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Abstract: Hybrid quantum mechanical/molecular mechanical (QM/MM) methods and density functional
theory (DFT) were used to investigate the initial ring-opening step in the hydrolysis of moxalactam catalyzed
by the dizinc L1 -lactamase from Stenotrophomonas maltophilia. Anchored at the enzyme active site via
direct metal binding as suggested by a recent X-ray structure of an enzyme—product complex (Spencer,
J.;etal. J. Am. Chem. Soc. 2005, 127, 14439), the substrate is well aligned with the nucleophilic hydroxide
that bridges the two zinc ions. Both QM/MM and DFT results indicate that the addition of the hydroxide
nucleophile to the carbonyl carbon in the substrate lactam ring leads to a metastable intermediate via a
dominant nucleophilic addition barrier. The potential of mean force obtained by SCC-DFTB/MM simulations
and corrected by DFT/MM calculations yields a reaction free energy barrier of 23.5 kcal/mol, in reasonable
agreement with the experimental value of 18.5 kcal/mol derived from kc: of 0.15 s72. It is further shown
that zinc-bound Asp120 plays an important role in aligning the nucleophile, but accepts the hydroxide proton
only after the nucleophilic addition. The two zinc ions are found to participate intimately in the catalysis,
consistent with the proposed mechanism. In particular, the Zn; ion is likely to serve as an “oxyanion hole”
in stabilizing the carbonyl oxygen, while the Zn; ion acts as an electrophilic catalyst to stabilize the anionic
nitrogen leaving group.

1. Introduction because of rapid proliferation of SILs in opportunistic patho-
The rapidly increasing prevalence of penicillin-resistant 9€nic bacteria such @&seudomonas aeruginosad Stenotro-

bacterial strains poses a great challenge to the future treatmenPhomonas maltophilid.The acquisition of the ML genes by

of infectious diseasés®? The most common mode of drug Major pathogens is only a matter of time. The outlook is very

resistance in many pathogenic bacteria is conferreg-tgc- troubling Wit_hout effective inhibitors _of I_)ﬂLs, which in tL_Jrn

tamases. These are bacterial enzymes that deactivate penicilliféauire detailed knowledge on the binding and catalysis.

and its analogues by catalyzing the hydrolytic cleavage of the ~MBLs are further divided into three subclasSé&xcept for

amide (C-N) bond in the functionally conserved lactam rihg. B2 €nzymes, all MLs (subclasses B1 and B3) typ.lcallly hgve

Historically, A-lactamases have been divided into four classes, tWO zinc cofactors. The WL we are concerned with in this

in which Class A, C, and D enzymes utilize an active-site serine WOk, namely L1 from S maltophilia is a representative

in covalent catalysis, while those in Class B require one or two Member °f1(tjhe B3 su_bclais_la;nd has been investigated both

Zn(ll) ions to activate the water nucleophile. The catalytic Structurally*°and kinetically:* This enzyme is an important

mechanism of the serine-baggdactamases is well-known, and ~ SPurce of drug resistance and has a very broad substrate profile,

effective inhibitors have been develope®n the other hand,

neither substrate binding nor catalysis of the less known Class

B metallof-lactamases (MLs) is well understoo@¢ a fact that

is reflected by the absence of clinically useful_ |nh_|b|tors for Gamblin. S. J.: Spencer, J. Mo). Biol, 1908 284 125,

these enzymes. Although the occurrence @il is still low, (10) Spenbcler, J.; Read, J.;hSessions, R. B.; Howell, S.; Blackburn, G. M.;

i ; B Gamblin, S. JJ. Am. Chem. So@Q005 127, 144309.
they pose a pqtentlally devastating threat because of their broad(1l vang, K.-W.. Crowder, M. WArch. Biochem. Biophy£.999 368 1.
substrate profiles, which often encompass nearly3diictam (12

)
) McManus-Munoz, S.; Crowder, M. ViBiochemistry1999 38, 1547.
TP (13) Spencer, J.; Clarke, A. R.; Walsh, T. R.Biol. Chem2001, 276, 33638.
antibiotic compoundé. The threat looms Iarger every day (14) Carenbauer, A. L.; Garrity, J. D.; Periyannan, G.; Yates, R. B.; Crowder,
M. W. BMC Biochem2002, 3, 4.

(15) Simm, A. M.; Higgins, C. S.; Carenbauer, A. L.; Crowder, M. W.; Bateson,

(7) Walsh, T. R.; Toleman, M. A.; Poirel, L.; Nordmann, ®in. Microbiol.
Rev. 2005 18, 306.

(8) Galleni, M.; Lamotte-Brasseur, J.; Rossolini, G. M.; Spencer, J.; Dideberg,
O.; Frere, J.-MAntimicrob. Agents Chemothe2001, 45, 660.

(9) Ullah, J. H.; Walsh, T. R.; Taylor, I. A.; Emery, D. C.; Verma, C. S.;

T University of New Mexico.

* University of Wisconsin.
(1) Neu, H. C.Sciencel992 257, 1064.
(2) Walsh, C.Nature200Q 406, 775.
(3) Knowles, J. RAcc. Chem. Red985 18, 97.
(4) Fisher, J. F.; Meroueh, S. O.; MobasheryCBem. Re. 2005 105 395.
(5) Bush, K.Clin. Infect. Dis.1998 27, S48.
(6) Crowder, M. W.; Spencer, J.; Vila, A. Acc. Chem. Re2006 45, 13650.
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J.; Bennett, P. M.; Clarke, A. R.; Halford, S. E.; Walsh, T. R.Biol.
Chem.2002 277, 24744.

(16) Garrity, J. D.; Carenbauer, A. L.; Herron, L. R.; Crowder, M. WBiol.
Chem.2004 279, 920.

(17) Garrity, J. D.; Pauff, J. M.; Crowder, M. W. Biol. Chem.2004 279,
39663.

(18) Garrity, J. D.; Bennett, B.; Crowder, M. \Biochemistry2005 44, 1078.
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Scheme 1. Definition of Atoms and Proposed Mechanism for the Initial Ring-Opening Step in Moxalactam Hydrolysis Catalyzed by L1
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hydrolyzing nearly allg-lactam compound®. An important

Despite the accumulation of structural and kinetic data, the

breakthrough was made recently concerning the enzyme rec-details of the enzymatic reaction are still lacking. Chief among

ognition of B-lactam antibiotics, in which Spencer et al.
determined the first high-resolution structure of a dizinGLM

(L1) complexed with a substrate analogue (hydrolyzed moxa-

lactam). Such a feat has only been achieved for tw#i $1so
far, the other being the monozinc CphA enzyme fréwero-
monas hydrophild® This new development allowed us to
recover in an unambiguous fashion the structure of the enzyme
substrate complex using a computational appréaeihich laid

mechanistic uncertainties are the roles of the metal cofactors
and of the highly conserved metal-bound Asp120, the existence
of a Tl and its stability, and the proton-transfer pathways. Some
issues concerning FL binding and catalysis have been
addressed theoretically by several groé&d¥,4° but few have
examined the chemical steps with the explicit inclusion of the
protein environment!=43 This is largely due to difficulties
associated with a quantum mechanical characterization of the

the ground work for the understanding of the chemical steps metal-containing active site. In this work, we present a thorough

reported here.
The lactam ring-opening step catalyzed byl is believed
to be initiated by the attack on the lactam carbonyl carba (C

guantum mechanical/molecular mechanical (QM/MM) study of

the initial catalytic step of a dizinc BL, specifically, the ring-

opening of moxalactam by L1 frorS8. maltophilia, which is

by an active-site water/hydroxide (see Scheme 1 for atom thought to limit the catalyzed reaction for mogtlactam

definitions)823 In dizinc MBLs, the nucleophilic hydroxide is

antibiotics!® The QM region was treated by the self-consistent

in a bridging position between two zinc ions, each coordinated charge-density functional tight binding (SCC-DFTB) methbt?,

by three protein ligand%°In L1, the three ligands in the so-

called Zn site are His116, His118, and His196, whereas those (27 Diaz, N.; Suarez, D.; Merz, K. M. JJ. Am. Chem. So@00Q 122, 4197.

in the Znp position are His121, His263, and Asp120. The
addition of the OH moiety to G leads to cleavage of the lactam

C—N bond, possibly via a tetrahedral intermediate (Tl). The
resulting anionic nitrogen leaving group is believed to be
stabilized by the Zxion in a kinetically competent intermediate

state before its final protonatidi.13.18.24.26

(19) Costello, A.; Periyannan, G.; Yang, K.-W.; Crowder, M. W.; Tierney, D
L. J. Biol. Inorg. Chem2006 11, 351.

(20) Crowder, M. W.; Walsh, T. R.; Banovic, L.; Pettit, M.; Spencer, J.
Antimicrob. Agents Chemothet998 42, 921.

(21) Garau, G.; Bebrone, C.; Anne, C.; Galleni, M.; Frere, J.-M.; Dideberg, O.
J. Mol. Biol. 2005 345, 785.

(22) Xu, D.; Guo, H.; Cui, QJ. Phys. Chem. 2007, 111, 5630.

(23) Wang, Z.; Fast, W.; Valentine, A. M.; Benkovic, S.Clrr. Opin. Chem.
Biol. 1999 3, 614.

(24) Wang, Z.; Fast, W.; Benkovic, S.J.Am. Chem. S0d.998 120, 10788.

(25) Wang, Z.; Fast, W.; Benkovic, S. Biochemistry1999 38, 10013.

(26) Kaminskaia, N. V.; Spingler, B.; Lippard, S.Jd.Am. Chem. SoQ001,
123 6555.

)

28) Salsbury J.F.R; Crowley, M. F.; Brooks, C. L., IAroteins2001, 44,

( 9) Suarez D.; Diaz, N.; Merz, K. M., JJ. Comput. Chen2002 23, 1587.

30) Suarez, D.; Brothers, E. N.; Merz, K. M., Biochemistry2002 41, 6615.

(31) Gu, W.; Zhu, J.; Liu, HJ. Theor. Comp. Chen2002 1, 62.

(32) Dal Peraro M.; V|Ia A. J.; Carloni, Rnorg. Chem.2003 42, 4245.

(33) Krauss, M.; Gresh N, Antony J. Phys. Chem. B003 107, 1215.

(34) Olsen, L.; Antony, J.; Ryde, U.; Adolph, H.-W.; HemmingsenJLPhys.
Chem. B2003 107, 2366.

(35) Olsen, L.; Rasmussen, T.; Hemmingsen, L.; RydeJ..Phys. Chem. B
2004 108 17639.

(36) Dal Peraro, M.; Vila, A. J.; Carloni, FRroteins2004 54, 412.

37) Park, H.; Merz, K. M., JrJ. Med. Chem2005 48, 1630.

(38) Park, H.; Brothers, E. N.; Merz, K. M., If. Am. Chem. So005 127,
4232.

(39) Xu, D; Zhou Y.; Xie, D.; Guo, HJ. Med. Chem2005 48, 6679.

(40) Estiu, Suarez D,; Merz K. M., Jt. Comput. Chen006 27, 1240.

(41) Dal Peraro M.; LIarruII L. Rothhsberger, U,; Vila, A. J.; Carloni,P.
Am. Chem. 80(2004 126, 12661.

(42) Xu, D.; Xie, D.; Guo, HJ. Biol. Chem2006 281 8740.

(43) Dal Peraro M.; Vila, A. J.; Carloni, P.; Klein, M. LJ. Am. Chem. Soc.
2007, 129, 2808.

(44) Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, J.; Haugk, M.; Frauenheim,
T.; Suhai, S.; Seigert, @hys. Re. 1998 B58 7260.
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which has been shown to provide very encouraging results for bridging the two metal ions, the side chains of the protein ligands
zinc enzyme§l39424647including the L1-moxalactam com-  (His116, His118, His196, Asp120, His121, and His263), and the entire
plex22 Corrections to the semiempirical method were introduced Substrate. The CHARMM van der Waals parameters were used for the

by single-point B3LYP/MM calculations along the reaction path, 125 QM atoms. The MM TE%L(;” in our model was described by the
In addition, we present high-level density functional theory CHARMM all atom force fieldk® The interface between the QM and

(DFT) results based on a truncated active-site model to vaIidateMNI regions was approximated using link atofiisyhich were added

- . . to C; atoms of the six protein residues. Throughout the simulations,
the mechanistic steps unraveled by the QM/MM simulations. . group-based switching approdichvas applied to treat the non-

Such theoretical studies are important because they bridge thg,onged interactions, which has been shown to be essential for the L1
gap between experimental measurements and an atomistiGnoxalactam comple® All QM/MM calculations reported here were
understanding of the enzymatic process and may help the futurecarried out using CHARMNP with either a SCC-DFTB interfaéeor
design of new therapeutic agents that inhibjfl\g. a GAMESS interfacé?
2 Methods As detailed in our recent work, the model ES complex was
constructed from the X-ray structure of the L1 enzyme complexed with
2.1. QM/MM Simulations. The hybrid quantum mechanical/  hydrolyzed moxalactam (PDB code 2AI&)This is a unique feature
molecular mechanical (QM/MM) approach is a well established tool pecause the mode of substrate binding was established on the basis of
for studying extended systems including enzyrfe®. The QM/MM an experimental observation rather than on computational docking
ided*is simple: treating a small reactive system with accurate quantum procedures as in many previous studies, which are often unreliable when
mechanics while approximating the surroundings with a classical force metal jons are involved. The ionization states of all titratable side chains
field. This is necessary because the bond-breaking and bond-formingwere carefully assigned, and the disulfur bond between Cys218 and
processes cannot be easily modeled by a force field, while a full cys246 was enforced. The complex was solvated with a pre-equilibrated

guantum treatment of the enzymatic system and solvent is formidable.
The QM/MM approach is also preferred for metallo-enzymes because,

in principle, it offers a reliable description of both chemical and
electrostatic interactions in the liganthetal coordination and is capable

sphere of TIP3P wate¥swith a 25 A radius centered at the hydroxide
oxygen atom, followed by 30 ps solvent molecular dynamics (MD)
with all protein and substrate molecules fixed. This process was repeated
several times with randomly rotated water spheres to ensure even

of handling complications, such as a change of the coordination number,sgjyvation. Stochastic boundary conditiheere then applied to the

during a reaction.

Ideally, the QM part of the calculation should be treated with ab
initio methods such as the density functional theory (DFT) method.
However, the numerical costs of the ab initioc QM/MM approach
restricted its application to systems involving small QM regigSor
dinuclearf-lactamases such as L1, it is essential to include not only

enzyme-substrate complex. In particular, atoms which are 25 A away
from the zinc-bridging hydroxide ion were removed, while those in
the buffer zone (2 r < 25 A) were subjected to Langevin dynamics
with frictions and random forces to simulate the influence of the bulk
that was not included in the simulation. The atoms in the reaction zone
(r < 22 A) were described by Newtonian dynamics on the hybrid QM/

the metal ions and substrate but also the protein ligands. The largepmm potential.
number of atoms in our system thus makes such an approach very Tg study the initial ring-opening step, we concentrated on two

expensive, especially for optimization and dynanmifcéstead, we
largely relied on a recently developed approximate density functional
method, namely the self-consistent charge-density functional tight
binding (SCC-DFTB) methotf, in our treatment of the QM region.

putative reaction coordinates. The first is associated with the nucleo-
philic addition (NA) of the hydroxide nucleophile to the lactam carbonyl
carbon (@) and the associated elimination (E) of the leaving group:
di = Ro,-c; — Reg—ns, While the second is related to the proton transfer

The semiempirical SCC-DFTB method is based on a second-order (pT) from the nucleophilic hydroxide togof Asp120: d, = Ro,,-+,
expansion of the total DFT energy with respect to the charge-density — r, . = Our selections were based on examination of how various
variation. Its major advantage is its efficiency, with a speed comparable ponds participate during the reaction process. To understand the

to that of other semiempirical methods such as AM1 and PM3, while
offering reasonable accurat}f?5 A particularly important advance
related to this work is the recent parametrization of the biological zinc,

which yielded results such as geometry and ligand binding energies

that are in much better agreement with the B3LYP/6-BGX* model

than other semiempirical methotfRecent applications of SCC-DFTB/

MM to zinc enzymes have shown very encouraging reggifts3®42:47

To correct the possible inaccuracies in the semiempirical SCC-DFTB

method, we further carried out single-point B3LYP/MM calculations

along the reaction path determined by the SCC-DFTB/MM protocol.
Following our recent work? the QM region in our simulations

includes the two zinc ions, the putative hydroxide ion nucleophile

(45) Cui, Q.; Elstner, M.; Kaxiras, E.; Frauenheim, T.; Karplus, MPhys.
Chem. B2001, 105, 569.

(46) Elstner, M.; Cui, Q.; Munih, P.; Kaxiras, E.; Frauenheim, T.; Karplus, M.
J. Comput. Chen2003 24, 565.

(47) Riccardi, D.; Schaefer, P.; Yang, Y.; Yu, H.; Ghosh, N.; Prat-Resina, X.;
Konig, P.; Li, G.; Xu, D.; Guo, H.; Elstener, M.; Cui, Q. Phys. Chem.
B 2006 110, 6458.

(48) Gao, JAcc. Chem. Red.996 29, 298.

(49) Monard, G.; Merz, K. M., JrAcc. Chem. Red.999 32, 904.

(50) Friesner, R. A.; Guallar, VAnnu. Re. Phys. Chem2005 56, 389.

(51) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227.

(52) Kruger, T.; Elstner, M.; Schiffels, P.; FrauenheimJTChem. Phys2005
122 114110.

(53) Sattelmeyer, K. W.; Tirado-Rives, J.; Jorgensen, WJ.lPhys. Chem. A
2006 110, 13551.

(54) Otte, N.; Scholten, M.; Thiel, Wl. Phys. Chem. 2007, 111, 5751.

(55) Seabra, G. d. M.; Walker, R. C.; Elstner, M.; Case, D. A.; Roitberg, A. E.
J. Phys. Chem. 2007, 111, 5655.

10816 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007

landscape of the reaction path, we first computed (using adiabatic
mapping) the two-dimensional minimal energy surface in the afore-
mentioned putative reaction coordinates.

To further include the fluctuation of the solvated protein, we have
computed the potentials of mean force (PMFs) in both coordinates,
using the SCC-DFTB/MM protocol. The minimal energy configurations
along the reaction path were used as the initial structures in the PMF
calculations. In the PMF calculations, umbrella samgfingith
harmonic constraints in the 16A50 kcal/molA2 range was used in
the sampling windows. A 30 ps equilibrium MD simulation was carried
out to increase the temperature to 300 K and was followed by 30 ps
data collection for each sampling window. Finally, the weighted
histogram analysis method (WHARfwas used to obtain the PMF.

In the MD simulations, the SHAKE meth&dwvas applied to maintain
all covalent bond-involved hydrogen atoms except the ones involved

(56) MacKerell, A. D., Jr.; et alJ. Phys. Chem. B998 102 3586.

(57) Field, M. J.; Bash, P. A.; Karplus, M. Comput. Chem199Q 11, 700.

(58) Steinbach, P. J.; Brooks, B. R. Comput. Chenil994 15, 667.

(59) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Chenil983 4, 187.

(60) Eurenius, K. P.; Chatfield, D. C.; Brooks, B. R.; Hodoscek, IM. J.
Quantum Chem1996 60, 1189.

(61) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926.

(62) Brooks, C. L., lll; Brunger, A.; Karplus, MBiopolymers1985 24, 843.

(63) Torrie, G. M.; Valleau, J. Rl. Comput. Phys1977, 23, 187.

(64) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg, J.
M. J. Comput. Cheml992 13, 1011.
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in proton transfer, and the integration time step was 1.0 fs. Finally, the
PMFs were corrected by including the difference between the SCC-
DFTB/MM energy profile along the reaction path and the B3LYP/
MM single-point energies along the same reaction path.

2.2. Truncated Active-Site Model and DFT. To provide an
independent check on the QM/MM models described above, we have
also studied the catalysis with a truncated active-site model using DFT.
Such a model consists of the two metal ions, the nucleophilic,OH
and analogues for the protein ligand and the substrate. In particular,
the histidine side chain was approximated by methyl imidazole, and
the aspartate side chain, by acetate. For the substrate molecule, the
7o-[(4-hydroxyphenyl)malonyllamino group was removed, and the
1-methyltetrazolyl-5-thiolate group was replaced with a methyl group.
The total number of atoms is 96. The initial guess of the ground-state
complex was obtained from the optimized QM/MM structure.

The Becke3-Lee—Yang—Parr (B3LYP) exchange-correlation func-
tionaf%6” and a standard basis set (6-31G(d)) were used in the full
geometry optimization carried out to locate stationary points along the
reaction path. These stationary points were connected via intrinsic
reaction pathi§ and were confirmed by harmonic frequency calcula-
tions. Single-point calculations were then performed for these stationary
points with a larger basis set (6-8%G(d,p)). The polarized continuum
model (PCM§° was used to account for long-range solvent effects both
in the protein environment (= 5) and in water { = 80). All DFT
calculations were performed using Gaussiaf®3.

moxalactam

| His263

3. Results

3.1. ES ComplexThe structure of the ES complex optimized
by the SCC-DFTB/MM protocol is illustrated in Figure 1, and
some key geometric parameters are listed in Table 1. The two
zinc ions are ligated by six protein ligands as well as the bridging
hydroxide, and their internuclear distance of 3.55 A is close to
the experimental value of 3.68 RThe slightly shorter distance
between the oxygen () moiety of the bridging ligand and
Zny observed in the X-ray stué§was reproduced by our model.
As shown in Table 1, the overall geometry of the metal centers
predicted by our simulation is quite similar to that of the X-ray
structure, which underlines the reliability of the SCC-DFTB
approach in describing molecular geometry.

The ES complex features a direct substratestal contact.
In particular, the @ carboxylate of the substrate displaces the
“apical” water observed in the apo enzyhte become the fourth
ligand of Zrp. The corresponding bond length of 2.26 A is close
to the experimental value of 2.30/&Such a direct substrate
metal Conta_'Ct has also been sc_aen_exper_lmentally m_(_:phA from Figure 1. Snapshots of the QM/MM stationary points along the reaction
A. hydrophilawhere the sole zinc ion is in the Zposition?! path for the L1-catalyzed moxalactam hydrolysis.
Because the £ carboxylate is conserved in aff-lactam
antibiotics, its coordination with the Znion is thought to reaction, the strong interactions between the&boxylate and
represent the common mode of substrate binding fiL8# In Zny/Ser221/Ser223 are maintained, as shown by the correspond-
addition to the strong interaction with Zrthe carboxylate is  ing bond lengths listed in Table 1.
also hydrogen bonded with the side chains of Ser221 and Ser223 Thanks to the anchoring of the; Carboxylate in the enzyme
(not shown in the figure), as evidenced by the hydrogen bond active site, the substrate is positioned in an ideal near-attack
distances of 1.65 and 1.62 A, respectively. As pointed out by configuration. The distance between the nucleophilic hydroxide
Spencer et al? these serine residues are the equivalent of the oxygen (Q,) and the lactam carbonyl carbong]Gs only 2.76
conserved lysine residue in class B1 and B2Ld, and might A. In addition, the nucleophilic hydroxide bridging the two metal
play an important role in substrate binding. Throughout the ions is oriented by a hydrogen bond with the nonmetal-binding
Os1 of Asp120, as suggested by the X-ray datéThe carbonyl
(65) Ryckaert, J. P.; Ciccotti, G.; Berendsen, HJ.JComput. Phys1977, 23, oxygen (Q) and nitrogen (N are quite close (see Table 1) to

327 the two zinc ions, ready to tap into the positive charges provided

(66) Becke, A. D.J. Chem. Phys1993 98, 5648.

(67) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. by these electrophilic agents.

(68) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523. ; B

(69) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. As shown in our recent study on substrate bindihge

(70) Frisch, M. J.; et alGaussian, Inc.: Pittsburgh, PA, 2003. aforementioned active-site structure is well maintained at room

J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007 10817
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Table 1. Selected Geometry Parameters for Stationary Points along the Reaction Path of the L1-Catalyzed Hydrolysis of Moxalactam?
Bond Distances (A)

DFT/truncated active-site model QM/MM model

ES TS1 Tl TS2 El ES TS1 | TS2 El exptit®
Ow+Csg 5.70 1.84 1.39 1.34 1.25 2.76 2.06 1.45 1.44 1.36 —
Cg**Ns 1.38 1.42 1.63 1.99 2.86 1.42 1.85 2.18 2.20 2.52 2.75
Og++Cg 1.21 1.27 1.33 1.29 1.29 1.21 1.18 1.21 1.22 1.23 —
Hw**Ow 0.99 1.01 1.01 1.03 1.63 0.99 1.00 1.04 1.10 1.98 —
Ns++-Zn2 4.84 2.77 2.15 2.05 1.93 2.99 2.88 2.08 2.08 1.98 2.38
Oq1°+°ZNn2 2.20 2.09 2.07 2.18 2.06 2.26 2.20 2.25 2.23 2.15 2.30
Og-+Znl 5.00 2.16 1.93 1.94 1.93 3.35 3.14 2.91 2.89 2.89
Ow++Znl 1.90 2.06 2.71 2.89 3.15 1.95 2.00 2.07 2.09 2.05 1.98
Ow*++Zn2 1.96 2.07 2.98 3.21 3.84 2.09 2.36 2.99 2.97 2.92 2.15
Oq1°+°H,(S221) - — - — — 1.65 1.64 1.60 1.60 1.57 269
O12++H,(S223) - - - - - 1.62 1.62 1.63 1.63 1.65 266
Zng-+*Ns(H118) 2.03 2.06 2.07 2.05 2.05 2.02 2.02 2.01 2.01 2.03 2.08
Zn;--*NH116) 2.02 2.08 2.03 2.05 2.05 2.05 2.04 2.01 2.01 2.04 2.20
Zn;-+*N(H196) 2.03 2.08 2.02 2.01 2.02 2.00 2.01 1.97 1.99 1.99 2.07
Zny++-052(D120) 2.18 2.12 2.05 2.08 2.51 2.19 2.14 2.16 2.18 2.43 2.19
Znp--*N(H121) 2.05 2.09 2.09 2.09 2.05 2.05 2.01 2.07 2.08 2.04 2.08
Znp-+*N(H263) 2.07 2.09 2.08 2.08 2.05 2.08 2.07 2.03 2.04 2.08 2.10
Hy++0s1(D120) 1.67 1.68 1.65 1.54 1.01 1.85 1.88 1.72 1.50 1.01 -
Zm—2Zny 3.73 3.81 5.21 5.39 5.78 3.55 3.60 4.01 3.97 3.99 3.68

Angles (deg)

DFT/truncated active-site model QM/MM model

ES TS1 Tl TS2 El ES TS1 | TS2 El exptit
Zng+++Oy+Zny 150.3 — - 122.6 - - 125.1
Owe++Zny=-*N(H116) 110.5 — — — - 115.3 - — - - 97.2
Owe++Zng=--Nys(H118) 107.2 - - - - 117.2 - - - - 111.6
Owe++Zny*-*N(H196) 108.5 - - 121.4 - - 135.9
Ow*++Zny++011 94.1 — — - - 88.5 — - — - 91.3
Owe++Zny--N(H263) 129.0 - — — - 148.5 — — — - 166.4
Owe++Zny N (H121) 116.2 - - - - 100.8 - - - - 97.2
Ouwr++ZNy+*0p2(D120) 90.3 - - 89.7 - - 84.5
Owr**Hy+*0s1(D120) 1715 - - - - 152.1 - - - - -
N(H263)+-Zny---N.(H121) 114.6 106.4 1125 112.1 107.2 110.7 112.7 108.6 108.2 105.3 96.3
N(H263)++Zny-++042(D120) 85.8 85.6 88.1 87.6 85.1 82.2 83.0 87.1 86.4 80.4 93.2
Ne(H121)-+-Zny+-Os2(D120) 90.4 90.4 97.5 94.8 84.5 101.3 101.4 97.3 95.7 92.9 92.7
Ns(H118)--Zny---N(H116) 113.2 112.2 107.8 110.2 106.5 95.0 95.5 97.8 98.2 96.4 99.4
Ns(H118)+-Zny:-*N(H196) 106.2 106.6 106.2 107.3 111.9 109.9 110.5 1131 112.0 111.8 107.9
Ne(H116)-+Zny+-*N.(H196) 111.0 93.7 114.9 117.1 117.0 92.2 91.7 93.5 93.3 92.3 94.9

aThe QM/MM and DFT/truncated active-site results are also compared with available experimentaiQia@.distances.

temperature, although the internuclear distances are usuallycompanied by transfer of the hydroxide proton tg 6f Asp120.
larger than the minimal energy configuration discussed above To illustrate the timing of the proton-transfer relative to the
and in better agreement with the experimental data. nucleophilic substitution process, we display in Fig@ra two-
Reaction Path.The nucleophilic attack of the lactam carbonyl dimensional minimum energy surface in the two reaction
carbon (G) by the bridging hydroxide (¢) sets off a cascade coordinates. As shown by the figure, the first transition state
of geometric changes, culminating with an enzyme-intermediate clearly precedes the proton transfer, indicating that Asp120 is
(El) complex featuring a cleaved lactam amidg—Gls bond. not a general base. On the other hand, the collapse of the
Two transition states between the ES and El complexes wereintermediate is largely along the PT coordinate. As shown
found in our SCC-DFTB/MM simulations, and they flank a in Figure 2, the intermediate is only nominally stable and it
metastable intermediate (I) complex. The geometries of thesecan easily collapse to the EI complex. Despite the kinetic
stationary states are displayed in Figure 1, and the importantinsignificance of the intermediate, however, the reaction does
internuclear distances and angles are listed in Table 1. Notenot proceed concertedly and should still be considered as
that the geometry of | is a distorted tetrahedral, with an elongated stepwise.
Cs—Ns bond. Although it clearly corresponds to the tetrahedral ~ An interesting mechanistic issue is concerned with the
intermediate in the DFT reaction path, as discussed below, weinteraction between the hydroxide nucleophile and. Bome
refrain from calling it a TI. believed that the (-Zn, bond is broken during the nucleophilic
The dominant first transition state (TS1) involves largely the addition to G of the substraté.Our QM/MM structure of the
shortening of the @—Cg distance, which changes from 2.76 A dominant transition state (TS1) indicates that the nucleophilic
in ES t0 2.06 A in TS1. On the other hand, the second transition O, is much closer to Znthan to Zn. However, the Q—2n;,
state (TS2) stems largely from the cleavage of the bond to the distance of 2.99 A seems to suggest that there is still significant
nitrogen leaving group, as evidenced by the elongation of the interaction. This observation highlights the importance of Zn
Cs—Ns distance from 2.20 A in TS2 to 2.52 A in El.  and could be important for understanding the influence of the
Interestingly, the elimination of the leaving group is ac- zinc content on the catalytic efficiency in/Ms.
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Figure 2. QM/MM minimal energy surface for the reaction and proton-
transfer coordinates in the L1-catalyzed hydrolysis of moxalactam.

1.5

As shown in Figure 1, the El complex features an opened
lactam ring with a completely cleavedg€Ns bond, as

evidenced by the corresponding distance of 2.52 A. The resulting

leaving group nitrogen (B becomes strongly ligated with Zn

as evidenced by the corresponding distance of 1.98 A. In the
meantime, the lactam carbonyl oxygen also forms a quite strong

bond with Zn (d(Oy—Zn;) = 2.89 A). The hydroxide proton is

05 0 -0.5
d, (A)

Figure 3. PMFs for the initial ring-opening step in the L1-catalyzed

hydrolysis of moxalactam obtained with the SCC-DFTB/CHARMM model

with (solid line) and without (dashed line) corrections based on B3LYP/

MM calculations. For detail of the correction, see text.

the QM model used in our simulation, which may also explain
the underestimation of the rate-limiting barrier.

The surprisingly large exothermicity and relatively low barrier
height at TS1 in the SCC-DFTB/MM PMFs are likely due to
the inherent errors in the semiempirical SCC-DFTB treatment
of the QM region. Recent studies have indeed shown that SCC-
DFTB tends to yield larger bonding energies than ab initio or
DFT method$* which might be responsible for the underes-
timation of barrier heights. To gauge the extent of inaccuracies,
we have performed single-point B3LYP/MM calculations along
the reaction path determined by the SCC-DFTB/MM protocol.
As shown in Figure 2, the reaction path follogisand therd,.

As a result, we have represented the reaction path in two
segments, each with one reaction coordinate fixed. Since the
entire substrate is included in the QM region, the number of

transferred to the Asp120 side chain that, as a result, weakenssjecirons is significantly larger than that in the truncated active-

its coordination with Zp as evidenced by the longers£-Zn,
distance (2.43 A). Although still hydrogen bonded with the
transferred proton, the deprotonateg&@om is coordinated with
Zny, resulting in a larger ZaZn distance (3.99 A).
Throughout the reaction path, the metigand bonds and

site model. We have used the LANL2DZ basis set for the zinc
and sulfur atoms with the effective core potentials (ECP$J,

and the standard 6-31G(d) basis set for other atoms (C, O, N,
and H). The B3LYP/MM energies were obtained using a
GAMESS-CHARMM interface, and their differences from the

hydrogen bonds between the enzyme and substrate are mostly.yresponding SCC-DFTB/MM energies were fitted to third-

maintained. The only exception is the aforementioned- Zn

Asp120 interaction, which is weakened because of the Asp120

protonation.
3.2. Potentials of Mean ForceAlthough it provides much

insight into the reaction mechanism, the reaction path discussed

in the previous section does not contain entropic information.
To include the protein and solvent fluctuations, we have

computed the PMFs along the two putative reaction coordinates

respectively. Twelve windows were used in the first segment
alongd; starting from ES to TI, while ten were used alotg
from Tl to EI.

As shown in left panel in Figure 3, the dominant first barrier
has a free energy of activation of 7.9 kcal/mol, which is slightly
lower than that obtained in the reaction path calculatief
kcal/mol). The calculated free energy barrier is significantly
smaller than the experimental value (18.5 kcal/mol) derived from
the turnover ratek¢a = 0.15 s1).20 The intermediate complex
() was found to be unstable, but its signature is clearly
discernible in the PMF. This is consistent with the reaction path
results in Figure 2, where the corresponding minimum is very
shallow. Finally, the ring-opening step releases 24 kcal/mol of

energy, according to the free energy profile. As discussed below

order polynomials in the two reaction coordinatds &énddy),

as discussed in Supporting Information. These correction terms
were then added to the PMFs obtained from the SCC-DFTB/
MM simulations.

The corrected PMFs, which are displayed in solid lines in
Figure 3, show a much higher barrier for the nucleophilic
addition without qualitatively changing the free energy profile.
'The free energy barrier is estimated at 23.5 kcal/mol, which
represents a much better agreement with the experimental value
of 18.5 kcal/mol than the original SCC-DFTB/MM value (7.9
kcal/mol). It is also in line with the barrier height (22.6 kcal/
mol) determined by the truncated active-site model discussed
below. In addition, the corrected PMFs indicate that the EI
complex is nearly thermally neutral with the ES complex. This
example highlights the limitations of semiempirical methods
in studying chemical reactions and emphasizes the necessity of
validation with high-level quantum chemical methods. Nonethe-
less, the corrections were quantitative in nature and do not
change our conclusions concerning the mechanism of the
reaction.

'(71) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

the large exothermicity can be traced back to the inaccuracy of (72) wadt, w. R.; Hay, P. 1. Chem. Phys1985 82, 284.
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Table 2. Energetics of the Truncated Active-Site Model for
L1-Catalyzed Moxalactam Hydrolysis Calculated by DFT (energy ES
given in kcal/mol)

His196

stationary points ES TS1 Tl TS2 El

energy (B3LYP/6-31G(d)) 0.00 269 133 152 0.3 His118]/ *

energy (B3LYP/6-3++G(d,p)// 0.00 28.6 149 16.3 0.6
B3LYP/6-31G(d))

free energy (B3LYP/6-31G(d)) 0.00 27.0 131 15.0-20

PCM (B3LYP/6-31G(d)w =5) 0.00 25.05 11.55 12.43 —5.01

PCM (B3LYP/6-31G(d) wy =80) 0.00 22.6 9.0 6.8 —10.6

 His263

3.3. DFT Results for Truncated Active-Site Model.The
DFT investigation of the reaction pathway in the truncated
active-site model also identified five stationary points, whose
energies are listed in Table 2, and their geometries are displayed
in Figure 4. Since the inclusion of diffuse functions and
polarization functions does not qualitatively change the energies,
we used the B3LYP/6-31G(d) results in the PCM calculations.

The overall mechanism is almost identical to the QM/MM
findings, with only minor differences. Specifically, the reaction
path is dominated by TS1, with a barrier height of 27.0 kcal/
mol, which decreases to 25.05 kcal/mol in proteir<5) and
22.6 kcal/mol in waterq = 80). We stress that the truncated
active-site model is used here to examine the qualitative aspects
of the reaction. Because of the lack of a protein environment
surrounding the active site, such a model cannot be expected
to generate quantitatively accurate results.

The Tl features a Sghybridized G and is metastable with a
small (1.9 kcal/mol) barrier toward EI. When solvent effects
are included, this intermediate becomes either less stalste (

5) or even unstables(= 80). It is important to note that PT
from the hydroxide to Asp120 £ is also associated with the
second transition state, in complete agreement with the reaction
path obtained with the SCC-DFTB/MM model. In addition, the
partial reaction is nearly thermal neutral in the gas phase, but
the exothermicity increases te5 kcal/mol in protein or~10
kcal/mol in water.

As shown in Table 1, the geometries of the ES and El
complexes are similar to those obtained in the SCC-DFTB/MM
simulation. Some nonbonded distances, such(@g—Cs) in
ES andd(Cs—Ns) in El, are larger in the truncated active-site
model. The deviations from the QM/MM structures are under-
standable since the active-site model lacks geometric constraints
imposed by the relatively rigid protein backbone. As a result,
the QM/MM geometry is probably closer to reality. Similarly,
the large Zn—Zn; distance in El should not be taken seriously
for the same reason. On the other hand, the internuclear distance
in both transition states and in the Tl are qualitatively similar
to the QM/MM results, although TS1 in the QM/MM seems to  Throughout the reaction, both zinc ions are tightly ligated
be less advanced in the nucleophilic addition coordinatg{O by the protein ligands, with the only exception of Asp120 which
Cg) and more so in the elimination coordinates{s). The is protonated in El. The increasingly larger Z@n distance
final EI complex also features directsMgation with Zr, and along the reaction path is again due to the lack of structural
the weakening of the interaction betweerpand Asp120. The  restraints absent in the truncated active-site model.
most conspicuous difference between the truncated active-site
and QM/MM maodels is the interaction of the Zion with the 4. Discussion
newly formed G carboxylate. The DFT results clearly indicate Both the QM/MM and DFT results call for a stepwise
a strong interaction between Zand the lactam carbonyl oxygen mechanism in the initial lactam ring-opening reaction catalyzed
(Og), implicating the metal ion as an oxyanion hole, while the by L1. However, the intermediate flanked by TS1 and TS2 is

Eigure 4. Stationary points along the reaction pathway of the L1-catalyzed
ﬁydroly3|s of moxalactam at the B3LYP/6-31G* level of theory.

QM/MM simulation shows a strong 4r0O, interaction. only nominally stable and probably kinetically insignificant. This
Although the two oxygen atoms are equivalent in the EI picture is consistent with the existing mechanism proposed
complex, their mechanistic roles are different. earlief22but provides much more detail, as shown in Scheme
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1. Specifically, the reaction is initiated by the zinc-bridging group, was shown experimentally to be more viable than the
hydroxide attacking the lactam carbonyl carbon, which are well D120C mutant, which has no hydrogen bond acceftor.
aligned in the enzymesubstrate (ES) complex. The corre- In our earlier work on CphA hydrolysis of biapenam, the
sponding nucleophilic addition barrier is rate-limiting in the ring- metal-bound Asp120 was identified as the general base that
opening partial reaction, and it does not require Asp120 as theactivates the active-site water nucleopid@he situation here
general base. The resulting metastable intermediate is veryis different in two aspects. First, the nucleophile in L1 is metal
unstable and readily dissociates toward the enzyimermedi- bound, whereas that in CphA is not. Second, the zinc-bridging
ate (EI) complex. This elimination barrier is not only responsible hydroxide is already a good nucleophile and thus requires no
for the eventual cleavage of the amide bond but also involves activation. Hence, it is not surprising that no proton transfer
the transfer of the hydroxide proton to Asp120. The product of was observed in association with the initial nucleophilic addition
this partial reaction, namely the EI complex, features a direct step.
ligation of the nitrogen leaving group with Znand of the @ The existence of a TI, albeit metastable, was a surprise,
carboxylate with Zp The subsequent steps of the hydrolysis, pecause a recent DFT study on the dizinc CcrA fidatteroi-
which are not considered here, possibly include substratedes fragilis indicated no such intermediate.However, an
rearrangements, protonation of the nitrogen to yield the final jmportant difference exists in the substrate-binding pattern: the
product, and the repopulation of the bridge site by a hydroxide ES complex in that study did not involve direct/C, carboxy-
molecule. According to Spencer et &.however, the rate of  |ate coordination of Zg which has recently been recognized
the hydrolysis reaction for mogtlactam compounds is limited a5 an important determinant for substrate bindilge empha-
by the ring-opening partial reaction. size that the existence of the Tl is conceptually important,
An important difference of the current theoretical study from  allowing us to classify the reaction as stepwise, but it has little
previous ones is the unambiguous mode of substrate biffding kinetic significance.
established on the basis of the latest X-ray structirEhe The ligation of Zn by the N in the EI complex is consistent
anchoring points for the binding of bicyclic penicillin com-  \yith earlier speculation that the anionic leaving group is
pounds include the direct ligation of they/C4 carboxylate to stabilized by the metal io 1325289 ndeed, a recent EPR study
Znp, and its hydrogen bonds with Ser221/Ser223 (or their yith 5 Co(ll)-substituted L1 confirmed that the intermediate is
equivalent Lys residu€},although mutagenesis data indicated metal hound® In addition, a hydrolysis intermediate was found
that the latter is less importatt.This binding mode makes {5 have its N ligated with the Zn ion in the monozinc CphA
possible two important events, namely the optimal near-attack enzyme?! Furthermore, DFT and QM/MM studies have also
configuration between the lactam ring and the zinc-bridging gpserved such an interaction in two differenBiv 3842 This
hydroxide nucleophile, and the stabilization of the nitrogen ayidence strongly suggests an important role fos Znboth
leaving group by the Znion. It is interesting to note that the  gypstrate binding and catalysis. The latter is realized by

substrate binding mode in this work is quite different from & 5roviding stabilization to the nitrogen leaving group, as initially
recent QM/MM study of CcrA fromBacteroides fragilis in suggested by Wang et 225

which the G/C,4 carboxylate was assumed to interact with, Zn
indireptly through a water mqlecufé.'l’his assumption i§ highly Zn, interaction in the EI complex, the coordination sphere of
questionable, because.eX|st|ng X-ray structures of dv?ﬂm:- . Znyis somewhat distorted from the canonical tetrahedral shape.
tamases complexed with substrate analoguesoazll psomt to directrys is consistent with the observed change in the EPR signal

i i ’ lV7 . . . .
coordination of Za by the G/Cs carboxylate } These that suggests a higher coordination number of Co(ll) in the
structural data were also supported by theoretical St#d#®s. jormediate® However, the structural data are inconclusive
In a_ddltlon, the mechanlsm'pro_posed by Dal Peraro ‘é?_tdam,es for a clear transition of the metal coordination sphere. To obtain
not include the direct coordination of the nitrogen leaving group .o specifics on the nature of these ligands, higher resolution
with Zn, and is thus in conflict with the well-established studies are certainly needed

i i i 26 '
expenm_ental eV|der_1ce_ in support of such a comphex: . In contrast to Zp, the role of Zn in the catalysis is still not
These differences highlight the need to establish the unamblgu-qui,[e clear. Our earlier MD study of the ES complex did not

2:f'alr?i2drieth::i2i§rate binding in order to understand the reveal a strong interaction betweemnamd the lactam carbonyl
Y o . L oxygen (Q), and neither did the current QM/MM study of the
An important pillar of the near-attack configuration in the - .
o . o reaction path. However, the DFT results seem to suggest that it
dizinc MBL active site is the hydrogen bond between the . . .
. . . ! . serves as an oxyanion hole during the nucleophilic attack of
hydroxide nucleophile and the side chain of the highly conserved - .
metal-bound Asp120. This hvdroaen bond. which was shown the hydroxide nucleophile to the carbonyl carbon. Such an
u p<. This hydrog , WHICH W W oxyanion provides stabilization to the negative charge developed

i i 9,30,37,3
g)rt:)?eqiur:tiiitt)ilr? Intr?eevftzi:e'\c/)mhsilt;?ﬁittacki?eﬁ:eygj?)ﬁrate on the carbonyl oxygen, thus lowering the transition state. We
9 P 9 believe that this is the likely role for the Znon, but more

lactam ring. Site-directed mutagenesis experiments a4|so NaVestudies are needed to confirm this point. On the other hand,
shown its pivotal role in metal binding and in cataly¥ig#In

particular, the D120N mutant of L1, which is capable of both the QM/MM and truncated active-site models indicate that

o Zn; is important in binding the hydrolyzed substrate through
providing a weaker hydrogen bond acceptor thoughthH direct coordination via the newly formedsCarboxylate.

Because of the newdN-Zn, bond and the weakened;£-

(73) Toney, J. H.; Hammond, G. G.; Fitzgerald, P. M.; Sharma, N.; Balkovec, .
J. M.; Rouen, G. P.; Olson, S. H.; Hammond, M. L.; Greenlee, M. L.; 5. Conclusions
Gao, Y.-D.J. Biol. Chem2001, 276, 31913.

(74) Yamaguchi, Y.; Kuroki, T.; Yasuzawa, H.; Higashi, T.; Jin, W.; Kawanami, i i i i i
A Yamagata, Y. Arakawa. Y.. Goto, M.. Kurosaki, B, Biol. Chem, Desplte the!r apparent |mporta_nce, the_orencal studiespif M_
2005 280, 20824. catalysis, particularly for those with two zinc cofactors, are quite
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scarce. The difficulties stem mainly from the fact that a large transfer to the metal-binding Asp120. One of the zinc iong)Zn
portion of the enzyme active site and the transition metal ions provides stabilization to the anionic nitrogen leaving group,
have to be described quantum mechanically. In this work, we while the other (Zg) stabilizes the newly formed carboxylate
report a detailed QM/MM study of the catalysis of a dizinc inthe G position. The current theoretical study provides strong
pB-lactamase, namely the hydrolysis of moxalactam by L1 from evidence in support of the proposed mechanism. Subsequent
S. maltophilia Both the reaction path and potentials of mean steps, which are not studied in the present work, would have to
force have been calculated, and they revealed intimate detailsinclude the protonation of the nitrogen group and the replenish-
of the enzymatic reaction. This was made possible by an ment of the bridging hydroxide. The reaction pathways for these
efficient semiempirical density functional method, namely SCC- processes are much less defined and require further investiga-
DFTB, coupled with the classical CHARMM force field. tions.
Comparison with both experimental data and high level DFT
results indicated that SCC-DFTB is capable of generating Acknowledgment. This work was supported by National
accurate molecular geometry and qualitatively correct reaction Institutes of Health (RO3AI068672) and National Science
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agreement concerning the mechanism of the initial ring-opening
partial reaction catalyzed by L1. In addition, the B3LYP/MM-
corrected PMFs are in reasonable agreement with both the
experimental findings and the results of the truncated active-
site model. To summarize, this reaction is dominated by a
nucleophilic addition barrier, while the resulting intermediate
complex is unstable and readily decays to an intermediate by
bond cleavage to the leaving group, concerted with proton JA072532M

Supporting Information Available: Details of the energy
correction to the SCC-DFTB/MM reaction paths, the Cartesian
coordinates of all stationary point structures calculated at the
B3LYP/6-31G(d) level of theory, and full citations of refs 56
and 70. This material is available free of charge via the Internet
at http://pubs.acs.org.
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