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ABSTRACT. The structure of the zinc-dependé¢htactamase Il fronBacillus cereusas been determined

at 1.9 A resolution in a crystal form with two molecules in the asymmetric unit and 400 waters (space
group P3;21; Reyst = 20.8%). The active site contains two zinc ions: Znl is tightly coordinated by
His86, His88, and His149, while Zn2 is loosely coordinated by Asp90, Cys168, and His210. A water
molecule (W1) lies between the two zinc ions but is significantly closer to Zn1 and at a distance of only
1.9 A is effectively a hydroxide moiety and a potential, preactivated nucleophile. In fact, Asp90 bridges
W1 to Zn2, and its location is thus distinct from that of the bridging water molecules in the binuclear zinc
peptidases or other binuclear zinc hydrolases. Modeling of penicillin, cephalosporin, and carbapenem
binding shows that all are readily accommodated within the shallow active site cleft of the enzyme, and
the Zn1-bound hydroxide is ideally located for nucleophilic attack aftteetam carbonyl. This enzyme

also functions with only one zinc ion present. The ZZh2 distances differ in the two independent
molecules in the crystal (3.9 and 4.4 A), yet the ZW1 distances are both 1.9 A, arguing against
involvement of Zn2 in W1 activation. The role of Zn2 is unclear, but Bhe&ereusenzyme may be an
evolutionary intermediate between the mono- and bizinc mefaliztamases. The broad specificity of

this enzyme, together with the increasing prevalence of zinc-dependent nfetalitamases, poses a

real clinical threat, and this structure provides a basis for understanding its mechanism and designing
inhibitors.

The principal mechanism by which bacteria develop as the natural cofactor, although activity with other divalent
resistance to penicillins, cephalosporins, and other relatedions has been reporte@)( One characteristic of the class
p-lactam antibiotics involves the production of enzymes B enzymes is their broad substrate profile, which includes
known asp-lactamases which inactivate these compounds not only the penicillins and cephalosporins but also the more
(1). Thep-lactamases cleave open the essertictam recently introduced carbapenems. This, together with their
ring, rendering the antibiotics incapable of binding to their increasing incidence among clinically important microorgan-
target proteins, which are the enzymes involved in bacterial isms, and the fact that inhibitors of the serine enzymes are
cell wall biosynthesis. Four classesfbfactamase have been ineffective against the metall@dactamases, have led to a
characterized on the basis of primary structure, three of whichrealization that the metall8-lactamases now pose a real
(A, C, and D) contain a catalytic serine residue in their active threat to the future efficacy of existing antibioticd).(
site. Crystal structures of a number of these active serinelnhibitors of this class of3-lactamase are now urgently
enzymes have been determined, and a mechanism-basetkquired.
inhibitor of these enzymes, clavulanic acid, has been
developed Z). The fourth class ofs-lactamase, class B,
comprises metalloenzymes, all of which probably utilizéZn

The first and for a long time the only member of class B
was the zinc-dependent enzyme fr@acillus cereugb), a
protein of 227 residues( 7), originally known ass-lacta-
mase |l since this organism produces anotbidactamase
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apparently required for activity8]. Substitution of the zinc

¢ Table 1: Native Data Collection and Processing Statistics
ions by Cé", C®*, Mn?*, or HZ?" led to much lower, but

still significant levels of activity 8), and the first reported Eﬁﬁcciﬁrou‘) Poizl P32l
crystallization of the enzyme was in the presence of'Cd a=b(A) 68.1 67.6
(12). cA 180.9 178.4

The structure of the zinc-containiiylactamase fron. resolution limit (A) 25 1.9

h tly been solved at 2.5 A resolutiag)(in no. of unique reflections 16104 37064

cereushas recently . average redundanty 4.1 2.3
the same crystal form, space groG, as that of the Cd completeness overal%) [outer shell, 99.4[99.7]
enzyme {1). One zinc ion was found at the active site. More 1.95-1.9A]
recently, however, the structure of the homologous zinc- _Ren® (%) [outer shell, 1.951.9 A] 4.5 54[28.9]
containingp-lactamase fronB. fragilis was determined in 2 Redundancy= (number of measurements)/(number of independent

two different space groups at 1.85 and 2.0 A resolutii® ( reflections).? Completeness- 100(number of independent reflections
- : N : : measured)/(theoretical maximum number of reflectiohBym =

14), as\(/j in this eEzym?]Nolmgc |on3were found |ndthe active S5 ill(h) — TS HSili(h). wherel(h) is the measured intensity and

site. We report here the independent structure Qtermlnatlonm(h)gis the mean of measurements.

of the B-lactamase fronB. cereusat 1.9 A resolution in a

new crystal formP3;,21, with two molecules in the asym-

metric unit. Each of the two active sites contains two zinc

Table 2: Statistics for the Isomorphous Derivative Data Sets

ions. We therefore propose a mechanism fefactam de”zaﬁved » *%Ptfv'? ag ggz(NMO%zd gggA 6
hydrolysis for theB. cereussnzyme involving the two zinc S92« €0n@tons r;‘& 1, 3 days2 prn .3 days, 0. pHm4.5, ays,
ions, although it appears that the enzyme can function in resolution limit (&) 3.3 35 35
the presence of either one or two zinc ions. completeness (%)  99.9 99.9 93.6
Reynt (%) 5.8 8.3 8.1
MATERIALS AND METHODS Ruiti® (%) 23.8 18.0 27.9
. . phasing poweér 1.61 1.00
Crystallization. Metallo5-lactamase Il fromB. cereus no. of sites 4 5

569/H (Public Health Laboratory Service, Porton Down, Rym= 303illi(0) — IO)IVSS (). ® Rt = 30l For — Fel/SolFel.
U.K.) was crystallized using the hanging drop vapor diffusion ¢ phasing power= TFyIEL whereE is the lack-of-closure error.
technique. Lyophilized protein as supplied was dissolved

to a concentration of 2 mg/mL and 5001 ZnSQ, in 10 figure of merit of 0.37. The program SOLOMOIR®) was
mM Tris-HCI buffer at pH 7.0 with 0.125% (w/v) sodium  then used to perform solvent flipping and automatic mask
azide. The reservoir solution contained 5@0of 10 mM calculation. At this stage threehelices and ning-strands
Tris-HCI buffer, adjusted to pH 4.5 with HCI, and 0.125% \yere identified for each molecule, and the program2@) (
(w/v) sodium azide, with 70%75% (v/v) saturated am-  \as used to create and edit @ Gkeleton. The noncrys-
monium sulfate. The hanging drops consisted gfL.3of tallographic symmetry (NCS)natrix was obtained by visual
protein solution and AL of reservoir solution diluted 2-fold inspection and improved using IMP [part of the RAVE
with 100 mM Tris-HCI at pH 4.5 containing azide. The package 22, 23], with a correlation coefficient of 54.1%
drops were kept at 1820 °C, and large single crystals petween the two molecules. Solvent flipping was performed
appeared within +2 weeks, by which time the pH of the  again, combined with NCS averaging, and the correlation
drop had stabilized at 52 0.1. The space group was found  coefficient for the electron density inside the two NCS-related
to beP3,21, and crystal density measurements (14201 masks improved from 37.1% to 81.9%. A polyglycine model
g-cm™?) and Vi, ratio calculation (2.4 ADa) indicated two  for the identifiable regions of secondary structure was refined
molecules in the asymmetric unit. with X-PLOR (24); 6% of the reflections were omitted and
Data Collection and ProcessingX-ray data to 2.5 A ysed for monitoring the progress of refinemeRi test set
resolution were collected using an RAXIS-IIC imaging plate (25)]. Phases calculated from the model were combined with
detector mounted on a Rigaku RU200HB rotating andde ( the Pt-derived phases, and after solvent flipping and NCS
= 1.54 A) and to 1.9 A using a Mar 30 cm imaging plate averaging, a polyalanine model was built for the same regions
area detector on station 9.6 at the Synchrotron Radiationas before and refined. The phases from this model were
Source, Daresbury Laboratory, U.K.A (= 0.87 A) at  ysed to calculate a difference Fourier map with the uranyl
temperatures of 18C (capillary mounted) and-138 °C, derivative, and five sites were located. The Pt and U sites
respectively (flash frozen with 18% glycerol in mother were refined with MLPHARE (combined figure of merit
liquor). The X-ray intensities were processed using DENZO 0.47) and then further combined with phases from the
(15 and the CCP41(6) programs ROTAPREP, SORTMTZ,  polyalanine model for another round of solvent flipping and
SCALA (17), AGROVATA, and TRUNCATE (8). The NCS averaging. At this stage, data collected from an EDTA-
statistics for data collection and processing are presented inspoaked crystal were used to calculate a difference Fourier
Table 1. map in which one zinc atom could be located per molecule;
Structure Determination and Refinemerithe structure this enabled residues 15227 to be traced, retaining the
was solved by multiple isomorphous replacement with data remainder as polyalanine. This new model was refined and
from two derivatives (Table 2) combined with solvent used for a further round of solvent flipping and NCS
flipping and noncrystallographic symmetry averaging. The averaging, after which the whole region from residue 40 to
difference Patterson map at 3.5 A for the Pt derivative, and residue 227 could be traced. At this point, data to 2.65 A
difference Fourier maps, revealed four Pt binding sites that
were refined with MLPHARE 19). These four sites 1 Abbreviations: NCS, noncrystallographic symmetry; rms, root
provided the initial phasing power (Table 2) with an overall mean squares, andF., observed and calculated structure factors.
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Ficure 1: Stereoview of the environment of Asp56, the only residue in a forbidden region of the Ramachandran plot. SIGMAA-weighted
(29) 2F, — F. electron density map (all atoms included) at 1.9 A resolution is contouredatFoRr hydrogen bonds stabilize the strained
backbone conformation of Asp56, one of which links Asp56 to Arg91, immediately beneath the catalytic zinc ions. The image was drawn
using the program QUANTAZY).

were included, and after the subsequent refinement cycleTable 3: Refinement Statistics
residues 732 could be traced. resolution range (A) 801.9

The structure was refined using X-PLOR and manual "% g; Ler‘;')‘t*ecitri]o‘;zms per asymmetic uni 37303?216
quel building per_formed with O. The flrst_rounds of no. of water molecules per asymmetric unit 200
refinement used strict NCS, but subsequent refinement used no. of sulfate ions per asymmetric unit 2
restrained NCS, gradually decreasing the weights to 40 kcal/ no. of zinc atoms per asymmetric unit 4
mol for protein atoms and 20 kcal/mol for nonbonded atoms chry{(gj/t;) gg-g

. : ree 0 .
(_2|r_1c, sulfate, _and water molecules). The upper resolution average factor for protein atoms (A 2981
I|m|t_f0r re_flectlons throughout refinement was 8 A. After averageB factor for water molecules @ 43.98
the inclusion of data to 2.5 A and further refinement, the s deviation, bond lengths A 0.007
model for each molecule contained 215 of the 227 residues, ms gev!a?on, 3%”%aqg'esl(de(£g ) %-43383

H : H rms daeviaton, dinedral angies (deg .
1 zinc ion, 2 sulfate ions, and 19 water molecules, plus a rms deviation, improper torsion angles (deg) 1.238

further 62 water molecules not related by NCS. No electron  yms deviation between the NCS-related molecules 0.911

density was visible for residues—5 or 33-37. The (A, all atoms)

N-terminus of the enzyme was known to be “ragge@B)( 3 Rayst = SnlIF(N)ol — IF(N)ell/SnlF(h)o| for all reflections ® Ryee =

but mass spectroscopic analysis of crystals revealed thaty,||F(h)o — [F(h)d||/ShlF(h)e| for a randomly selected 6% set of
selective crystallization of a form lacking residues4lhad reflections not used in refinement.

occurred; thus only the two N-terminal residues 5 and 6 are

in fact disordered. The disordered loop-337 will be = 150.8 in molecule Ay = 75.6°, ¢ = 150.0 in molecule
discussed below. At this stad®.. was 26.8% andRuys B). This residue lies immediately adjacent to the active site,
(calculated on the working set of reflections) was 19.2%. and its electron density may be seen in Figure 1 (which also
The data set to 1.9 A was then used, and after five roundsillustrates the quality of the map at this resolution). The
of refinement the NCS restraints were removed entirely. statistics for the final model are given in Table 3. The mean
Further water molecules (total 400) were identified with coordinate error, as estimated by the SIGMAA meth2@),(
QUANTA (27), as well as a second zinc ion, interpreted is 0.3 A.

earlier at 2.5 A resolution as a sulfate ion. The fiRake

was 27.9%, an®.ys (calculated on all reflections after the RESULTS AND DISCUSSION

final round of refinement) was 20.8%. The van der Waals  oyerall Architecture. The structure consists of a sandwich
radius used for the zinc ion was 1.15 A. Larger radii were of o twistedf-sheets, each flanked on their outer face by
tested but led to W1 moving out of electron density; lower tyo o-helices, with a fifth helix bridging the two sheets
values did not affect the refined atomic position. NO (Figyre 2). This fold is exactly as reported by Carfi et al.
constraints were placed on any atoms, except for the NCS(12) (rms deviation between backbone atom8.46 A) and
constraints in the early stages of refinement. For the final gimjlar also to that of th®. fragilis enzyme 13, 14) (rms
five rounds of refinement the electrostatic energy term was gevyiation between backbone atomsl.18 A). The active
switched off. site, identified in Figure 2 by the two zinc ions shown in
The geometry of the model is good as assessed bygreen, lies at one edge of tAesheet sandwich, and the ligand
PROCHECK 28), although one residue, Asp56, lies in a residues belong to segments of polypeptide chain which form
forbidden region of the Ramachandran plet=€ 74.5, ¢ extended loops connecting the secondary structural elements.
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FiGURE 2: Ribbon representation of the enzyme showing the two FIGURE 3: Noncrystallographic symmetry interaction. The two
B-sheets flanked by-helices; the latter, together with the N- and  C-terminala-helices ¢4 ando5) of each molecule pack “head to
C-termini, are labeled. The active site residues are shown, coloredtail”, forming continuous intermolecular helical structures. The

according to secondary structurefelix, yellow; 5-strand, purple; 2-fold NCS axis passes through the center of the image, perpen-
random coil, white) with the two zinc ions (green). The image was dicular to the plane of the paper. The image was drawn using
drawn using the program SETORS). SETOR 439).

There is a degree of similarity between this fold and that In this respect the active site differs strikingly from those of
of the N-terminal nucleophile (Ntn) aminohydrolas&§)( the binuclear zinc peptidase3-35) and other hydrolases
While the architecture of the Ntn hydrolase family, which (36—39), in which a water molecule and a protein side chain
tantalizingly includes the enzyme penicillin acylasl)( (carboxylate) each independently bridge the two zinc ions
consists of a sandwich of two five-strandédheets flanked  in parallel.
on each side by twa-helices, the connectivities between While the structures of the two independently refined
the strands and helices are quite different from that in the active sites are essentially identical, two interatomic distances
metallof-lactamase. Any similarity therefore would appear differ significantly (Table 4). These are the ZrZn2 and
to be merely an example of convergence to a stablethe Zn2-W1 distances, which differ by 0.5 and 0.6 A,
arrangement of secondary structural elements. respectively, substantially greater than the mean coordinate

Noncrystallographic SymmetryThe NCS axis is an  error of 0.3 A (see Materials and Methods) and in contrast
almost exact 2-fold (179%rotation and no translation) as to all of the other Zr-ligand distances, which differ by less
shown in Figure 3, and intermolecular contact occurs betweenthan 0.2 A between the two molecules. In Figure 5, the two
the two C-terminala-helices ¢4 andab5). These helices  active site structures are superimposed, by best-fitting Znl
pack head to tail, and intermolecular hydrogen bonds betweenand its ligands. It is clear that the difference between the
the peptide units form, in effect, a continuous helical structure two sites is a shift of Zn2, together with His210 and W2,
spanning the two molecules. The active sites of the two away from Znl. This contrast between virtually identical
enzyme molecules are brought within 24 A of each other in Zn1 sites, and conformationally variable Zn2 sites with
the crystal through this interaction (Figure 3), but there is “looser” arrangement of ligands, is consistent with their
no evidence for dimerization of the enzyme in solution. different affinities for zinc and is also reflected in the

The Actie Site. The active site contains two zinc ions, temperature factors (Zn1, 31 and 32 &Zn2, 53 and 62 A),
liganded by residues that are almost entirely conserved inrefined assuming full occupancy. Another difference that
all the known metallg-lactamase sequences. Znl [which can be seen in Figure 5 is the conformation of Lys171, a
corresponds to the single zinc ion identified by Carfi et al. residue conserved in all but tie maltophiliaenzyme, which
at 2.5 A resolution 12)] is liganded by the three histidine forms a weak hydrogen bond to W2 (Table 4).
residues, 86, 88, and His149, and a water molecule (W1) in W1 is very closely associated with Zn& factors, 26 and
a tetrahedral arrangement. Both His86 and 149 use é8e N 26 A2 cf. 41 and 32 A for W2), and significantly, the
atom of the imidazole ring, as is commonly observed, movement of Zn2 away from Zn1 by 0.5 A in molecule B
whereas His88 interacts via thedN atom. The electron relative to molecule A has no effect upon the ZWW1
density corresponding to this region is shown in Figure 4. distance, which remains at 1.9 A in both molecules (Table
The second zinc ion is liganded by Asp90, Cys168, and the 4). This is as short as the 20 bond lengths in tetrahedrally
Ne2 atom of His210, together with two water molecules, coordinated hydroxy salts (2.0 A) or zinc oxid&0) (1.95
W1 and W2, providing 5-fold coordination in a distorted A) and must be a hydroxide moiety. It also forms a hydrogen
trigonal bipyramidal arrangement (Figure 4). W1, which bond to Asp90 (2.8 A in both molecules, Table 4), which in
might appear to bridge the two zinc ions, lies very much turn forms a hydrogen bond to Zn2 (2.8 and 2.9 A).
closer to Zn1 than to Zn2 (Figure 4 and Table 4), and the The two zinc ions lie in a shallow cleft, both readily
two zinc ions are in fact bridged by W1 and Asp90 in series. accessible to solvent. One side of this cleft is formed by
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FiGUre 4: Stereoview of the active site. SIGMAA-weighte2B) 2F, — F. map (all atoms included) is contoured atd @nolecule B).

Znl is tetrahedrally coordinated by His86, His88, His149, and the water molecule W1 (red). Zn2 is coordinated by Asp90, Cys168, His210,
W2, and W1. Lys171 points toward W2. Other water molecules are represented by red crosses. The image was drawn using QUANTA

(27).

Table 4: Interatomic Distances (A) in the Active Sites of the Two
Molecules in the Asymmetric Unit

atoms involved A B
Zn1---Ne2 (His86) 2.27 2.24
Zn1---NS1 (His88) 1.95 2.16
Zn1---Ne2 (His149) 2.00 2.11
Znl---W1 1.90 1.90
Znl---Zn2 3.85 4.36
Zn2---W1 2.48 3.06
Zn2---002 (Asp90) 2.75 2.90
Zn2---Sy (Cys168) 1.91 1.98
Zn2---Ne2 (His210) 2.59 2.45
Zn2---W2 2.55 2.69
W1:+-001 (Asp90) 2.79 2.84
W2---NZ (Lys171) 4.01 3.33

side chains attached to tjfelactam nucleus to be “docked”

in a similar way, consistent with the broad activity profile
of this enzyme. Substrates were located such that the
common carboxylate group of the five- (or six-) membered
ring pointed toward the conserved Lys171 andgHactam
carbonyl pointed between Znl and the) Mf conserved
Asnl180. Panels a and b of Figure 6 show the proposed
binding of benzylpenicillin and meropenem. In this mode
of binding, which is very similar to that proposed by Concha
et al. for theB. fragilis enzyme 13), W1 lies immediately
beneath thes-lactam carbonyl carbon, ideally located for
nucleophilic attack (Figure 6). W2, however, is displaced
by the substrate’s carboxylate group, which may interact
with, and maintain pentacoordination at, Zn2. In this respect,

residues Lys176 to Asp183, of which Gly179 and Asn180 oyr model differs from that of Concha et al3, in which

are conserved in all known metalfactamase sequences.
Their significance becomes clear wheitactams are docked

W2 (their “apical” water molecule), is not displaced; indeed,
these authors propose that, with a slight shift of the substrate,

into the active site (see below). The two ends of the cleft W2 could be the nucleophile. Carfi et all4) propose a
are apparently open, although the disordered loop region,model for substrate binding to ti8 fragilis enzyme in which

residues 3337, lies at one end. No electron density is

W2 is displaced, but the carboxylate interacts with Zn2 and

visible at all for these five residues; the corresponding loop not Lys171. Inthe same authors’ model for substrate binding

in the B. fragilis enzyme is one residue longer, and two
residues similarly lack electron densit{3]. As suggested
by Concha et al., this loop may interact with substrai® (

to the monozin®. cereusenzyme, the carboxylate interacts
with His210 (2).
Neither of these models of substrate bindin@tdragilis,

or even close over the active site. Chemical modification nor that of Carfi et al. to th&. cereusenzyme, explains the

of one of the disordered loop residues in tBe cereus
enzyme, Glu37, was reported to block activityl), consis-
tent with its proximity to the active site, but mutation of
this residue to GIn42) later showed that it was not essential
for activity.

Finally, a buried salt bridge, Arg91Asp56, lies im-
mediately below the zinc ions in the “floor” of the active

absolute conservation of Gly179 in all known metao-
lactamase sequences, but in the model proposed here it is
clear that any side chain at this position would prevent
substrate binding (Figure 6). Furthermore, the conforma-
tional variability of the side chain of Lys171, as seen in the
two molecules in the asymmetric unit, may also be important
in allowing the interaction with the conserved carboxylate

site (Figure 1). An extensive hydrogen-bonding network group to be maintained despite the latter’s slightly different
links Arg91 to Asp90 and Gly209; the adjacent residue orientation with respect to thelactam ring in the different
His210, and Asp90, are Zn2 ligands, and thus Arg91 is substrates.

involved in shaping the Zn2 site as well as contributing to
the electrostatic environment of the active site.

Modeling of Substrate BindingThe shallow, accessible
active site cleft allowg-lactam substrates with very different

Catalytic Mechanism.We propose that water molecule
W1, so closely associated with Zn1 that it is best described
as a hydroxide, is the preactivated nucleophile that attacks
the g-lactam carbonyl carbon atom. In the Michaelis
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FiGURe 5: Stereoview of the superimposed active sites in the two molecules (A, green; B, magenta). The structures were best-fitted on Znl
and its ligands; differences at the Zn2 site are apparent. The image was drawn using QU2RNITA (

complex (shown schematically in Figure 7), thdactam the water molecule. In fact, the location and role of Asp90
carbonyl oxygen interacts with Znl, which expands its resemble the mononuclear zinc peptidases typified by car-
coordination number to 5, and serves to polarize the carbonylboxypeptidase A and thermolysidg), and the mechanism
bond enhancing its susceptibility to nucleophilic attack. At of the B. cereusenzyme thus appears to exhibit features of
Zn2, one oxygen atom of the substrate’s conserved carboxy-both the mono- and binuclear zinc enzymes.
late moiety replaces W2, while the other interacts with  Mechanistic Duality of the B. cereus Metajfolactamase.
Lys171. As hydroxide W1 attacks thlactam carbonyl It is known that theB. cereusenzyme displays significant
bond, the lone pair of theg-lactam nitrogen atom may activity with only a 1:1 molar ratio of Z# to enzyme 8),
interact with Zn2, maintaining its pentacoordination. As the which, given the very different affinities of the two sites,
transition state develops, with tetrahedral coordination at the would lead to occupancy only at Znl. [We believe that the
p-lactam carbonyl carbon atom, Asn18@M and Zn1 can existence of only one zinc ion in the structure of Carfi et al.
stabilize the oxyanion. Asp90, initially hydrogen bonded (12) is a result of the molar ratio of Zh to enzyme of 0.3:
to the zinc-bound hydroxide, is ideally located to accept the 1, compared with 6:1 in the present study.] In the absence
proton from the hydroxide and, ghslactam bond cleavage of Zn2, the hydroxide W1 is expected to occupy the same
occurs, protonate the nitrogen atom. Mutagenesis haslocation as seen in the two-zinc structure, since we observe
demonstrated that this residue indeed performs a critical rolethat movement of Zn2 away from W1 by 0.6 A in molecule
in the B. cereusenzyme 43). B relative to molecule A (Figure 5 and Table 4) does not
Deprotonation of the hydroxide by Asp90 implies the affect W1. Asp90 would still be able to deprotonate W1
formation of a dianion, and mechanistic studies by Bounaga and might be expected to act as a stronger conjugate base in
et al. indicate that a dianionic species is indeed formed, sincethe absence of Zn2.
there is an inverssecondorder dependence of reactivity of What therefore is the role of Zn2? It may interact with
the B. cereusenzyme upon hydrogen ion concentration at substrate as described above or serve to orient Asp90.
low pH (44). This is in contrast to the mechanism proposed Certainly theB. fragilis enzyme, with two zinc sites of
by Concha et al. 13), which does not invoke a dianion; comparable affinity£1 «M), will always contain two zinc
furthermore, Concha et al. suggest that W2 donates the protorions (13). They are closer together (3.5 A) than in tBe
to the 8-lactam nitrogen (or may even be the nucleophile). cereusenzyme (3.9 and 4.4 A, Table 4), and the water
These authors do draw attention to the differences betweenmolecule/hydroxide ion is almost symmetrically located

the pH dependence &, for the B. fragilis (13) and B. between them, as in other binuclear zinc hydrolads. (
cereusenzymes at low pH45), which may reflect real Functionally, while the substrate profiles of the two enzymes
mechanistic differences. are similarly broad, th8. fragilis enzyme generally displays

The location of W1 is quite distinct from that of the water a higher catalytic efficiencyqs are typically 16-100-fold
molecules that bridge the two zinc ions in the binuclear zinc lower for theB. fragilis enzyme 47)]. Structurally, the Zn2
peptidases32—35) or in other binuclear zinc hydrolases such site in theB. cereusenzyme has a “loose” arrangement of
as nuclease P136), phospholipase C3{), or phosphotri- ligands compared with thB. fragilis enzyme (e.g., His210
esterase3g). In all of these structures the bridging water Ne2—Zn2, 2.5/2.6 and 2.1/2.2 A, respectively), and Arg91,
molecule, the presumed nucleophile, is symmetrically placed lying just below Zn2 in the former (Arg91 NH2Zn2, 4 A),
between the two zinc ions (2:@®.3 A from each). The  will lower the affinity for Zr?* at this site. In theé. fragilis
longer W1t-Zn2 distances in thB. cereusenzyme (2.5and  enzyme this residue is replaced by cysteine. Both function-
3.1 A, Table 4) argue against a role for Zn2 in activation of ally and structurally therefore, th& cereusenzyme appears
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Ficure 6: Stereoviews of the modeling of (a) benzylpenicillin, and (b) meropenem. Features common to the docked structures are the
pB-lactam carbonyl oxygen pointing between Znl andl ™ Asn180, the substrate’s carboxylate group pointing toward Lys171, and the
displacement of W2. W1 is ideally placed to attack flkactam ring. Conservation of Gly179 is clearly required to allow substrate binding.
Val39 (bottom left), at the C-terminal side of the disordered loop, is within 4.5 A of the substrate, indicating the proximity of this flexible
loop. The image was drawn using QUANTARTY).

Lys 171 The B. cereusenzyme thus displays a remarkable adapt-
ability, able to function with either one or two zinc ions, or
Asn 180 indeed other metal ions, and capable of hydrolyzing virtually
all known f-lactam antibiotics. It is this latter capability
His 149 which now poses such a serious clinical threat, and the need
N{ to design inhibitors of these enzymes is most urgent.
{ Knowledge of this structure will, we hope, facilitate the
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Ficure 7: Schematic diagram of the proposed Michaelis complex
for a penicillin bound to the enzyme. The hydroxide (W1) is
activated by Zn1 for nucleophilic attack at the carbonyl carbon;
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