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Abstract: Three stable dinuclear zinc(Il) complexes, $Z(u-NO3)(NOs),] and [ZrpL1(u-OMe)(NGs),], where

L, is 2,6-big [N-(2-dimethylaminoethyIN-methyllJaminomethyl-4-methylphenolate, and [2bx(NOs)3], where

L2 is 2{[N-(2-dimethylaminoethyIN-methyllaminomethyl-4-bromo-6{ [N'-2-(2 -pyridyl)ethyllaminomethy}-
phenolate, were synthesized and characterized in the solid state and in aqueous solution. These complexes
catalyze the hydrolysis of penicillin G and nitrocefin, serving as functional synthetic analogues of the metallo-
[-lactamases, bacterial enzymes responsible for antibiotic resistance. The mechanism of the hydrolysis was
studied in detail for the catalyst precursor fJZa(u-NO3)(NOs);], which converts into [ZpL1(u-OH)(NOs)n-
(soly—n]@ M+ in the presence of water. The complex fEn(u-OH)(NOs),] (n = 2) was characterized in the

solid state. Initial coordination of the substrate carboxylate group is followed by the rate-limiting nucleophilic
attack of the bridging hydroxide at thzlactam carbonyl group in aqueous solution. The product is formed
upon fast protonation of the intermediate. Mononuclear complexes Zn(cycleg}Bi@ Zn(bpta)(NG), are

as reactive in th@-lactam hydrolysis as the dinuclear complexes. Consequently, the second zinc ion is not

required for catalytic activity.

Introduction

Approximately half of the commercially available antibiotics
are S-lactamst In recent years, bacterial resistance to a wide
range of antibiotics has become so prevalent that some infection
can no longer be successfully treate@ A common reason for
resistance tg-lactam antibiotics in bacteria is their ability to
expressf-lactamases, enzymes that catalyze the hydrolytic
opening of thep-lactam ring, as depicted in eq 1 for the

COOH COOH

penicillin derivatives. Unlike the parefitlactam, the hydrolysis
product does not interfere with cell wall biosynthesis and is

S

characterize@-lactamases are metalfbtactamases, the clinical
threat imposed by these enzymes was initially underestinidted.
Metallo3-lactamases can hydrolyze a wide range of substrates,
however, including cephamycins and imipenem, compounds
resistant to the seringlactamase&®'Moreover, the metallo-
enzymes show little or no susceptibility to traditiofgalactam-

ase inhibitors, such as clavulanic acid or sulbactam. Although
there have been reports of molecules that inhibit mefalo-
lactamases, at present there are no clinically useful inhid#tags.
Thus, the application of most available antibiotics has been
severely compromised in bacteria that produce mefallo-
lactamases.

Most metallog-lactamases are monomers containing a single
polypeptide chain composed of 22030 residue$. Crystal
structures are available for several enzymes in this class, from
Bacteroides fragilisBacillus cereusl, and most recently from

therefore harmless to bacteria. The high periplasmic concentra-Stenotrophomonas maltophiff4d 7 Whereas the sequences of

tions of 5-lactamases, in addition to their efficiency, ensure that
p-lactam antibiotic drugs are hydrolyzed before reaching their
targets!

Among the more than 20@-lactamases that have been
identified to date the majority ¢&90%) share an active-site
serine residue and are collectively termed sefifactamases.
Their well-studied mechanism involves nucleophilic attack of
the serine hydroxyl group at thg-lactam carbonyl group,
followed by hydrolysis of the acyl-enzyme intermediétin
contrast, the less abundant clas§-Bictamases require divalent
metal ions for catalytic activit§.” Since only 18 of the many
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the first two enzymes are conserved (50 residues), She

maltophilia enzyme has only 9 conserved amino aciBs. Ls Ls

fragilis andB. cereud! S-lactamases have similar dizinc-binding  3-|actamase fronB. cereusmay serve such a role as a general
motifs that include one cysteine, three histidine, and one acid23 Despite this information, it is still uncertain whether
aspartate residues. In tBe maltophiligs-lactamase, the cysteine  hydrolysis occurs by general-base catalysis or whether zinc
residue is replaced by serine, resulting in the coordination of a provides a local source of hydroxide ion. The possibility that

second histidine to Zn(2). The structures are represented inthe antibiotic carboxylate group may coordinate directly to zinc
Scheme 1? The stability constants for the two zinc-binding  jons20 and the role of zinc bound in the second metal-binding

sites differ, ang3-lactamases have been isolated with only one sjte, have not been adequately addressed.

zinc site occupied®®All three enzymes have a hydroxide ion Because of the complexity of the enzyme, synthetic model
that either bridges the two zinc(ll) ions, as in tBemaltophilia  compounds offer the potential to contribute mechanistic insights.
andB. fragilis enzymes, or is coordinated to Zn(1) asin Bie  sych information would both be of fundamental interest and
cereusll S-lactamase. In the latter case, an aspartate carboxylatecould help in the design of mechanism-based inhibitors. With
group serves to help link the two zinc(ll) ions. The enzymes these objectives in mind, we have prepared three dinuclear
all have either lysine or serine residues at the active site. zinc(ll) complexes of ligands HLand HL, (Scheme 2 and
Hydrogen bonding between these residues and the conservethave evaluated them as functiofalactamase models for the
carboxylate group present in the antibiotics is proposed to hydrolysis of f-lactam antibiotics. Thes-lactam hydrolytic
pOSition the SUbStrate, althOUgh direct coordination of COO reactivity of mononuclear ana|oguesy formed by |iganda|1]_d

to the dizinc(ll) center cannot be ruled ct. L4, was also determined and compared to that of the dinuclear
The mechanism of action for class/Blactamases has not  compounds.

been fully elucidated. By analogy with other metallohydrolases ) )

such as carboxypeptidase, catalysis is postulated to involveExperimental Section

attack of a metal-bound hydroxide on the carbonyl group of  Chemicals. Deuterated compounds.D, DMSOds, acetoneds,
the p-lactam ring followed by collapse of the tetrahedral chloroformd,, and dichloromethand, were obtained from Cambridge
intermediaté? Such a process seems inconsistent with the Isotope Laboratories. Starting materials and reagents Zg)¢h6®i,0,
measured pH independencekgf andk../Kr, in the range 5.25 Zn(OTf), 2-(2-aminoethyl)pyridineN,N,N-trimethylethylenediamine,
10.02! however, since both attack by hydroxide ion and P-cresol, NaBH, 5-bromosalicylaldehyde, and cyclen were obtained
protonation of the departing nitrogen atom should be sensitive from Aldrich. Succinic acid disodium salt hexahydrate, LiGHO,

to pH. Perhaps thel, values are outside the measured range. and a 0.100 M standard solution of NaOH were obtained from

. . . . Fluka. Alanine, penicillin G (sodium salt), and cephalothin (sodium
More likely the pH independence ki arises from the opposing salt) were obtained from Sigma. The hydrolytic substrate nitrocefin

pH effects on the nucleophilic attack and protonation, the two (5_> 4-dinitrostyryl)-(& 7R)-7-(2-thienylacetamide)-ceph-3-em-4-car-

steps that contribute fea. Recent reports suggest that cleavage poxylic acid, E isomer) was kindly donated by Merck. These and all
of the amide bond occurs before protonation, with the resulting other chemicals were of reagent grade.

anionic intermediate being stabilized by coordination to  Physical Measurements!H and3C NMR spectra were obtained
zinc(11).2922 Protonation of this species is the rate-determining at 500 and 125 MHz, respectively, on Varian 500 and 501 NMR

step. Site-directed-mutagenesis studies suggest that Asp-90, irspectrometers. UVvisible spectra were recorded on a Cary 1E
spectrophotometer equipped with a temperature-controlled unit. Solution
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10023. phenolol; cyclen, (1,4,7,10-tetraazacyclododecane; bbabis(2-pyridyl-
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Table 1. Summary of X-ray Crystallographic Data

J. Am. Chem. Soc.,

Vol. 122, No. 27, 26203

[anLl(lLl'NOQ,)(NOQ,)Z] [anLl(,u-OMe)(NOg,)z] [anLz(NO3)3] [anLl(lu-OH)(NQa,)z]
formula GioHasN7010Z1 CooH38NeOsZ 1y CaoH28BrN7010Z1; Ci1aH36N6OsZ >
fw 652.28 621.30 737.14 607.28
cryst. system tetragonal monoclinic monoclinic monoclinic
space group P42,c P2i/c P2i/c C2lc
a, 25.0187(3) 10.4432(4) 8.64890(10) 14.017(5)
b, A 8.7916(4) 17.2821(2) 11.416(5)

c, A 8.6641(2) 29.4646(12) 19.5061(5) 16.931(5)
B, deg 97.298(1) 97.583(1) 111.462(5)
Vv, A3 5423.17(16) 2683.30(19) 2890.10(9) 2521.4(16)
z 8 4 4

T,K 188(2) 188(2) 188(2) 188(2)

Peale, g CNT3 1.598 1.538 1.694 1.600
u(Mo Ka), mmrt 1.833 1.841 3.104 1.957

20 range, deg 357 4-57 3-56 5-57

total no. of data 33564 16394 17769 7739

no. of unique data 6443 6257 6646 2930

no. of obsd. dafa 4653 4193 5790 2131

no. of params 350 333 418 168

Ro 0.0409 0.0433 0.0381 0.0353
wRe ¢ 0.0772 0.1209 0.1384 0.0942

aObserved criterion:l > 2 6(1). ° R = Y||Fo| — |Fe|l/3|Fol. SWR= {3]

IR spectra were recorded on a Biorad FTS-135 FTIR spectrometer
between 1000 and 3000 cfnusing Cak cells at room temperature.

Ligand SynthesesReactions were carried out under an atmosphere
of dinitrogen. The ligand HLwas synthesized according to a published
procedureé?® as discussed in the Supporting Information. The ligand
HL, was synthesized by a modification of a published procedure, as
described in Scheme $4The ligandN,N-bis(2-pyridylmethyl)tert-
butylamine (bpta) was synthesized as described previdusly.

Zinc Complexes. [ZrnpL 1(u-NO3)(NOs3),]. The ligand HL (0.035
g, 0.105 mmol) in ethanol (1.5 mL) and LiGH,O (0.004 g, 0.105
mmol) in H,O (0.2 mL) were mixed and stirred at room temperature
for 10 min. A solution of Zn(N@)2*6H.0 (0.062 g, 0.210 mmol) in
ethanol (1.5 mL) was then added. The initially clear reaction mixture
turned milky upon stirring, and after 30 min the product {Zs{u-
NOs)(NOs),] appeared as a white precipitate. It was filtered off and
dried under vacuum. The yield was 0.048 g (70%).NMR in D,0O:
0 6.96 s (2H), 4.25 d (2H), 3.32 d (2H), 2.80 m (8H), 2.50 s (12H),
2.35s (3H), 2.12 s (6H), for RR and SS isomers; and 6.95 s (2H), 4.00
br (2H), 3.60 br (2H), 2.80 m (8H), 2.50 s (12H), 2.45 s (3H), 2.15 s
(6H), for RS and SR isomers. Layering a solution of;HD.035 g,
0.210 mmol) and LiOFH,0 (0.004 g, 0.105 mmol) in ethanol (1.5
mL)/H20 (0.2 mL) with a solution of Zn(Ng),-6H,O (0.062 g, 0.105
mmol) in ethanol (1.5 mL) without stirring afforded colorless crystals
of [Zn,L1(u-NOs)(NOs),] that were suitable for X-ray analysid NMR
in D;O: 0 6.96 s (2H), 4.26 d (2H), 3.32 d (2H), 2.80 m (8H), 2.51 s
(12H), 2.32 s (3H), 2.15 s (6H), for RR and SS isomers; and 6.95 s
(2H), 4.00 br (2H), 3.60 br (2H), 2.80 m (8H), 2.50 s (12H), 2.41 s
(3H), 2.15 s (3H), for RS and SR isomers. Calcd f@sHGsN7010ZN;:
C, 34.99; H, 5.41; N, 15.03. Found: C, 34.95, 35.10, 35.05; H, 5.54,
5.58, 5.62; N, 14.57, 14.58, 14.58. The single crystal obl[Zfu-OH)-
(NOs);] identified by X-ray crystallography (vide infra) was obtained
as a very minor component by using the same crystallization procedure.

[ZnL 1(u-OMe)(NO3)2]. A procedure similar to that described for
preparing [ZaL1(u-NOs)(NOs),] but using neat methanol as the solvent
afforded the methoxide complex [Am(u-OMe)(NGs),] in 65% yield.
H NMR in DMF-d7: ¢ 6.92 s (2H), 4.18 br (2H), 3.62 s (3H), 3.50 br
(2H), 2.95 m (4H), 2.50 m (19H), 2.20 s (6H), for RS and SR isomers;
and 6.90 s (2H), 4.35 d (2H), 3.60 s (3H), 3.40 d (2H), 2.95 m (4H),
2.60 m (4H), 2.50 m (15H), 2.20 s (6H), for RR and SS isom#Hs.
NMR in chloroformd;: 6 6.78 s (2H), 4.45 d (2H), 3.50 s (3H), 3.25
d (2H), 2.90 m (4H), 2.362.60 m (25H), for RR and SS isomet#i
NMR in D,O: 6 6.97 s (2H), 4.25 d (2H), 3.32 d (2H), 2.80 m (8H),
2.51 s (12H), 2.32 s (3H), 2.15 s (6H), for RR and SS isomers; and

(25) Higuchi, C.; Sakiyama, H.; Okawa, H.; Fenton, DJEChem. Soc.,
Dalton Trans.1995 4015-4020.

(26) Crane, J. D.; Fenton, D. E.; Latour, J. M.; Smith, AJJChem.
Soc., Dalton Trans1991, 2979-2986.

(27) Mok, H. J.; Davis, J. A.; Pal, S.; Mandal, S. K.; Armstrong, W. H.
Inorg. Chim. Actal997, 263 385-394.

W(Fo? — F&) 3 [W(F?)}H 2.

6.95 s (2H), 3.98 br (2H), 3.60 br (2H), 2.80 m (8H), 2.50 s (12H),
2.41 s (3H), 2.15 s (3H), for RS and SR isomers; methoxide group
is not observed; 3.30 s (free MeOH). Layering solutions of &nd
Zn(NGs),, as described for [Zih1(u-NO3)(NOs),], in neat methanol
afforded [ZnLi(u-OMe)(NGs),] as colorless crystals in 50% vyield.
Calcd for GoHzgNeOsZny: C, 38.66; H, 6.16; N, 13.53. Found: C,
38.44; H, 6.37; N, 13.77.

[Zn L 2(NO3)s). The ligand HL (0.044 g, 0.104 mmol) in ethanol
(2.0 mL) and LIOHH,0 (0.004 g, 0.105 mmol) in ¥ (0.15 mL)
were mixed and stirred at room temperature for 10 min. Then Zn-
(NO3)2°6H,0 (0.062 g, 0.105 mmol) in ethanol (3.0 mL) was added
without stirring. Upon standing at room temperature, the product[Zn
(NOs)3] appeared as light-yellow crystals suitable for X-ray analysis.
They were filtered off and dried under vacuum; yield: 0.031 g (40%).
Calcd for GoH28BrN7O10Zny: C, 32.59; H, 3.83; N, 13.30. Found: C,
32.65; H, 4.07; N, 13.15H NMR in 1:1 D,O:DMSO-ds: 6 8.65 br
(1H), 8.48 br (1H), 7.91 br d (1H), 7.49 br d (1H), 7.39 t (1H), 7.31 t
(1H), 4.18 br (1H), 3.96 br (1H), 3.35 br (1H), 3.20 br (1H), 2.5 br
(12H), 2.29 br (6H), 2.27 br (3H).

Mononuclear Complexes.The two mononuclear complexes [Zn-
(cyclen)(HO)]?" and [Zn(bpta)(HO),]?" were prepared in situ by
mixing equivalent amounts of the corresponding ligand and Zn(OTf)
or Zn(NGs)2-6H20.

X-ray Crystallography. X-ray crystallographic studies were carried
out on a Bruker CCD diffractometer with graphite-monochromatized
Mo Ko radiation ¢ = 0.71073 A) controlled by a pentium-based PC-
running the SMART software packag&Single crystals were mounted
at room temperature on the ends of glass fibers in Paratone N oil, and
data were collected at 188 K in a steam of cold dinitrogen maintained
by a Bruker LT-2A nitrogen cryostat. Data collection and reduction
protocols are described in detail elsewh@&Ehe structures were solved
by direct methods and refined using the SHELXTL software pacRage.
In general, all non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were assigned idealized locations. Empirical absorption
corrections were applied to all structures using SADABBhe ethylene
and the two methyl groups of the terminal amine nitrogen and the two
oxygen atoms of monodentate nitrate in {Z5(NOs)] are disordered.
The carbon atoms were distributed over the two sets of positions and
refined with occupancy factors of 0.71 and 0.29. The two oxygen atoms
of the monodentate nitrate were distributed over two sets of positions
and refined with occupancy factors of 0.6 and 0.4. Relevant crystal-
lographic information is summarized in Tables 1, 2, ane-S16 and
Figures 1 and StS4.

(28) SMART version 5.05; Bruker AXS: Madison, WI, 1998.

(29) Feig, A. L.; Bautista, M. T.; Lippard, S. [horg. Chem1996 35,
6892-6898.

(30) Sheldrick, G. MSHELXTL, V97-2; Siemens Industrial Automation,
Inc.: Madison, WI, 1997.
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Table 2. Selected Interatomic Distances (A) and Angles (deg) for the Complexes

complex bond lengths bond angles

[ZNnoL1(u-NO3)(NOs)2] Zn(1)---Zn(2) 3.2942(6) Zn(1yO(1)-2Zn(2) 106.5(1)
Zn(1)-0(1) 2.040(3) Zn(1yO(10)y-2n(2) 100.9(1)
Zn(2)—-0(1) 2.070(3) O(1yZn(1)—N(1) 105.8(1)
Zn(1)-0(4) 2.148(3) O(13Zn(1)-N(2) 94.6(1)
Zn(2)—0(5) 2.126(3) O(13Zn(1)-0(10) 76.3(1)
Zn(1)—N(1) 2.121(3)
Zn(1)-N(2) 2.125(3)

[Zn;L1(u-OMe)(NGs),] Zn(1)---Zn(2) 3.1093(6) Zn(LyO(5)—2Zn(2) 104.20(12)
Zn(1)-0(5) 1.968(3) Zn(1r0O(1)-2Zn(2) 98.16(10)
Zn(2)—-0(5) 1.973(3) O(1}Zn(1)—N(1) 102.90(12)
Zn(1)-0(1) 2.052(2) O(13Zn(1)—-N(2) 88.78(11)
Zn(2)-0(1) 2.063(2) O(1>Zn(1)-0(5) 79.01(10)
Zn(1)—-N(1) 2.131(3)
Zn(1)—-N(2) 2.169(3)

[Zn,Lo(NO3)s) Zn(1)--+Zn(2) 3.394(3) Zn(1y0O(1)-Zn(2) 117.30(10)
Zn(1)—N(1) 2.090(3) O(1yZn(1)-N(1) 171.96(10)
Zn(1)-N(2) 2.059(2) O(1)Zn(1)-N(2) 91.20(9)
Zn(1)-0(1) 2.036(2) O(1)Zn(2)—N(6) 132.75(12)
Zn(2)—N(6) 2.070(3) O(1)Zn(2)—N(3) 93.29(10)
Zn(2)—N(3) 2.132(3) N(3)-Zn(2)—N(6) 86.83(11)
Zn(2)-0(1) 1.939(2)

[Zn,L1(u-OH)(NO3),] Zn(1)---Zn(1A) 3.1147(10) Zn(1yO(1)-Zn(1A) 105.69(19)
Zn(1)-0(1) 1.954(3) Zn(1>O(5)-Zn(1A) 98.18(12)
Zn(1)-N(1) 2.145(3) O(1¥Zn(1)-N(2) 166.62(11)
Zn(1)-N(2) 2.135(3) O(1)Zn(1)—N(1) 103.56(8)
Zn(1)-0(5) 2.061(2) O(1)Zn(1)-0(5) 78.07(12)

@ Numbers in parentheses are estimated standard deviations of the last significant figure. Atoms are labeled as indicated in FigureS4. and S1

Potentiometric pH Titrations. All titration experiments were the program BES? The value jKw was 13.54 (at 313 K). Inclusion
performed on a Brinkmann 176 DMS Titrino instrument equipped with  of equilibria that contain mononuclear zinc(ll) species does not affect
a magnetic stirrer and an automatic pipet. The temperature was the fits. Each titration was repeated two times, and the reported values
measured before and after each experiment and remained constant at af the equilibrium constants are the averages of these duplicate runs.
value of 313+ 0.5 K. The ionic strength of 0.10 M was adjusted with  The deprotonation constants do not change significantly upon addition

NaNG;. A fresh 0.1 M solution of NaOH calibrated against potassium

of 10% DMSO to the aqueous solutiofs.

hydrogen phthalate was used as received to prepare a 0.01 M titrating Stability of Dinuclear Complexes in Water. The composition of

solution, which was stored in the presence of NaOH pellets in a
Brinkmann 176 DMS Titrino instrument and used within 1 or 2 days.

the complexes in aqueous solution was studiedHbNMR titration
experiments at 293 K. The solvent wagDfor experiments with HL,

Acid deprotonation constants for the aqua ligands were determined byand a 1:1 mixture of BD and DMSO€ds in experiments with Hk.

titrating each complex. In a typical experiment, a £.00~> mol portion

of a complex was dissolved in 10 mL of aqueous 0.10 M NaNO
Usually standard 0.0958 N HNGvas added to protonate the bridging
hydroxide. Then, after 2 min equilibration, a titration experiment was
initiated. Experimental data were fit by using the program PKAS to
obtain the K, values! Titration experiments were repeated three times
for each of the complexes, and the reportéd yalues are the averages
of these triplicate runs. Potentiometric pH titrations of +F8HBr in

the presence and absence of ZngN®H,O were carried out to
determine ligand protonation constants,)Kzinc(ll) complexation
constant Kz,.), and deprotonation constants for the zinc(ll) complex
(Kpn, Ka1, Kaz). The equilibrium constants are defined in eqsé2

H, ;HL, + H  =H HL, K,=[H HLV[H, _;-HLIHT (2)
HL, + 2Zn(ll) = ZnHL, Ky, = [ZnHLJHL,]J[Zn(I1)] 2 3)
ZnHL, = Zn,L, + H™ Ko =[Zn,LJ[H/[Zn,HL,]  (4)

Zn,L,(u-H,0) = Zn,L,(u-OH) + H"
Kar = [Zn,L 1 (u-OH)IIH 1/ Zn,L 4 (u-H,0)] (5)

ZnyLy(u-OH)(H,0) = Zn,L 1 (u-OH)(OH) + H*
Kpz = [Zn;L1(u-OH)(HO)I[H VZn,L ,(u-OH)(OH)] (6)

Typically a 1.0 x 10°° mol portion of HL-3HBr was dissolved in
10 mL of aqueous 0.10 M NaNgQfollowed by optional addition of a
2.0 x 105 mol portion of Zn(NQ),-6H,0. After 10 min equilibration
the titration experiment was started. Experimental data were fit with

The initial concentrations of ligands were determined by comparison
with added Ala as an internal standard. The initial concentrations of
HL; and HLy, were 0.0640 and 0.0383 M, respectively. In each set of
the titration experiments, aliquots of the titrating solutions were added
to the NMR tube containing the ligand solution. After each addition, a
IH NMR spectrum was taken. In Hltitration experiments, an aliquot

of a 1.00 M solution of Zn(Ng)*6H,0 in D,O was added first into
the NMR tube, followed by the addition of an aliquot of 1.00 M LiOH
H20 in D,0. In HL; titration experiments the same composition of the
titrating solutions was used but with a 1:1 mixture efand DMSO-

ds as the solvent. The concentrations of the ligand and of the complex
in the HL, titrations were determined from the respective integral areas,
with an estimated error 0of-510%. Because the peaks were too broad
in the HL; titration experiments, owing to exchange, the integration
was not performed. Instead, the downfield shift of theresonance at
3.79 ppm was followed for the methylene protons in the pyridine arm
after each added aliquot of Zn(Il) and base. Dilution of 0.04 M solutions
of [Zn,L1(u-NO3)(NOs),] by 10—70-fold did not alter the peak number
and positions in théH NMR spectra.

Penicillin G Methyl Ester. The ester was synthesized from the
sodium salt of penicillin G (5.0 g, 14 mmol) and methyl iodide (1.746
mL, 29.4 mmol) in DMF (60 mL) at room temperature. After 16 h of
stirring the solvent was removed under reduced pressure to give a pale
yellow oil. This oil was then washed with water (100 mL) and acetone
(10 mL). Removal of the solvents followed by drying under vacuum
afforded penicillin G methyl ester as a white solid in 50% yield (2.4
g). *H NMR in CDCl5: 6 7.30 m (5H), 6.25 d (1H), 6.61 dd (1H),
5.47 d (1H), 4.35 s (1H), 3.70 s (3H), 3.60 s (2H), 1.42 s (3H), 1.40 s
(3H). *3C NMR in 1:1 D,O/DMSO ¢ 174.2 (C(O)N), 170.9 (C(O)N-
lactam), 168.5 (COO), 136.4, 129.6, 128.6, 126.9, 70.6, 68.1, 64.5,
59.2, 52.5, 42.0, 30.6, 26.9.

(31) Martell, A. E.; Motekaitis, R. JThe Determination and Use of
Stability ConstantsVCH Publishers: NewYork, 1988.

(32) Bates, R. G.; Paabo, M.; Robinson, R.JAPhys. Chenil963 67,
1833-1838.
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[Zn,1,(NO;)s]

{Zn,L,(u-OH)(NGy).]

Figure 1. ORTEP diagrams of [Zih1(#-NO3)(NOs)2], [ZnoL1(u-OMe)(NOs)2], [Zn2L2(NOs)s], and [Zrpla(u-OH)(NOs)2] showing the 50, 30, 50,
and 30% probability thermal ellipsoids for all nonhydrogen atoms, respectively.

Binding of Substrates to Zn(ll). Binding Studies in the Absence
of Water.®3C NMR spectroscopic experiments were carried out, and
the chemical shifts are given in ppm relative to DM8gas an internal
reference. In each experiment, the solution was initially 0.15 M in
complex and 0.15 M in penicillin G sodium salt or cephalothin. The
solvent was a 1:1 mixture of acetodeDMSO-ds or pure DMSO€ds
in experiments investigating the binding of penicillin G and DM&0-
for work with cephalothin. The temperature was always 293%K.
NMR in 1:1 acetonels/DMSO-ds for free penicillin G: 6 174.4
(C(O)N-lactam), 171.7 (COQ), 170.6 (C(O)N), 136.4, 129.4, 128.3,
126.6, 74.2, 67.1, 64.5, 57.8, 41.7, 30.8, 27%6.NMR in DMSO-ds
for free penicillin G (carbonyl region)d 173.8 (C(O)N-lactam), 170.9
(COO0), 170.6 (C(O)N)*3C NMR in 1:1 acetonel/DMSO-ds for free
cephalothin: 6 174.4 (ester), 173.7 (C(O)N), 167.9 (COO), 165.3

(C(O)N-lactam), 137.4, 133.5, 128.0, 128.5, 126.9, 116.6, 65.6, 60.1,

58.4, 37.4, 26.5, 21.9:3C NMR in DMSO<; for free cephalothin
(carbonyl region):0 170.6 (ester), 170.0 (C(O)N), 164.3 (COO0), 163.1
(C(O)N-lactam).*.C NMR in 1:1 acetonal/DMSO-ds for penicillin

G in the presence of [Zh;(u-NO3)(NOs),] (carbonyl region):6 174.2
(C(O)N-lactam), 174.1 (COO), 170.8 (C(O)NJC NMR in DMSO-
ds for penicillin G in the presence of Zn(cyclen)(OTfjcarbonyl
region): 0 173.7 (C(O)N-lactam), 172.3 (COO), 170.6 (C(O)RC
NMR in DMSO-ds for penicillin G in the presence of Zn(bpta)(OTf)
(carbonyl region): 6 173.3 (C(O)N-lactam), 172.8 (COO), 170.8
(C(O)N)XC NMR in DMSO<ds for cephalothin in the presence of
[ZnoL1(u-NO3)(NOs),] (carbonyl region): 6 170.7 (ester), 170.4
(C(O)N), 166.9 (COO), 165.1 (C(O)N-lactamfC NMR in DMSO-
ds for cephalothin in the presence of Zn(cyclen)(QTttarbonyl

region): 6 170.6 (ester), 170.2 (C(O)N), 166.5 (COO), 164.3 (C(O)N-
lactam).'3C NMR in DMSO-ds for cephalothin in the presence of Zn-
(bpta)(OTf} (carbonyl region):6 170.4 (ester), 170.2 (C(O)N), 166.9
(COO0), 164.1 (C(O)N-lactam).

In a typical solution IR spectroscopic experiment, the initial
concentrations of complex and substrate (sodium salt of penicillin G
or cephalothin) were 0.05 M each, and the solvent was always DMSO.
IR (cm™) for free penicillin G sodium salt in carbonyl region: 1621
(vasyn{CO0)), 1677 (C(O)N), 1767 (C(O)-lactam). Penicillin G in the
presence of [Zs1(u-NO3)(NOs)z]: 1638 (asyn{COO)), 1677 (C(O)N),
1777 (C(O)-lactam). Penicillin G in the presence of Zn(bpta)(@Tf)
1632 and 16425,n{CO0)), 1677 (C(O)N), 1775 (C(O)-lactam). Free
cephalothin: 161714syn{CO0O)), 1680 (C(O)N), 1731 (ester), 1773
(C(O)-lactam). Cephalothin in the presence of JZifu-NOs)(NOs)]:

1630 @asyr(CO0O)), 1682 (C(O)N), 1734 (ester), 1777 (C(O)-lactam).
IR for penicillin G methyl ester: 1677 (C(O)N), 1750 (C(O)-lactam),
1783 (COOMe).

Binding in Aqueous SolutiofThe sodium salt of cephalothin (30.0
mg, 0.07 mmol) and the complex [An («-NOs)(NOs)] (45.6 mg, 0.07
mmol) were dissolved in two separate aqueous solutions (1.0 mL each)
containing 10% DMSO. Mixing these two solutions resulted in the
immediate appearance of a fluffy white precipitate,Jzifcephalothin)-
(NO3)]. The reaction mixture was stirred for an additibrzah at
ambient temperature. The precipitate was filtered, washed with water,
and dried in vacuo*C NMR in DMSO-ds (carbonyl region):é 170.7
(ester), 170.3 (C(O)N), 166.9 (COO), 165.1 (C(O)N-lactam). Mixing
experiments in pure water and in a 1:1 mixture of water and DMSO
gave identical results.
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Hydrolysis of Penicillin G and Penicillin G Methyl Ester. These stituted phenol, provide an environment for two zinc(ll) ions
reactions were studied byi NMR spectroscopy. The solvent was a  that resembles those in the active sites of the three medallo-
1:1 mixture of RO and acetone and the temperature was 313 K. |actamases depicted in Scheme 1. Two zinc(ll) ions at the active
The initial concentrations of [Zi1(u-NOs)(NOs)] and a substrate  gjiag gre coordinated predominantly by histidine resitiués
(penicillin G, sodium salt; and penicillin G, methyl ester) were 0.025 and are bridged by a hydroxide ion postulated to serve as the
M each. Substrate hydrolysis was followed by monitoring the €£5) | hile in hvdrolvsis. The bridai h lat d th
and C(6)-H resonances at 4.96 and 4.46 ppm iR)¢penicilloic acid, nuc ‘?Op e in y rolysis. € bridging p eno_a e. an e.
respectively, and at 5.10 and 4.50 ppm iR¥®enicilloic acid-1-methyl restrlctgd separation between the two gthylene@ammg arms in
ester, respectively. these ligands strongly favor the formation of dimetallic com-

Kinetics of Hydrolysis. The kinetics of substrate hydrolysis was plexes3373% Although several copper(ll) and manganese(ll)
followed by UV—visible spectrophotometry. The temperature inside complexes of ligands in this class, including Hllhave been
the cuvettes was measured directly with a thermocouple. The solventsynthesized and employed as biomimetic mo&&l% only a
was either a 9:1 mixture of 0.05 M HEPES buffer and DMSO or a 9:1 few phenolate-bridged dizinc(ll) complexes are known. Included
mixture of acetone and DMSO. The reported pH values of the solutions js 3 dizinc(Il) complex having four methoxyethyl chelating
correspond to the aqueous component. The substrate used for the kineti%rmsy,aa In the present study, four novel dizinc(ll) complexes
studies was nitrocefin. Its extinction coefficierd) @t 390 nm was of HL1 and HLy, [ZnsL1(1-NO3)NO3)s], [ZnaL1(-OMe)(NOy)],

determined by measuring the absorbance of solutions containing known
concentrations in 9:1 mixtures of 0.05 M HEPES buffer and DMSO at [2N2L2(NOs)sl, and [ZreL(u-OH)(NOs),] were prepared and

pH values 6.95 and 8.59 and in a 9:1 mixture of acetone and DMsO. characterized by X-ray crystallography. The first three were also
The values of were the same within experimental error in all three Characterized in solution bYH NMR spectroscopy.

media, the average being 21 000" M:m L. Extinction coefficients of Structural Studies. The structures of [Zs1(u-NOs)(NOg)a],

the product at 390 and 486 nm were determined in “aged” reaction [ZnsL1(u-OMe)(NGs)2], [ZnoLo(NOs)s], and [Znpli(u-OH)-
mixtures and assuming that nitrocefin is completely converted to its (NOz),] are presented in Figure 1, and selected bond lengths
hydrolysis product. The values are 7585 Mm™* and 16 000 M* and angles are provided in Table 2. The complexeslZpn-
cmtat 390 and 486 nm, respectively. Stock solutions of the complexes, NO3)(NOs)s], [ZnoLi(u-OMe)(NOs),], and [ZrpLi(u-OH)-
nitrocefin, and the inhibitor (sodium succinate and sodium acetate) were (NOs);] have similar structures. Each zinc(1l) ion has a distorted
prepared in the appropriate solvent and used immediately to avoid o taheqral environment with a bidentate nitrate serving as the

possible decomposition. The concentrations of stock solutions of . . )
complex and nitrocefin were 0.010 M each. The concentrations of the terminal ligand. TheS; symmetry along the phenoxide-4-methyl

stock solutions of the inhibitors were varied and are specified in each @IS In [ZreL1(u-OH)(NOs)2] complex leads to identical coor-
particular experiment. Unless stated otherwise, the concentration of dination spheres of the two zinc atoms. The presence of the
[ZnaL1(u-NO3)(NOs)] in kinetic studies was 5.6 1074 M. In a typical two bridging groups in each complex, the phenolate oxygen
kinetic run all of the reagents were mixed in a spectrophotometric cell and either a hydroxide, methoxide, or nitrate ion, results in
and allowed to equilibrate for 2 min inside the temperature-controlled relatively short Zrn--Zn distances of 3.115, 3.109, and 3.294
UV —visible spectrophotometer before data collection began. Data were A respectively. The bridging ligand and terminal nitrate ion
usually collected at 390 nm, the wavelength that corresponds to the occupy coordination positions cis to one another. The chirality
maximum absorbance of nitrocefin. Because the reaction product alsogt N2 and N2A in [ZAL 1(u-OH)(NOs);] and at N3 and N2 in
absorbs at 390 nneg = 7585 M * cm ?), the extinction coefficientof 17|, OMe)(NOy),] and [ZnoL1(«-NO3)(NO3);] could, in
nitrocefin was corrected, as shown in egs97to account for product 21 82 2l 3 3)2. N
principle, result in the formation of the four diastereoisomers

absorbance. A = AS 4+ AP = c.Co t+ e R for each complex. The solid-state structures revealed the
T S5 PP formation of only RR and SS isomers in each case.

AA- = AA- + AA. = AP — A(]) + — AP(i) = The asymmetric complex [2h,(NOg)s] contains two
T 6A{SC ® épc (gf(ie CAS(%)Z?{D(CO(O _ c(()i)} + zinc(ll) ions, Znl and Zn2, having distorted octahedral and
St s st ° . distorted tetrahedral environments, respectively. The most
ep{Cs(l) — G} = {es — ept{co(l) = cs} (8) striking feature of this complex is its lack of an exogenous

AA; bridging group; it therefore has a longer -ZZn distance

cs(f) — cqli) = 9) compared to the other three compounds, 3.394(3) A.

s ¢ Solution Structures. The structures of [Zsh 1 (u-NO3)(NO3)]

In the equationsir, As, andAe are the total, substrate, and product  and [ZnL,(NOs)3] in solution were investigated biH NMR
absorbances at a given wavelengtg; and ep are the extinction  gpactroscopy. The resonances of the two methylene groups in
coefficients of the substrate and the product at a given wavelength; HL, appear as a singlet for the free ligand. Upon binding to
cs andce are the concentrations of the substrate and the product at a _. ! . :

zinc(ll), theot andf protons in each methylene group undergo

given time; and(f) and c(i) stand for final and initial concentrations. hemical shift ch db . ival T . f
Data were collected only during the first 3% of conversion in each ~ CN€mical shift changes and become inequivalent. Two pairs o

reaction to avoid significant changes in the concentrations of the starting methylene proton resonances occur forJZifu-NOs)(NOs)2]
materials. The observed rate constants were then determined fromin agueous solution, one as well-resolved doublets at 4.25 and

the initial rates, the known concentration of the substrates, and the 3.32 ppm and the other as broad peaks at 4.00 and 3.60 ppm.
corrected extinction coefficient of nitrocefin at 390 nm. The rate We assign the former to the NMR-equivalent RR and SS

constants for the formatiot{m) and disappearancksf) of the anionic isomers based upon the following two findings. First, JZn
intermediate were obtained by fitting the experimental data to eq 10

(33) Sorrell, T. N.; O’Connor, C. J.; Anderson, O. P.; Reibenspies, J. H.

= afexp(— t) — exp(—kyd)} (10) J. Am. Chem. S0d.985 107, 4199-4206.
A kform kdls (34)_ Mallah, T.; Boillot, M.-L.; Kahn, O.; Gouteron, J.; Jeannin, S.;
whereA is the absorbance at 640 nm aads kiorm[N] of€(Kdis — Krorm) Jeannin, Y.Inorg. Chem.1986 25, 3058-3065.

(IN]o — initial concentration of nitrocefin). Nitrocefin and hydrolyzed (35) Eduok, E. E.; O'Connor, C. Jnorg. Chim. Actal984 88, 229~

Se 233,
nitrocefin do not absorb at 640 nm. (36) Nasir, M. S.; Cohen, B. |.; Karlin, K. DI. Am. Chem. S0d4.992

114, 2482-2494.

Results and Discussion (37) Uhlenbrock, S.; Krebs, BAngew. Chem., Int. Ed. Engl992 31,
. . . . 1647-1648.
Preparation of Ligands and ComplexesThe dinucleating (38) Sakiyama, H.; Mochizuki, R.; Sugawara, A.; Sakamoto, M.; Nishida,

ligands HL and HL, (Scheme 2), derived from 2,4,6-trisub-  Y.; Yamasaki, M.J. Chem. Soc., Dalton Tran999 997—1000.
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Figure 2. Product formation in titration experiments of followed
by *H NMR spectroscopy. HLwas titrated with Zn(NG)»*6H,O and
LiOH-H,0.

(u-NO3)(NOs)2], [ZnaLi(u-OH)(NGs)], and the analogous
methoxide complex [Zsh1(u-OMe)(NGs),] exist as RR and SS
isomers in the solid staf Second, the latter complex dissolved
in chloroform exhibitsa. and proton resonances at chemical

HL,

shifts of 4.45 and 3.25 ppm that are very similar to the well-
resolved resonances of [An(u-NOs3)(NOs),] in water. The
broad pair of resonances is tentatively assigned to NMR-
indistinguishable SR and RS isomers. The exchange of the
exogenous ligands is not expected to affect the chemical shifts
of Hy and H.

In IH NMR titration experiments, a solution of the ligand
was placed in an NMR tube to which the corresponding titrating
solution that contained aliquots of Zn(N@6H,O and LiOH

H,O was added in a stepwise manner, as described in the

Experimental Section. The concentrations of the free and bound
ligand after each addition were determined by integrating the
respective resonances. The experimental titration curve for HL
is depicted in Figure 2.

The signals in théH NMR spectrum of [ZaLx(NOs)3] are
rather broad in aqueous DMSO. Thg Bnd H; resonances of
the methylene groups in Hlishift upon coordination, but partial
overlap with the HDO resonance and the breadth of the line
precluded their accurate integration. Instead, we followed the
change upon titration in chemical shift at 3.79 ppm, which
corresponds to the pyridine methylene group. The magnitude
of this change is directly proportional to the concentration of
the complex. The corresponding titration curve is shown in
Figure S5.

The concentrations of the bound ligands grow with the
stepwise addition of the titrating solution that provides Zn(ll)
ions and base. Notably, in each case the concentration of th
bound ligand is not further altered once the ratio [Zngy{d
[ligand] reaches the value of 2. This result indicates that both

J. Am. Chem. Soc., Vol. 122, No. 27, 26aa.7

the second. In this case, the binding of the first Zn(ll) ion
increases the affinity of HLfor the additional Zn(ll) ion; the
binding is positively cooperative. Ligand Hlidoes not exhibit
cooperative binding of Zn(ll), as Figure S5 clearly indicates.

Ligand protonation constantky), the zinc(ll) complexation
constant Kzn, ), and deprotonation constants for the zinc(ll)
complex Ken, Ka1, Ka2) were determined by potentiometric pH
titrations of HL;-3HBr in the presence and absence of ZngNO
6H,0, as described in the Experimental Sectibrlypical
titration curves for HL-3HBr are shown in Figure S6A. The
mixed protonation constants for the ligand, IKg — log Ks,
are 10.09+ 0.07, 9.40+ 0.10, and 6.12+ 0.10, respectively,
and agree with literature valués.*3 The titration curve in the
presence of 2 equiv of Zn(Ngp+6H,0 reveals the formation
of a stable complex at pkt 5.5. Complex formation (I0§zn,.
= 13.91 + 0.10) is accompanied by deprotonation of the
phenolic group (Kpn= 6.974 0.05) and an aqua ligandKa;
= 7.4+ 0.1). The value i§pnagrees well with reported constants
for the deprotonation of M(Il)-bound phenti Deprotonation
of the second aqua ligandip, = 11.35+ 0.12) requires high
pH (>10.0) because the complex already has two anionic
ligands*? Only dinuclear species were observed under the
experimental conditions, as shown in Figure S6B. Therefore,
binding of the two zinc(ll) ions to HLis nearly simultaneous.
Such highly cooperative binding of two zinc(ll) ions is known
for a binucleating octaazacryptand ligaftdDiluting aqueous
solutions of [ZaL1(u-NO3)(NO3),] to 5.0 x 10~4 M does not
result in dissociation of zinc(ll) because the number and
positions oftH resonances in the NMR spectra remain the same.
This finding supports formation of a stable dinuclear complex
in aqueous solution.

Acid Dissociation Constants for the Aqua Ligands.The
formation of the coordinated hydroxide at physiological pH is
important for efficient metallohydrolase activity because this
species often serves as a general base or nucleophile. The
complex [ZnL1(u-NO3)(NOs3),] does not contain coordinated
water in the solid state (Figure 1). The coordinated nitrates are
replaced by aqua ligands upon dissolution in the presence of
water. The complex [Zih1(u-OH)(NOs)], containing bridging
hydroxide, was cocrystallized as a minor product together with
[ZnaLa(u-NO3)(NO3)z]. The K, value of 7.404+ 0.103!
determined by titration (Figure S6A), is assigned to the bridging
water in [ZrpL 1(u-OHy2)(NOg)n(sol)—n] @ MF, Terminally bound
water would have much higheKpvalue#346The corresponding
dissociation constant for [Zn(cyclen){8)]>" is 7.941 Bridging
water is more acidic than terminally bound water because it
interacts simultaneously with two zinc(Il) ions. An even greater
diminution in K, would probably have occurred were it not
for the compensating charge of the phenolate bridge in the L

(40) The titration curve in the presence of 2 equiv of Zng¥BH,0
reveals the formation of a stable complex at pH5.3. The constants
log K1, 10g Kz, l0g Kzn,, pKph, pKa1, and Kaz for HL2+2HCI are 8.55+
0.12, 7.03+ 0.09, 13.78+ 0.15, 5.89+ 0.07, 8.28+ 0.10, and 11.4Gt
0.10, respectively. Therefore under the reaction conditions, at=pH5
and 313 K, less than 3% zinc(ll) is free.

(41) Kimura, E.; Nakamura, |.; Koike, T.; Shionoya, M.; Kodama, Y.;

lkeda, T.; Shiro, MJ. Am. Chem. S0d.994 116, 4764-4771.
(42) Molenveld, P.; Stikvoort, W. M. G.; Kooijman, H.; Spek, A. L.;

gEngbersen, J. F. J.; Reinhoudt, D.NOrg. Chem1999 64, 3896-3906.

(43) Kimura, E.; Kodama, Y.; Koike, T.; Shiro, M. Am. Chem. Soc.
1995 117, 8304-8311.
(44) Kimura, E.; Koike, T.; Uenishi, K.; Heidiger, M.; Kuramoto, M.;

complexes exist as stable dimetallic species in the presence ofloko, S.; Arai, Y.; Kodama, M.; litaka, ¥norg. Chem1987, 26, 2975~

water. The sigmoidal curve in Figure 2 is diagnostic of a
cooperative interaction between the two Zn(ll)-binding sites in
HL1; that is, binding of one Zn(ll) ion affects the binding of

(39) Kaminskaia, N. V.; Lippard, S. J. Unpublished results.

(45) Koike, T.; Inoue, M.; Kimura, E.; Shiro, MJ. Am. Chem. Soc.
1996 118 3091-3099.

(46) Bazzicalupi, C.; Bencini, A.; Berni, E.; Bianchi, A.; Fedi, V.; Fusi,
V.; Giorgi, C.; Paoletti, P.; Valtancoli, Bnorg. Chem.1999 38, 4115-
4122.
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Table 3. Reactivities of Various Complexes in the Hydrolysis of
Nitrocefird
complex 10Kobs Min~t
none <0.07 8
[ZNoL1(u-NO3)(NO3),] 6.0+ 1.0 <
[ZnoL1(u-OMe)(NOs)7] 42+1.0
[anLz(NO3)3] 13.7+£ 2.0
Zn(NGs), 1.3+ 02
Zn(cyclen)(NQ); 2.8+0.3
Zn(bpta)(NQ). 72+1.1 300 400 500 600 700 800
aT, 313 K; solvent, 1:9 mixture of DMSO4® at pH 7.50 (adjusted Wavelength, nm

with 0.05 M HEPES buffer); initial concentrations of nitrocefinand a ., ; ; L .9 mi .
complex= 3.75x 10-5and 5.00x 104 M, respectively; concentration Figure 3. Hydrolysis of nitrocefin in a 1:9 mixture of DMSO:0.05 M

of ZN(NO3)»6H,0 = 5.00 x 104 M. HEPES buffer at pH 7.50 followed by UWisit_)I_e experiments_ in the
presence of [ZsL1(u-NO3)(NOs),] at 313 K. Initial concentrations of

ligand. The finding that the bridging water in the dinuclear the complex and nitrocefin were 5.9 10 and 3.8 x 10°° M,

complex can be deprotonated at physiological pH is consistent €SPECtVely.

with its postulated role as the relevant nucleophile in metallo-

hydrolases. The complex [Zb.(NOs)3] has no aqua ligands pB-lactamases are bridged by a hydroxide ion, the catalytic
in the solid state (Figure 1). Upon dissolution in water, one or Precursor [ZaL1(u-NOs)(NOs)] was chosen for further mecha-

more nitrate ligands are solvated. THé.palue of 8.2&+ 0.10 nistic studies. As Figure 3 indicates, this complex catalyzes the
for coordinated water in this complex is tentatively assigned to ydrolysis of nitrocefin without forming any observable inter-
a terminally bound water molecule. mediates.

Effect of Zinc Complexes on Nitrocefin Hydrolysis.Nitro- Binding of f-Lactam Substrates to Zn(ll) Complexes.
cefin was chosen as the hydrolysis substrate because |tﬁ'|_actam antibiotics can bind to transition metals via their

hydrolytic reactions (eq 11) can be conveniently followed by carboxylate, sulfur atomj-lactam amide, and terminal amide
moieties®4°The mode of binding depends strongly on the metal

O,N ion and substrate. It has been suggested that penicillins
NO, coordinate via thg-lactam nitrogen atom and the carboxylate

]\:—N HO group, whereas cephalosporins use ffHactam oxygen atom
for binding50-51

The absorbance maximum and extinction coefficient of
nitrocefin are unaffected upon binding to various Zn(ll) salts
and complexesH NMR spectroscopy is also not very sensitive

OH to B-lactam coordination of metal complexes. The binding and
OH (o NN NO; equilibrium constants therefore cannot be deduced on the basis
o (11) of UV —visible spectrophotometry arftH NMR experiments.
s On the other hand, theC NMR (160-180 ppm) and infrared
Q NH (1600-1800 cn1?) spectra of3-lactam carbonyl groups are very
sensitive to metal coordinatid®53 As the data presented here
s \ indicate, addition of [ZpL1(u-NO3)(NOs);] to a solution of
N\ penicillin G shifts the'3C resonance of the carboxylate group
from 171.7 to 174.2 ppm. The positions of the other resonances
UV —visible spectrophotometry. This compound is one of  do not change significantly. The downfield shift of the car-
several related cephalosporins and undergoes a distinctive colohoxylatel3C resonance is characteristic of metal ion coordina-
change upon hydrolysis k+lactamases. Nitrocefin absorbs at = tion 54 Infrared spectral data reveal that addition of {Zx(u-
390 nm 8 =21 000 Mt cm™Y). Its absorbance maximum and  NOz)(NO3),] to penicillin G in DMSO solution causes 17 and
high extinction coefficient are independent of solvent composi- 10 cnr? shifts of thev.{COO) andv(C(O)3-lactam) maxima,
tion and pH within the range 6.98.59. This intense visible respective|y_ The blue shift and the pOS|t|0n®QKCOO_) at
absorbance is attributed to the dinitrostyrene substituent on the1638 cnt?! are consistent with monodentate coordination of the

six-membered ring, resulting in a bathochromic shift due to carboxylate group to zinc(IB5-5 The blue shift in/(C(O)4-

the conjugation involving the dinitrostyryl group, tiidactam  |actam), moreover, reinforces this assignment by eliminating
ring, and the double bond in the dihydrothiazine ring. Upon

hydrolysis, the absorbance maximum shifts to 486 mm=( (48) Grochowski, T.; Samochocka, Rolyhedron1991, 10, 1473-1477.

16 000 M1 Cmfl), owing to formation of the Corresponding 27&492)7%530, M.; Panossian, R.; Guiliano, 8pectrosc. Lett1984 17,
cephalosporanoic acid, as shown in eq 11. (50) Gensmantel, N. P.: Gowling, E. W.; Page, M.JI.Chem. Soc.,

All three dizinc complexes catalyze the hydrolysis of nitro- Perkin Trans. 21978 335-342.

fin in a similar manner. as reveal he results in Table 3.  (61) Page, M. IAcc. Chem. Red.984 17, 144-151.
ce . a simiiar manner, a§ evealed by the esu ts able 3 (52) Mondelli, R.; Ventura, PJ. Chem. Soc., Perkin Trans. 1877,
The dinuclear complexes in Table 3 are-TD times more 1749-1752.

reactive than Zn(Ng),. The complex [ZpaL1(u-OMe)(NGs)4], ~(53) Scutaru, D.; Tataru, L.; Mazily, I.; Diaconu, E.; Lixandru, T.;
like [ZnoL1(u-NOs)(NOs),], converts to [ZaL1(u-OH)(NOs),] Simionescu, CJ. Organomet. Cheni991, 401, 81-85.

in aqueous solution, as thll NMR data indicate (Experimental 59556‘_1) Kaminskaia, N. V.; Kostic, N. Minorg. Chem.1997 36, 5917~

Section). Therefore, the reactivities of the first two complexes  (s5) Ferrer, E. G.; Williams, P. A. MPolyhedron1997, 16, 3323-

are similar. Because the two Zn(ll) ions at the active sites of 3325. o

(56) Zevaco, T. A.; Gds, H.; Dinjus, E.Polyhedron1998 17, 2199~
(47) O'Callaghan, C. H.; Morris, A.; Kirby, S. M.; Shingler, A. H. 2206.

Antimicrob. Agents Chemothet972 1, 283-288. (57) Kupka, T.Spectrochim. Acta, Part A997, 53, 2649-2658.
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Figure 4. Effect of [ZnpL1(u-NO3)(NOs)2] concentration on nitrocefin

hydrolysis in at pH= 7.50 in a 1:9 mixture of DMSO and 0.05 M
HEPES buffer. Initial concentration of nitrocefin was 3«<810°° M.

the possibility that coordination occurs via the oxygen atom of
this moiety>”58 Coordination by the3-lactam nitrogen atom
would result in a much higher blue shift than experimentally
observed® The small change in(C(O)-3-lactam) presumably
results from inductive effects originating from zinc binding to
the carboxylate group. The mononuclear zinc complexes Zn-
(bpta)(OTfy and Zn(cyclen)(OTH bind to penicillin G only
via the carboxylate group, as clearly evidenced by*#ieNMR
data in the Experimental Section.

Penicillin G and nitrocefin, which were used in binding
and kinetic experiments, respectively, differ somewhat in

structure (Scheme S2). We therefore investigated the binding

of cephalothin, a nitrocefin-like substrate, B3C NMR and
IR spectroscopy. Addition of [Zihi(u-NOs3)(NOs),] to a
cephalothin solution in DMSO causes a downfield shift of the
carboxylic resonance at 163.4 ppm, a clear indication that
its carboxylate group binds to zinc(ll). The 2-ppm downfield
shift of the lactamic carbony?C resonance might suggest
coordination by theg-lactam oxygen, but the IR data rule out
this possibility. The blue shift and position of{ COO) at 1630
cm~! are consistent with monodentate carboxylate binding to
zinc(Il). Experiments with Zn(bpta)(OTfand Zn(cyclen)(OTH
yield similar results.

Mixing aqueous solutions of [2hi(u-NO3)(NOs),] and
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Figure 5. Effect of [ZnL1(u-NOs)(NOs),] concentration on nitrocefin
hydrolysis in a 1:9 mixture of DMSO and acetone in the presence of
0.112 @), 0.278 (), 0.556 @), and 1.12 &) M H.O. Initial
concentration of nitrocefin was 3.8 10°° M.

Scheme 3
ko
A Znl + N =— Zn,L-N P
2 2 Ho0
ko
B Znl + N =—— ZnaL-N P
k
¢} anL + N P

(Scheme 3C), analogous to the hydrolysis of penicillin catalyzed
by [Zn(cyclen)(OH)T in aqueous solutiof? can be ruled out

because it requires first-order kinetic behavior with respect to
the complex. Fitting the experimental data in Figure 4 to eq 12

Kk,[Zn,L]

= 12

ST K[Zn,L] + 1 (12)
obtained for Scheme 3B yields a binding constant of £020
M~1in a 9:1 mixture of 0.05 M buffer and DMSO at pH 7.50.
Water competes with a variety of substrates for binding to
transition metal complexéd. In the absence of water, the

cephalothin results in the immediate appearance of a white Pinding of penicillin G and cephalothin to [Zin;(u-NOs)-

precipitate [ZaL 1(cephalothin)(NG),] that was isolated. It5*C
NMR spectrum in DMSGQds is identical to that obtained by
mixing the complex and cephalothin directly in DMSO solution.
Therefore, cephalothin coordinates to {Z{u-NOs3)(NOs),] via

the carboxylate group both in aqueous and DMSO solutions.

In summary, penicillin G and cephalothin bind to pa(u-
NO3)(NOs),] and the mononuclear zinc(ll) complexes only by
means of a monodentate carboxylate group.

Rate Law for the Hydrolysis of Nitrocefin. Hydrolysis
effected by [ZaL1(u-NOs3)(NOs),] follows first-order kinetics
with respect to the concentration of nitrocefin, as shown in
Figure S7 (Supporting Information). The hydrolysis reaction also
increases with [Z5L1(u-NO3)(NOg)7] in a 9:1 mixture of 0.05
M HEPES buffer and DMSO (Figure 4), but this dependence
is not linear. This behavior could arise from one of two
mechanisms, depicted in Scheme 3, both of which involve
coordination of nitrocefin to the dizinc(ll) complex. Coordinated
nitrocefin is attacked by external water (Scheme 3A) or by
zinc(ll)-bound hydroxide (Scheme 3B) in bimolecular and
unimolecular hydrolyses, respectively. Bimolecular hydrolysis

(58) Anacona, J. R.; Figueroa, E. NI. Coord. Chem1999 48, 181—
189.

(59) Woon, T. C.; Wickramasinghe, W. A.; Fairlie, D. lRorg. Chem.
1993 32, 2190-2194.

(NO3),] is much stronger and can be directly observed-iay
NMR and IR spectroscopy. Therefore, we carried out the
hydrolytic reaction in a 1:9 mixture of DMSO and acetone that
contained small concentrations of water. As expected, the
substrate binds more tightly to [Zm(u-NOs3)(NOs),] in this
organic solvent, resulting in the saturation kinetics plots depicted
in Figure 5. The experimental data were fit to eq 12, derived
for Scheme 3B under the condition that pZh>> [N]. This fit
afforded the binding constank) values of (3.1% 0.5) x 107,
(2.7+ 0.5) x 104 (1.5+ 0.4) x 10% and (1.7+ 0.5) x 10¢
M~1at 0.112, 0.278, 0.556, and 1.112 M® respectively.

In conclusion, the kinetic and the binding studies in an organic
solvent and aqueous solution rule out the mechanism in Scheme
3C for the hydrolysis of nitrocefin catalyzed by [An(«-NOs)-
(NOs)z].

Effect of pH on Hydrolysis Rate. The complex [ZaL1(u-
NOz3)(NOs),] hydrolyzes nitrocefin more efficiently at higher
pH values, as shown in Figures 6 and S8 (Supporting Informa-
tion). This finding is consistent with rate-limiting nucleophilic
attack of the hydroxo species on the substrate, followed by fast
protonation of the intermediate to give the hydrolysis product
and regenerated catalyst. The nucleophilicity increases in the

(60) Koike, T.; Takamura, M.; Kimura, B. Am. Chem. So2994 116,
8443-8449.
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Figure 6. Effect of the solution pH value on nitrocefin hydrolysis ~UteS 1€ss than 10-fold to the difference, whereas the latter is
catalyzed by [ZoL1(u-NO5)(NOs);] in a 1:9 mixture of DMSO and ~ responsible for the remaining 2-fold.

0.05 M HEPES buffer. The rate constants were corrected for the  Inhibition. Acetate ion inhibits zinc(ll)-catalyzed hydrolysis
background hydrolysis. Initial concentrations of the complex and of nitrocefin (Figure S9A, Supporting Information). The inhibi-
nitrocefin were 4.7x 10 and 3.8x 1075 M, respectively. tion of [Zn,L1(u-NO3)(NOs)7] is best described by the mech-
anism in Scheme 5 involving formation of the less reactive
catalyst upon acetate coordination. Fitting the experimental data
in Figure S9 to eq 14 where [I] is the acetate concentration,

Scheme 4

Ka
Znpl -OHy === Zn,L-OH + H*

iy \ / K Kznt T Kz 1 K] Znl] (14)
2 OH = n
H: N bs 1+ KZ[I] L1=t2k1o

P

yielded a value of 139 46 M~ for K,. Notably, the apparent
binding constant for acetate is nearly identical to that for
nitrocefin. This finding corroborates tHéC NMR and IR data
on substrate coordination to [Am(x-NO3)(NOs)2]. The ob-
served rate constants for the hydrolysis by the catalyst and the
inhibited catalyst are (5.% 0.2) x 103 and (1.1+ 0.1) x
102 min~%, respectively. Sodium succinate is an efficient
inhibitor for [ZnyL1(#-NO3)(NOs),], as illustrated in Figure S9B
(Supporting Information). Fitting the experimental data to eq
14 yielded values of 1143 260 M~* and (6.0+ 0.1) x 103
and (4.5+ 0.1) x 10~*min~* for the succinate binding constant

a pKa value of 7.5+ 0.2 for the hydrolytically active species. and the rate constants for the hydrolysis by catalyst and the
This value is nearly identical to thekg value of 7.40+ 0.10 inhibited catalyst, respectively. A low-quality X-ray crystal
for the bridging water in [Zgl1(u-OH,)(NO3)n(H20)z-] @M+ structure reveals that each succinate binds to two Zn(ll) ions

obtained by potentiometric titration experiments. Therefore, Tom different molecules, forming an extended, polymer-like
the bridging hydroxide in this complex acts as the nucleophile Structure. Notably, two succinate molecules actually displace
in nitrocefin hydrolysis. The respective observed rate constants (e bridging nitrate or hydroxide that serves as the nucleophile
for the aqua and hydroxo complexes are £.00-3 and 1.0x in nitrocefin hydrolysis. Such destruction of the catalyst would
102 min~%, respectively. The hydroxo complex is only 10 times  €XPlain the low reactivity of [Zpl1(u-NOs)(NO3)7] in the

more reactive than the aqua complex, presumably becausePrésence of succinate.
the nucleophilicity ofu-OH- is diminished by binding to two Temperature Effects. Because the observed rate constant

zinc(ll) ions simultaneously. in aqueous solution is a composite quantity of at least two

Effect of Water Concentration on the Hydrolysis Rate. steps, supstrate binding and hydrolysis, the activation param-
The hydrolysis of nitrocefin was investigated at 0.112, 0.278, eters ob_tamed from the temperature-dependence_plots are al_so
0.556, and 1.112 M KO as a function of the complex composites. On the other hand, the rate constant in the organic
concentration (Figure 5). The respective microscopic rate solvent is a microscopic rate constant that corresponds to the

constantsky, (2.5+ 0.4) x 1073, (2.8+ 0.4) x 103, (2.3+ hydrolysis of coordinated nitrocefin because nitrocefin is al-
0.4) x 102 and 3.5+ 0.5) % 10-3 min-! indicate that  Mostentirely bound in the presence of an excess of the catalyst.

hydrolysis of nitrocefin is not affected significantly by changing The zinc(ll)-catalyzed hydrolysis of nitrocefin exhibits linear

water concentrations in organic solvent. This finding supports EYring plot in organic solvent, as show? in Figure 7. A fit of
a mechanism in which zinc(ll)-bound hydroxide attacks the the datato the Eyring equation yieldad andAS' values of

coordinated substrate (Scheme 3B). The mechanism in Schem&8-4+ 5.3 kJ Mt and—45.3+ 16.0 J M* K™, respectively.
3A would result in first-order kinetics with respect tof81].61 The enthalpy of activation is higher than those obtained for

Notably, the value ok, is ~20-fold lower in an aprotic organic ~ the hydrolyses of penicillin G promoteg by OHand the
solvent containing small concentrations of water than that in Mononuclear complex [Zn(cyclen)(OH)Y° The much less

aqueous solution (Figures 4 and 5). This difference might be  (63) Catrina, I. E.; Hengge, A. . Am. Chem. Sod999 121, 2156~
attributed to the higher Ky, value of u-OH®? and decreased — 2163.
(64) Theu-OH complex is a minor species in acetone solution. Therefore,
(61) Raspoet, G.; Nguyen, M. T.; McGarraghy, M.; Hegarty, A. F. hydrolysis is catalyzed by the aqua complex that is 10 times less reactive
J. Org. Chem1998 63, 6867-6877. than the hydroxide complex.
(62) lzutsu, K.Acid—Base Dissociation Constants in Dipolar Aprotic (65) Reichardt, CSobent Effects in Organic Chemistry/erlag Che-
Sobents Blackwell Scientific Publications: Boston, 1990. mie: New York, 1979.

order ZnpL-OH;, < OH, < Zn,L-OH < OH~. At high pH, the
concentration of the more active ZnOH species is elevated
and the hydrolysis is fast.

The experimental results for [Zl0;(«-NO3)(NOs),] were fit
to eq 13, derived for the mechanism in Scheme 4. The fit yielded

_ kyoHH] + koK
ST K+ [HH]

(13)
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Figure 7. Effect of temperature on nitrocefin hydrolysis catalyzed by Wavelength, nm

[Zn2L1(u-NO3)(NOs)] in a 1:9 mixture of DMSO and acetone. Initial  Figure 8. Formation of the intermediate at 640 nm aftercl),(10

concentrations of the complex, nitrocefin, and water werexX91D 4, (@), 20 ), 30 @), 40 (a), and 60 A) min at 313 K. The solvent was

3.8 x 1075, and 0.278 M, respectively. a 1:4 mixture of 0.05 M HEPES buffer (pH 7.50) and DMSO, the
temperature was 313 K. The initial concentrations of;[Zfu-NOs)-

negative AS® for the hydrolysis by [ZpL1(u-NOs)(NOs),] (NOs)] and nitrocefin were 5.6 104 and 3.8x 1075 M, respectively.

supports a mechanism involving intramolecular attack by the

bridging_ hydroxide as the rate-limiting step in nitrocefin ably bound to the enzyme via a zinc(ll)-acyl linkage and the
hydrolysis. . negatively charged nitrogen-leaving group. It was concluded
Role of the Carboxylate. The carboxylate group is “con-  hat electrostatic interaction between the negatively charged
served” amongf-lactam antibiotics and proposed to orient the  jyiermediate and the positively charged dinuclear zinc(Il) center
substrate at the active sitéC NMR data reveal that, in simpler ¢ the enzyme is important for stabilization because addition
model systems, the carboxylate group is always coordinated 10y exogenous ligands accelerated the collapse of the intermedi-
zinc(ll). Removal of this coordinating anchor by methylation  5420\When the water levels in the hydrolysis reaction catalyzed
results in significantly decreased rates of hydrolysis of the 1711 1(4-NO)(NO,);] were decreased to 20%, a new species
p-lactam amide bond. Thus, in the presence ob{4(u-NO)- appeared with an absorbance maximum at 640 nm (Figure 8).
(NO)2], penicillin G methyl ester is hydrolyzed at least’l0  This species slowly converted to hydrolyzed nitrocefin, as
times more slowly than penicillin G. Their respective rate gyident from the characteristic absorbance of the latter at 486
constants are 5.1_ and0.007 M1 min~%. A similar effect is nm. This conversion became nearly instantanetys< 0.2 s)
observed in reactions catalyzed by Zn($}o upon addition of acids such as EFOOH and CHCOOH.
Solvent Isotope Effect. Nucleophilic attack of water or  These findings for the model system are consistent with the
hydroxide at thej-lactam carbonyl carbon must be followed  formation of an anionic intermediate, similar to that in the
by protonation of the amide nitrogen. The relative rates of these enzyme. The small differences iy values may be attributed
two sequential reactions determine the rate-limiting step and, 4 nitrocefin binding within the hydrophobic enzyme pocket.
ultimately, the factors that affect the overall reaction. Thus, the Hydrophobic environments, like the onefdactamase, cause
increased rate of hydrolysis at high pH and the absence of yjye shifts of absorbance maxir¥aRate constants for inter-
observable intermediates in aqueous solution are inconsistentyqdiate formation and disappearance at 333 K were obtained
with protonation in the rate-limiting step. The effect of solvent by fitting the experimental data in Figure S10 to eq 10. Their
isotope composition on hydrolysis was investigated to elucidate respective values are 0.25 and 0.006 Thiat 2.78 M HO, and
further the mechanism. Hydrolytic reactions of nitrocefin gCH 0.09 and 0.03 mint at 27.8 M HO. The formation rate constant
and DO were studied by UV visible spectrophotometry. Upon s diminished by 2.5-fold at 27.8 M 4 because water inhibits
dissolution in DO, the complex [Zpl1(u-NOs)(NOs)] will binding of nitrocefin to the dizinc(ll) complex. On the other
most likely incorporate deuterium into the bridging hydroxide, hang, the disappearance rate constant increased 5-fold at 27.8
so the reactivities of Zr-OH and Zp—OD can be compared.  \j H,0 because water readily displaces the intermediate from
When [H'] = [D"] in a reaction mixture (pH= pD = 7.57), the dizinc(ll) complex. The free anionic intermediate is unstable
the solvent isotope effedt/ko, was measured to be 0.46. When  anq ypon protonation converts to hydrolyzed nitrocefin. Increas-
[OH"] = [OD"] (pOH = pOD = 7 .4), the solvent isotope effect  jng water content further diminished the concentration of the
was 0.204. These results indicate that the Zn(ll)-catalyzed jntermediate to unobservable levels in aqueous solution.
hydrolysjs of nitrocefin is characterized by a relativelly large  The Mechanism of the Catalytic Hydrolysis.A mechanism
inverse isotope effect. Free ODs 20-40% more reactive as  of pitrocefin hydrolysis catalyzed by [2b;(u-NO3s)(NOs),] that
a nucleophile than free OKP® Presumably Zn(ll)-coordinated  ig consistent with the foregoing results is displayed in Scheme
OD" is also more reactive than Zn(ll)-coordinated QKDUr g The first step is coordination of tifelactam carboxylic group
findings are therefore consistent with rate-limiting nucleophilic 5 gne of the Zn(ll) ions. Such binding orients tAdactam
attack of hydroxide atthe sub.strate,. followed by fast protonation. carbony! carbon and bridging hydroxide in a favorable position
_Formation of the Intermediate. Zinc(ll)-catalyzed hydroly-  for the nucleophilic attack. Although zinc(ll) coordination to
sis of nitrocefin in 1:9 mixtures of DMSO and water occurs  the -lactam oxygen was not detected for the substrate, it cannot
without the formation of observable intermediates, as shown in e ryled out for the transition state. The slightly negative value
Figure 3, presumably because their formation is slower than ot ASt seems to support such a conclusion. In aqueous solution
their disappearan(_:e. By contrast, an anionic intermediatf_e the rate-limiting attack of the bridging hydroxide at the
(Scheme 1) absorbing at 665 nm was reported for the enzymaticcoordinated substrate is followed by fast protonation of the
hydrolysis by a metallgi-lactamasé®#*This species is presum-  intermediate, then by product release. Slower protonation step
(66) Jencks, W. PCatalysis in Chemistry and Enzymologpover in aqueous DMSO results in accumulation of the anionic
Publications, Inc.: New York, 1987. intermediate. The complex [2h;(u-NOs3)(NOs),] is the true
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catalyst precursor, because it hydrolyzes at least 10 equiv of
nitrocefin, (Figure S11, Supplementary Information). Product
inhibition was not detected, presumably because the binding
constant is low in aqueous solution.

Nitrocefin Hydrolysis by Mononuclear Complexes.The
two mononuclear complexes Zn(cyclen)(B®and Zn(bpta)-
(NO»), efficiently hydrolyze nitrocefin in aqueous solution, as
Table 3 reveals. The aqua ligand in the former complex has a
pKa value of 7.90 The pH dependence for hydrolysis by
Zn(bpta)(NQ),, shown in Figure S12, yields aKp value of
7.84+ 0.2 for the aqua ligand. These tw&pvalues compare
well with those of the dinuclear complexes and are sufficiently
low for zinc(Il)-bound hydroxide to form at physiological pH.
The hydrolysis of nitrocefin catalyzed by Zn(bpta)(y©
follows first-order kinetics with respect to the complex at low
concentrations of the complex (Figure S13). Nitrocefin coor-
dination to Zn(bpta)(N@), causes a leveling off at higher
concentrations of complex. Fitting the experimental data to eq
12 yielded values for the binding constank§ 6f 1140+ 106
and 4254 90 Mt at 13.9 and 27.8 M kD and pH= 7.50.
Nitrocefin binds more strongly to Zn(bpta)(Nf@than to [ZnL ;-
(#-NO3)(NOs3),], presumably because zinc(ll) is less electrophilic
in the dinuclear complex that contains a negatively charged
phenolate ligand. The fit also affordéd values of 0.17 and
0.18 mimt at 13.9 and 27.8 M (D, respectively. The lack of
dependence of hydrolysis of bound nitrocefin on water con-
centration suggests intramolecular attack by zinc(Il)-bound
hydroxide. Consequently, the mechanism for Zn(bpta{yO
is similar to that for [ZaL 1(u-NOs3)(NOs),] and involves initial
binding of the substrate, followed by intramolecular hydroly-
sis by the coordinated hydroxide (Scheme S3). The complex
[Zn(cyclen)(HO)]? has fewer coordination sites available
for nitrocefin binding and nucleophile activation, and there-
fore effects hydrolysis in a bimolecular manner according to
Scheme 3067

(67) Although S-lactam substrates coordinate to Zn(cyclen)(QTi)
organic solvent, this coordination does not take place in water at pH above
7.9. The complex [Zn(cyclen)(OH)lis coordinatively saturated. Addition
of 1 equiv of CI- (an OH" analog) to an organic solution of [Zn(cyclen)-
(penicillin)]* results in complete dissociation of penicillin.
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Conclusions and ProspectsWe have demonstrated that the
bridging hydroxide in the dinuclear zinc(Il) complex acts as
the nucleophile in hydrolysis gf-lactams and that the car-
boxylate group of these antibiotics is used for favorable
positioning of the substrate and the nucleophile. Therefore, the
present model studies support main steps in the suggested
mechanism of metallg-lactamase®® The model complexes,
however, lack many active-site residues, such as Asp90, that
are available in metallg-lactamases. Hence, their activity is
inferior to that of the enzymes. Mononuclear Zn(ll) complexes
are as efficient in nitrocefin hydrolysis as the dinuclear Zn(ll)
complexes. On the basis of kinetic analyses of various metallo-
p-lactamases (Table S17), the effect of the second Zn(ll) ion
on the hydrolysis rate remains controversfai®68The addition
of the second Zn(ll) ion to the active site results in marginal
improvement ing-lactam hydrolysis for some cases or inhibition
in others. Although the possibility of a switch in the rate-limiting
step for mono- and dizinc(ll) metallg-lactamases exis#,it
is also likely that, in the absence of Zn2, active side residues
(Cys168, His210, and Asp-90 iB. cereusenzyme) favor
deprotonation of the terminal aqua ligand bound to Zn1. This
conclusion is supported by a crystal structure that reveals
hydrogen bonding of Zn1-bound water to Cys168 and ASp90.
Moreover mutation of Cys168 to Ala results in a 100-fold
decrease ik, WhereasK, increases? Similarly, Ky, values
for monozinc(ll) metallgs-lactamase fronB. fragilis are lower
than those for the dizinc(Il) ford§ and C181S mutation results
in decreasedk.ys and increased,.%° Taken together these
findings indicate that the role of the second Zn(ll) ion in
p-lactamases does not involve nucleophile activation.
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