupted H-bond network in the active site, which, in line
of zinc enzymes complexes with inhibitors, substrates or with these predictions, could be the cause of the observed
transition state analoguésin particular, the direct involvement  decrease in activit§®
of an additional water molecule during turnover has been  Comparison with Other Proposed MechanismsThe herein
recently characterized in detail for the zinc enzyme alcohol proposed mechanism differs from others previously proposed
dehydrogenase.However, in that case, water binds to the metal in some central features. In the first step, the authors of refs 13
ion beforesubstrate binding and not during the formation of and 14 have proposed that thdactam carbonyl acts as a fifth
the transition state. The experimental and the theoretical ligand of zinc in Step 1. Instead, in our simulation, the zinc ion
characterization of this feature in metallohydrolases have beenexpands its coordination geometry by binding WAT and the
thwarted by two main reasons. First, it is very difficult to follow  carbonyl group remains relatively far from the zinc ion (3.7(2)
the zinc active site reactivity experimentally, since zinc is silent A, Table 1). Simple gas-phase model calculations performed
to most spectroscopic methods. Second, the studies of thesénere suggest that inclusion of a zinc-bound water at TS1
enzymes have been based on X!tay gas-phase structur&s}* stabilizes the structure by10 kcal/mol, and yields a zire
which lack this ordered water molecufe. carbonyl distance larger than in a model without a coordinated
To analyze whether the water-assisted mechanism might bewater molecule (see Sl). Overall, these evidences suggest that
a general feature gf-lactam hydrolysis, we have performed WAT is able to stabilize TS1 much better than thdactam
AMBER force fielc?” based MD simulations in the ns scale of carbonyl, since it is a much more flexible ligand than the
adducts with two othef-lactams, which, together with CEF,  substrate.
are representative of three groups of clinically ugeldctam In the second step, in our mechanism, the binding of WAT
antibiotics. These are benzylpenicillin (BPC) and imipenem to the zinc ion clearly leaves this water molecule as the sterically
(IMI) from penicillins and carbapenems family, respectively and energetically favored proton donor to fhactam nitrogen,
(Figures 2,3 and Supporting Information). The location of WAT instead of what was proposed in other mechanisms, which
and its H-bond pattern turn out to be conserved in the three involve Asp12@! or His263213as proton donors. Our proposal
enzyme-substrate complexes, providing @lenticaldegree of differs also from the hypothesis that a water molecule could be
solvation for the zinc ion and the nucleophilic OH (Figure 3B). the proton sourcé&,in fact in our model WAT is directly bound
Both BPC and IMI are very stable in the site, with small root- to the metal ion and therefore is a much better proton donor.
mean-square deviations (2.5(1) and 2.2(2) A, respectively), Our mechanism, as well as those already proposed, can only
giving productive Michaelis complex adducts, as indicated by be validated when more mutational, kinetic, spectroscopic, and/
the g-lactam carbonyl/zinc-bound hydroxide distances (3.6(4) or crystallographic studies are available.
A for BPC, 3.9(5) A for IMI, compared to 3.6 A for CEF), and Role of Active Site Residues in the ReactiorOur calcula-
by the optimal reciprocal orientation of the nucleophilic OH tions provide information on the role of conserved residues at
and thep-lactam carbonyl group (Figure 3A and Supporting the active site, which have been shown to be involved in
Information). These data correlate well with pre-steady-state catalysis by mutagenesis experiments: (i) Asp120, which is
binding data, that reveal a hig value for BPC binding, a  conserved in all MBL%¥ and whose mutation impairs the
lower kot value for cephalosporins, and a stable, nonproductive enzyme activity (unpublished results from our laboratéfy),
Bcll—IMI complex that rearranges to yield a productive plays a fundamental role in the reaction not only by orienting
adduct®® the attacking OK but also by steering WAT toward the metal
On the basis of these findings, we feel confident to propose ion and by assisting the zinc site reorganization upon the
that a similar mechanism, involving a water molecule as a proton nucleophilic attack. Asp120 is also involved in the proton
donor in Step 2, may be operative in the hydrolysis of the three transfer in Step 2 through a proton relay mechanism. In this
types of-lactams. These substrates possg$s¢aatam bicyclic model, Asp120 accepts a proton from a carboxylate moiety that
structure with a carboxylate group that is fundamental for is formed when the carbemitrogen bond is being cleaved, in
binding, despite adopting a slightly different orientation in the contrast with the previously proposed mechanism that involved
Michaelis complexes (Figure 3A, Tables 1,2 in Sl). This could the unlikely protonation of Asp120 by a diol grod.(ii)
also explain the fact that monobactams, which lack a bicyclic Arg121, which is important for catalysis by monozinc B#l,
core and the carboxylate moiety, are not hydrolyzed by Bcll. is able to anchor Asp120 through a stable salt bridge during

(49) Deslongchamps, Btereoelectronic Effects in Organic ChemistPerga- (54) Felici, A.; Amicosante, G.; Oratore, A.; Strom, R.; Ledent, P.; Joris, B.;
mon Press: New York, 1983. Fanuel, L.; Frere, J. MBiochem. J1993 291, 151-155.
(50) Lipscomb, W. N.; Sti@r, N. Chem. Re. 1996 96, 2375-2433. (55) Chantalat, L.; Duee, E.; Galleni, M.; Fee J. M.; Dideberg, OProtein
(51) Lovejoy, B.; Hassell, A. M.; Luther, M. A.; Weigl, D.; Jordan, S. R. Sci.200Q 9, 1402-1406.
Biochemistry1994 33, 8207-8215. (56) Seny, D.; Prosperi-Meys, C.; Bebrone, C.; Rossolini, G. M.; Page, M. |.;
(52) Kleifeld, O.; Frenkel, A.; Martin, J. M. L.; Sagi, Nat. Struct. Biol2003 Noel, P.; Free, J. M.; Galleni, M.Biochem. J2002 363 687—696.
10, 98-103. (57) Garrity, J. M.; Carenbauer, A. L.; Herron, L. R.; Crowder, M. VBiol.
(53) Rasia, R. M.; Vila, A. JJ. Biol. Chem 2004 279 (25), 26046-26051. Chem.2004 279 (2), 920-927.
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the entire reaction. (iii) Cys221, which is conserved among B1 detailed theoretical model for the catalytic mechanism of this
enzymes;’ guides WAT toward the zinc ion, and orients the enzyme, which can be taken into account for the development
nucleophile through H-bond interactioffs® (iv) The fully of potential inhibitors. In particular, these inhibitors could

OH, and WAT during the reactiotf. of the ordered molecule.

Concluding Remarks
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Finally, considering the lack of an experimental structure of
a substrate-enzyme complex for MBLs, this study provides a JA048071B
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