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ABSTRACT: Metallo-â-lactamases (mâls) are zinc-dependent enzymes that hydrolyze a wide range of
â-lactam antibiotics. The mâl active site features an invariant Asp-120 that ligates one of the two metal
ions (Zn2) and a metal-bridging water/hydroxide (Wat1). Previous studies show that substitutions at Asp-
120 dramatically affect mâl activity, but no consensus exists as to its role inâ-lactam turnover. Here we
present crystal structures of the Asn and Cys mutants of Asp-120 of the L1 mâl from Stenotrophomonas
maltophilia. Both mutants retain a dinuclear zinc center with Wat1 present. In the essentially inactive
Cys enzyme Zn2 is displaced to a more buried position relative to that in the wild-type enzyme. In the
catalytically impaired Asn enzyme the coordination of Zn2 is altered, neither it nor Wat1 is coordinated
by Asn-120, and the N-terminal 19 amino acids, important to cooperative interactions between subunits
in the wild-type enzyme, are disordered. Comparison with the structure of L1 complexed with the
hydrolyzed oxacephem moxalactam suggests that in the Cys mutant Zn2 can no longer make stabilizing
interactions with anionic nitrogen species formed in the hydrolytic reaction. The diminished activity of
the Asn mutant arises from a combination of loss of intersubunit interactions and impaired proton transfer
to, and reduced interaction of Zn2 with, the substrate amide nitrogen. We conclude that, while interactions
of Asp-120 with active site water molecules are important to proton transfer and possibly nucleophilic
attack by Wat1, its primary role is to optimally position Zn2 for catalytically important interactions with
the charged amide nitrogen of substrate.

Metallo-â-lactamases (mâls) represent a growing challenge
to the clinical effectiveness ofâ-lactams, still the most widely
prescribed class of antibiotics (1). While bacteria have
evolved a variety of methods to counter their effects (2),
production of â-lactamases, enzymes that inactivate the
antibiotic through hydrolysis of the amide bond in the four-
memberedâ-lactam ring, is the predominant mechanism of
â-lactam resistance in Gram-negative pathogens.â-Lacta-
mases have been known since 1940 (3) and now number
more than 500 (www.lahey.org/studies). Carbapenems, the
newest and most potent generation ofâ-lactam agents, are
now a mainstay of therapy for infection by opportunist Gram-
negative organisms such asPseudomonas aeruginosaand
Acinetobacter baumanii. Colonization by such species may
have serious consequences for immunocompromised indi-
viduals such as transplant, cancer chemotherapy, and HIV

patients (4). In this context the emergence and dissemination
of mâls, enzymes able to degrade almost allâ-lactam classes,
including carbapenems, is a particular clinical concern. None
of the â-lactamase inhibitors currently in clinical use are
effective against mâls (5, 6), and no new antimicrobial agent
with activity against pan-resistant Gram bacteria is at or near
testing in clinical trials (7, 8).

Mâls are prototypical members of a diverse and ancient
protein superfamily with multiple hydrolytic functions (9).
They usually contain a dinuclear active site whose two zinc
ions respectively occupy a trihistidine site (Zn1), with
tetrahedral geometry completed by a metal-bridging water/
hydroxide moiety (Wat1), and a trigonal bipyramidal site
(Zn2) with a more variable ligand set. Of the three recognized
mâl subtypes (10), enzymes classed as B1 and B2 contain a
Zn2 site with three protein ligands (Asp-120, Cys-221, and
His-263), the “bridging” water/hydroxide (Wat1), and a
second “apical” water molecule (Wat2), while those of
subclass B3 substitute an additional histidine, His-121, for
Cys-221. Asp-120 is however invariant across known mâls
and almost completely conserved across the wider mâl
superfamily. A number of structures of mâls and related
enzymes (11-21) show the carboxylate side chain of Asp-
120 to both directly ligate Zn2 and interact with the bridging
water/hydroxide that is the most likely nucleophile in the
hydrolytic reaction. It has consequently been inferred that
Asp-120 plays an important role in the mâl-catalyzed
hydrolysis of â-lactams. The absence of any covalently
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enzyme-bound intermediate rules out the possibility of Asp-
120 participating in an anhydride mechanism (22, 23), and
a number of alternative mechanistic roles for this residue
have thus been proposed (Scheme 1). These include (i)
abstraction of a proton from metal-bound water (Wat1)
followed by its back-donation to the amide nitrogen leaving
group of the cleavedâ-lactam ring (24), (ii) deprotonating
the putative tetrahedral oxyanion intermediate formed after
nucleophilic attack has occurred, thus generating a dianion
whose degradation product it reprotonates (23), and (iii)
orienting and polarizing both the metal-bound water/
hydroxide (Wat1) to make the initial nucleophilic attack upon
bound substrate and subsequently a second incoming water
molecule that protonates the amide nitrogen and replaces
Wat1 at the bridging position (25). It has also been suggested
that Asp-120 is important in positioning Zn2 (26, 27) and
that this, rather than any mechanistic function, may be its
primary role (26).

Directed mutagenesis studies confirm the conclusion that
Asp-120 plays a central role in catalysis. In the subclass B1
enzyme CcrA fromBacteroides fragilisthe Asn-, Cys-, and
Ser-substituted enzymes all retain dinuclear zinc sites and
are to varying degrees catalytically compromised such that
activity decreases in the order Asn> Cys > Ser. Effects
vary from a halving ofkcat/KM (Asp-120 Asn vs imipenem
(28)) to a 105-fold reduction inkcat (Asp-120 Ser vs nitrocefin
(29)). In P. aeruginosaIMP-1 the Asp-120 Glu and Ala
mutants likewise retain the ability to bind two Zn2+

equivalents but show reductions inkcat/KM of up to 5 orders

of magnitude (27), while in Bacillus cereusBcII a series of
dinuclear Asp-120 mutants (Glu, Gln, Asn, and Ser in order
of increasing effect) impairedkcat/KM by a maximum of 103-
fold (26). In the subclass B3 enzyme L1 fromStenotroph-
omonas maltophilia, replacing Asp-120 with Asn or Cys
generates a dinuclear enzyme where, depending on the
substrate,kcat/KM is reduced by approximately 102-fold (Asn)
or 103-fold (Cys). By way of contrast, the Ser mutant is a
mononuclear enzyme whose activity approximates that of
the Cys species, but shows impaired binding of substrate as
evidenced by rapid-mixing fluorescence studies (25). It was
concluded that, in addition to its function as a Zn2+ ligand,
Asp-120 is involved in orienting and polarizing both the
nucleophilic bridging water that attacks theâ-lactam carbonyl
carbon of the scissile amide bond and an incoming water
molecule that serves as a proton donor to the nitrogen leaving
group. Further, the retention of significant activity by the
Asp-120 Asn mutant could then be explained by the
possibility that the Asn amine nitrogen interacts with the
metal-bridging water molecule in a fashion similar to that
of the free (non-Zn2+-bound) oxygen of Asp.

To investigate this hypothesis, and to establish the
structural basis for the altered reactivity of Asp-120 mutants
of L1, we have determined crystal structures for the two
mutants Asp-120 Asn and Asp-120 Cys that retain dinuclear
zinc centers. Importantly, we have obtained crystal forms
of each mutant enzyme where the active site is unoccupied

Scheme 1
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by buffer ligands and at a resolution that enables Zn2+-bound
water molecules to be located with some confidence. The
results reveal the active site of the Cys mutant to be altered
from that of the wild-type enzyme primarily through a
repositioning of Zn2, whereas, unexpectedly, the Asn
substitution significantly affects both the coordination of Zn2
and the conformation of the extended L1 N-terminus, a
region previously implicated in intersubunit interactions in
the L1 tetramer (30). Together with existing data on the
interaction of L1 withâ-lactams and the kinetic effects of
the two Asp-120 mutations, these results suggest that Asp-
120 both acts to position Zn2 for catalytically important
interactions with substrate, in particular species in which the
amide nitrogen (N5) is charged, and orients Zn-bound water
for protonation. We propose that these functions are of
general importance to catalysis ofâ-lactam hydrolysis by
mâls.

MATERIALS AND METHODS

Site-directed mutants of L1 were prepared and purified
as described (25, 31). Crystals were grown by hanging-drop
vapor diffusion. L1 Asp-120 Cys was concentrated to 20
mg/mL by ultrafiltration, and drops were set up using 1µL
of protein solution mixed with 1µL of well solution (0.1 M
Tris‚Cl, pH 7.5, 0.2 M MgCl2, 18% PEG 4000, 5% MPD
(2-methyl-2,4-pentanediol)). L1 Asp-120 Asn was concen-
trated to 18 mg/mL, and drops were set using 1µL of protein
solution mixed with 1µL of well solution (0.1 M Tris‚Cl,
pH 8.0, 0.4 M MgCl2, 21% PEG 4000). Crystallization
experiments were incubated at 20°C.

Crystals of L1 Asp-120 Cys and Asp-120 Asn were
cryoprotected by transient exposure to mother liquor supple-
mented with 15% or 20% ethylene glycol, respectively, and
frozen to 100 K. X-ray diffraction data were collected using
a Quantum 4 CCD detector (Area Detector Systems Corp.,
Poway, CA) mounted on beamline 14.1 of the U.K.
Synchrotron Radiation Source (SRS), Daresbury. Diffraction
intensities were integrated, scaled, and merged using the
hkl2000 suite (32) (HKL Research Inc., Charlottesville, VA).
Structures were solved by molecular replacement with
AMORE (33) using the unliganded L1 monomer structure
(PDB ID 1SML (31)), with Asp-120 altered to alanine, as a
search model. The Asp-120 Cys structure was refined with
REFMAC 5.0 (34) using ARP/wARP version 5.0 (35) to
add crystallographic water molecules. These programs were
implemented under the CCP4 package (36). Manual rebuild-
ing, which was largely limited to adjustment of a relatively
small number of side chain positions, was carried out using
COOT (37). However, refinement of the Asp-120 Asn mutant
using this approach stalled at relatively highRfree values
(31%), while further analysis (http://nihserver.mbi.ucla.edu/
Twinning (38)) revealed partial merohedral twinning of this
data set with a twin fraction of 0.46. Accordingly, SHELXL
(39) was employed for the final stages of refinement. Four-
fold noncrystallographic symmetry was implemented during
SHELXL refinement of the Asp-120 Asn structure but was
not used at any stage for L1 Asp-120 Cys.

The standard numbering scheme for mâls (10) has been
used throughout this paper.

RESULTS

Crystallization and Structure Solution. Crystals of both
mutant enzymes appeared within a few days of incubation.
L1 Asp-120 Cys crystallized in space groupP21 with cell
dimensionsa ) 66.14 Å,b ) 112.85 Å,c ) 78.35 Å, and
â ) 113.35°. Volume calculations (40) indicated a solvent
content of 47.5% with one complete L1 tetramer in the
asymmetric unit. L1 Asp-120 Asn crystallized in space group
P3121 with cell dimensionsa ) b ) 86.38 Å andc ) 227.36
Å, suggesting a solvent content of 42.4% and one tetramer
in the asymmetric unit. Reflections were observed to
resolutions of 1.76 and 2.25 Å for the Asp-120 Cys and Asp-
120 Asn mutants, respectively. Data collection and refine-
ment statistics are presented in Table 1. Importantly, the
excellent quality of the final electron density maps enables
us to place both protein side chains and crystallographic
water molecules with a high degree of confidence. Figure 1
shows the active sites of the two mutant enzymes overlaid
with Fo - Fc electron density maps with phases calculated
using models from which the active site water molecules
were omitted. Positive peaks are observed at a 3σ contour
level corresponding to the positions of both bridging Wat1
and Zn2-bound apical Wat2 water molecules. RefinedB
factors for the bridging water molecules (four molecules in
each asymmetric unit) vary between 13.34 and 19.97 Å2

(Asp-120 Cys) and between 27.09 and 40.79 Å2 (Asp-120
Asn), compared to averageB values for main chain atoms
of 16.89 and 50.68 Å2, respectively.

L1 Asp-120 Cys. Refinement statistics for the L1 Asp-
120 Cys mutant are presented in Table 1. The final refined
structure contains 7940 non-hydrogen protein atoms, 8 active
site Zn2+ ions, 1290 water molecules, 2 additional interface
Zn2+ sites connecting His-29 of subunits B and D in tetramers
of adjacent asymmetric units, and 2 Mg2+ ions each
hexacoordinated by water molecules. The active site of the
Asp-120 Cys mutant is depicted in Figure 2a. Despite the
absence of any interactions with Cys-120, the bridging water

Table 1: Data Collection and Refinement Statistics

Asp-120 Cys Asp-120 Asn

beamline SRS 14.1 SRS 14.1
wavelength (Å) 1.488 1.488
space group P21,

a ) b ) 105.024 Å,
c ) 98.23 Å

P3121,
a ) b ) 86.382 Å,
c ) 227.363 Å

resolution (Å) 30-1.76 50-2.25 (2.33-2.25)
Rmerge 0.067 (0.162) 0.061 (0.517)
no. of total reflns 562 326 209 717
no. of unique reflns 98 730 (9129) 47 129 (4559)
I/σ(I) 24 (7.0) 21 (2.3)
completeness (%) 94.6 (69.9) 98.8 (97.1)
redundancy 5.7 (3.5) 4.4 (4.1)

refinement RefMac 5 SHELXL
Rworking(%) 17.3 25.3
Rfree(%) 21.2 28.3
rmsd bond

length (Å) 0.006 0.012
angle (deg) 0.996 1.383

no. of protein atoms 7 940 7416
no. of water molecules 1 290 396
avB factor (Å2)

protein atoms 17.39 50.33
water molecules 29.52 41.92
Zn2+ ions 18.20 49.32
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molecule Wat1 continues to occupy a single, well-defined
position. Superposition upon the wild-type structure (31;
Figure 2b) shows the overall structures to be very similar
(overall rmsd values for CR superposition as calculated by
SSMsuperpose (41) vary between 0.31 Å for chain D and
0.38 Å for chain B) with little alteration in the main or side
chain conformation at position 120 and Cys-120 SG adopting
the same position as CG of wild-type Asp-120. However,
while the Asp-120 Cys Zn1 site very closely resembles that
of the wild type, mutation induces distortion about the Zn2
ion such that the Zn2+-Zn2+ distance increases by ap-
proximately 0.1 Å (range 0.08-0.15 Å for the four subunits,
Table 2), and Zn2 is displaced approximately 0.7 Å (range
0.60-0.82 Å for the four subunits) from its position in the
wild-type structure toward the shorter Cys side chain at
position 120. The Zn2 ligands His-121 and His-263 are then
displaced from their native positions and “track” Zn2 to
maintain close coordination. In addition, the bridging water
molecule Wat1, which in all structures of uncomplexed mâls
(21) is located asymmetrically in the active site and lies closer
to Zn1 (1.9-2.1 Å; 1.88 Å for native L1) than to Zn2 (2.1-
3.1 Å; 2.06 Å for native L1), is always displaced by
approximately 0.6 Å (range 0.59-0.62 Å for the four
subunits) away from its position in the wild-type enzyme
toward Zn2 (Wat1-Zn2 distances 1.83-2.00 Å, Table 2).
In two of the four subunits (A and C) Wat1 is also
significantly farther from Zn1 such that it is now asymmetri-
cally located closer to Zn2. Furthermore, the apical water
molecule Wat2 retains the position adopted in the wild-type
structure, and consequently, the displacement of Zn2 effects
a substantial increase in the Zn2-Wat2 distance from 2.40
to 3.07 Å (Table 2), well out of the usual range for a zinc-
water ligand interaction. The conclusion that Wat2 is no
longer acting as a Zn2 ligand in L1 Asp-120 Cys is supported
by the elevated crystallographicB factors for this residue
(39.3-41.0 Å2), more than twice those observed for the

bridging ligand Wat1 (13.34-19.97 Å2; see above). This
contrasts with the wild-type structure where the two water
molecules have similar values (17.55 and 21.02 Å2, respec-
tively; 31). The geometry of the Zn2 site therefore alters
from trigonal bipyramidal in the wild-type enzyme to a
tetrahedral arrangement in L1 Asp-120 Cys (Figure 2a),
where Zn2 no longer lies in the same plane as the three axial
ligands Wat1, His-121, and His-263.

L1 Asp-120 Asn. Final refinement statistics for the L1 Asp-
120 Asn structure are presented in Table 1. Even though
readily interpretable electron density maps were obtained
after refinement with Refmac5.0, acceptable values forRcryst

and Rfree resulted only after application of both twinning
correction and 4-fold noncrystallographic symmetry restraints
in SHELXL. The final, refined model contains 7416 non-
hydrogen protein atoms and 396 water molecules. Although
NCS restraints were used during refinement, they were not
applied to either the active site water molecules or the Zn1-
Zn2 distance. Consequently, the structure provides four
alternative views of the active site (Supporting Information,
Figure S1) that differ in the separation of Zn1 and Zn2 and
in the disposition of water molecules in the active site.

While only weak electron density is observable for the
Asn-120 side chain, inspection ofFo - Fc difference maps
from the early rounds of refinement, where a Zn2-Asn-120
interaction was assumed, unambiguously assigned this side
chain to an orientation pointing away from Zn2 and out of
the active site (Figures 3 and S1). This is the case in all four
active sites in the single L1 tetramer that forms the
crystallographic asymmetric unit. Contrary to earlier predic-
tions (25), and despite the known ability of asparagine to
act as a Zn ligand in other Zn metalloprotein structures (42),
L1 Asn-120 does not therefore function as a Zn2 ligand in

FIGURE 1: Active site stereoviews of A subunits of (a) L1 Asp-120 Cys and (b) Asp-120 Asn. The electron density shown isFo - Fc, Φcalcd
(positive density) contoured at 3σ about active site water molecules Wat1 and Wat2. Phases were calculated using models from which both
water molecules were omitted. Zinc ions are rendered as gray and water molecules as red spheres. Figures were generated using PyMol
(www.pymol.org).
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the crystallized form of the enzyme. We would however
stress that our structure cannot rule out the possibility that
Asn-120 is in a dynamic state where transient interactions
with Zn2 remain possible.

Inspection of the L1 Asp-120 Asn structure (Figure 3a)
shows that, as in the Cys mutant, the structure of the
tetrahedral Zn1 site is essentially unaffected by the mutation.

However, the Asp-120 Asn Zn2 site differs from that of both
the wild-type and Asp-120 Cys structures. Zn2 of Asp-120
Asn is displaced from its position in the wild-type enzyme
(by between 0.59 Å (subunit C) and 0.71 Å (subunit B)) out
of the active site approximately along the Zn2-His-121 axis
(Figure 3b). In each of the four subunits Zn2 adopts an
approximately octahedral geometry that is distinct from both

FIGURE 2: Active site stereoviews. (a) L1 Asp-120 Cys (A subunit). The electron density shown is 2Fo - Fc, Φcalcd contoured at 1.5σ.
Atom colors are standard except that for carbon atoms (green). Zinc ions are rendered as gray and water molecules as red spheres. CR
carbons are rainbow-color-ramped from the N-terminal (blue) to the C-terminal (red). Zn-ligand interactions are shown as dashed lines.
Note the absence of strong electron density for Wat2. (b) Superposition of the L1 Asp-120 Cys active site (A subunit; carbon atoms in
green) upon that of the wild type (PDB accession 1SML (31); carbon atoms, zinc ions, and water molecules in cyan). (c) Superposition of
the L1 Asp-120 Cys active site (A subunit; carbon atoms in green) upon that of L1 complexed with hydrolyzed moxalactam (PDB accession
2AIO (46); carbon atoms, zinc ions, and water molecules in cyan).
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the trigonal bipyramidal arrangement of the wild-type
enzyme and the tetrahedral geometry of L1 Asp-120 Asn
(Figure S1). However, in the absence of a protein ligand at
position 120, two or three coordination positions are vacant.
In all four subunits Zn2 is coordinated by His-121, His-263,
and the apical water molecule Wat2. In subunits A, B, and
C the bridging water molecule Wat1 provides a fourth ligand,
but in subunit D there is a clear discontinuity in the electron
density between the two Zn2+ ions, and we therefore,
conclude that Wat1 is most likely absent. Where Wat1 is
present, it always lies closer to Zn1 (2.00 Å/1.85 Å/2.05 Å)
than to Zn2 (2.51 Å/2.24 Å/2.26 Å) but is displaced from
its wild-type location by between 0.24 Å (subunit B) and
0.74 Å (subunit C) to “track” the relocation of Zn2. In subunit
A alone, a fourth active site water molecule, Wat4, provides
an additional Zn2 ligand to complete five of the six positions
in the octahedral coordination shell (Figure 3a). Thus, despite
this variable ligation by water molecules, Zn2 coordination
is in all cases best described by an octahedral geometry with
vacant ligand positions rather than by tetrahedral or (wild-
type-like) trigonal bipyramidal arrangements.

The significant intersubunit variation in Zn2 coordination
suggests that the L1 Asp-120 Asn active site is less rigidly
defined than its wild-type progenitor. Two additional obser-
vations provide further support for this conclusion. In wild-
type L1 the Zn2+-Zn2+ distance is 3.46 Å (Table 2), a value
that is consistent both with other mâls and related enzymes
and with other dinuclear metallohydrolases (21, 43). In the
four subunits of L1 Asp-120 Asn the separation of the two
metal ions varies between 3.66 Å (subunit A) and 4.06 Å
(subunit D, where the bridging water Wat1 was not ob-
served). This is in accordance with the results of molecular
dynamics simulations of both uncomplexedB. fragilis CcrA
(44) and a complex ofP. aeruginosaIMP-1 with the
cephalosporin cephalothin (45), where in both cases disrup-
tion of the Wat1 Zn2+-Zn2+ bridge leads to a significant
increase in the Zn2+-Zn2+ distance. Most strikingly, although
the overall fold of L1 Asp-120 Asn closely resembles that
of wild-type L1 (overall CR rmsd values vary between 0.47
and 0.59 Å), no electron density was observed for the
N-terminal 19 amino acids (residues 22-40 inclusive in the
standard mâl numbering scheme (10)), even though elec-
trospray mass spectrometry of the protein sample prior to
crystallization confirmed this region to be present after post-
translational removal of the signal polypeptide.

DISCUSSION

Both the L1 Asp-120 Cys and Asp-120 Asn structures thus
confirm earlier biochemical results (25) showing that both
mutants retain dinuclear Zn2+ sites in which (with the sole
exception of subunit D of Asp-120 Asn) the two metal ions
are bridged by the probable reaction nucleophile Wat1.
However, despite (i) the overall resemblance of both active
site structures to that of wild-type L1, (ii) the retention of
the bridging water molecule Wat1, and (iii) experimentally
determinedKS values for nitrocefin binding that are close
(Asp-120 Asn) or identical (Asp-120 Cys) to those obtained
with the wild-type enzyme, the activities of the two mutants
are significantly retarded (Asp-120 Asn) or almost entirely
abolished (Asp-120 Cys). We therefore sought to better
understand the effects of mutation on activity by superim-
posing the structures of the two mutant enzymes upon that
of wild-type L1 in complex with the hydrolyzed oxacephem
moxalactam (46; Figures 2c and 3b). The results, as we
discuss below, show that the relatively small, but nonequiva-
lent, movements of Zn2 that are occasioned by the two
mutations may nevertheless have important consequences for
the catalytic capabilities of the mutant enzymes.

The complex of L1 with hydrolyzed moxalactam reveals
a hexacoordinate (octahedral) Zn2 ion ligated by two
moxalactam functional groups, the carboxylate at C4 and
the stable N5 imine nitrogen formed on loss of the 3′ leaving
group. We have accordingly suggested that contact between
Zn2 and the amide (imine) nitrogen N5 facilitatesâ-lactam
hydrolysis by stabilizing accumulating negative charge during
and after amide bond cleavage (Scheme 2(i);46). Similarly,
during hydrolysis of the chromogenic substrate nitrocefin by
L1 and some other mâls (47-49), a highly populated
intermediate is observed with a characteristic absorbance at
665 nm that is red-shifted relative to that of either intact
nitrocefin (λmax 390 nm) or the product ofâ-lactamase-
catalyzed hydrolysis (λmax 482 nm). This has been ascribed
to a form of hydrolyzed nitrocefin in which a deprotonated
N5 nitrogen is stabilized by a combination of conjugation
in the 3′-dinitrostyryl side chain and proximity to Zn2
(Scheme 2 (ii);22). Taken together, these observations
suggest that the interaction between Zn2 and theâ-lactam
amide nitrogen N5 is catalytically significant.

The superposition shown in Figure 2c reveals that, in the
L1 Asp-120 Cys active site, movement of Zn2 by 0.7 Å from

Table 2: Details of Zinc Coordination in L1 Wild-Type, Mutant, and Moxalactam Complex Active Sites

atom/molecule 1 atom 2

distance in
unliganded

structure (31) (Å)

distance in
L1 Asp-120 Cys,

subunit A (Å)

distance in
L1 Asp-120 Asn,

subunit A (Å)

distance in
moxalactam complex

structure (46) (Å)

His 116 NE2 Zn1 2.03 2.14 2.08 2.20
His 118 ND1 Zn1 2.11 2.07 2.09 2.08
His 196 NE2 Zn1 2.05 2.04 2.07 2.07
Wat1 Zn1 1.88 2.05 2.00 1.99
Asp 120 OD2 Zn2 2.07 2.19
Cys 120 SG Zn2 2.38
Asn 120 ND Zn2 5.27
His 121 NE2 Zn2 2.02 2.03 2.06 2.09
His 263 NE2 Zn2 2.07 2.09 2.09 2.10
Wat1 Zn2 2.06 1.83 2.51 2.15
Wat2 Zn2 2.40 3.07 2.19
Asp 120 OD1 Wat1 2.83 2.46
Zn1 Zn2 3.46 3.54 3.66 3.68
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its position in the wild-type structure toward Cys-120 is
sufficient to impair formation of this interaction. In the
moxalactam complex structure, Zn2 shows near-perfect
octahedral coordination and is located in the same plane as
the four ligands moxalactam amide nitrogen N5, Wat1, and
Nε of His-121 and His-263. However, in the Asp-120 Cys

structure Zn2 is pulled out of this plane to maintain ligation
by Cys-120. Coordination of Zn2 by incoming substrate N5
at a position equivalent to that observed in the moxalactam
complex will be possible only with a significant distortion
away from octahedral geometry. Our conclusion is therefore
that this repositioning of Zn2 significantly impairs the

FIGURE 3: Active site stereoviews. (a) L1 Asp-120 Asn (A subunit). The electron density shown is 2Fo - Fc, Φcalcd contoured at 1.5σ.
Atom colors are standard except that for carbon atoms (green). Zinc ions are rendered as gray and water molecules as red spheres. CR
carbons are rainbow-color-ramped from the N-terminal (blue) to the C-terminal (red). (b) Superposition of the L1 Asp-120 Asn active site
(A subunit; carbon atoms in green) upon that of L1 complexed with hydrolyzed moxalactam (PDB accession 2AIO (46); carbon atoms,
zinc ions, and water molecules in cyan). (c) Superposition of the L1 Asp-120 Cys active site (A subunit; carbon atoms in green) upon that
of L1 Asp-120 Cys (carbon atoms, zinc ions, and water molecules in magenta).
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catalytic activity of L1 Asp-120 Cys by effectively preventing
the stabilizing interaction of Zn2 with transition and inter-
mediate states of boundâ-lactams in which N5 is charged.
This inference is supported by the absence of any observable
red-shifted intermediate on nitrocefin hydrolysis by this
mutant (25).

In contrast, L1 Asp-120 Asn does display hydrolytic
activity against a range ofâ-lactam substrates. An explana-
tion for the retention of significant activity is provided by
comparison with both the moxalactam complex and Asp-
120 Cys structures (Figure 3b,c). Although Zn2 of L1 Asp-
120 Asn is displaced from its position in the wild-type
enzyme and exhibits altered coordination geometry, in
contrast to L1 Asp-120 Cys, the new location does not
preclude interactions with boundâ-lactams equivalent to
those evident in the moxalactam complex. Whereas in the
Asp-120 Cys mutant Zn2 is more buried as a consequence
of its displacement toward Cys-120 from its position in the
wild-type structure, Zn2 of Asp-120 Asn appears to be more
accessible through a movement out of the active site
approximately along the Zn2-His-121 axis (Figure 3b,c).
Although the Zn2 coordination geometry is altered to
octahedral, vacant ligand positions remain appropriately
located for coordination by substrate and in particular by
N5. Strong evidence thatâ-lactams can make appropriate
N5-Zn2 interactions with L1 Asp-120 Asn is provided by
formation of the red-shifted anionic nitrogen intermediate
on hydrolysis of nitrocefin (25).

While we believe that the respective repositioning of Zn2
provides the most likely mechanism for the differing effects
on activity of the two Asp-120 mutants, we cannot rule out
the possibility of additional effects arising from altered
interactions of Zn2 with both of the active site water
molecules Wat1 and Wat2. It has previously been proposed
thatâ-lactam hydrolysis by mâls requires the bridging ligand
Wat1 to detach from Zn2 and make a nucleophilic attack on
the substrate amide carbonyl (50) and that Wat2 (or water
from bulk solvent) can then move into the vacated bridging
coordination position and subsequently protonate N5 (Scheme
1 (iii); 21, 25, 29). Our structures suggest that alterations in

Zn2 coordination in the two mutants may be detrimental to
both of these events.

Displacement of Wat1 away from its location in the wild-
type structure, or loss of interaction with Asp-120 (Scheme
1 (iii)), could affect its ability to make a nucleophilic attack
on the substrate carbonyl carbon that is most likely optimally
positioned for addition of a Zn1-bound nucleophile. In L1
Asp-120Cys, Wat1 lies asymmetrically with respect to the
two metal ions but, in two of the four subunits, closer to
Zn2 rather than Zn1 as in wild-type L1. In L1 Asp-120 Asn,
Wat1 moves by up to 0.74 Å from its position in the wild-
type enzyme, consistent with the requirement to maintain
Zn2 coordination, and is entirely absent from one of the four
subunits (Figure S1). Evidence that each of these mutations
exerts some effect on steps in the hydrolytic reaction
preceding proton transfer to N5 is provided by their effects
on the accumulation of the red-shifted (deprotonated product)
intermediate formed during nitrocefin hydrolysis (Scheme
2 (ii); 25). The absence of any detectable intermediate on
nitrocefin hydrolysis by L1 Asp-120 Cys (25) shows that
protonation of N5 is no longer rate-determining and is
therefore consistent with an impaired nucleophilic attack of
Wat1 upon the substrate. In the case of L1 Asp-120 Asn the
nitrocefin intermediate is substantially less populated than
is the case for the wild-type enzyme, whilekcat is reduced
by more than 2 orders of magnitude, indicating that the
mutation affects the rate of its formation as well as that of
its decay. Both of these effects could arise from an impaired
ability of the Wat1 nucleophile to attack the (C8) carbonyl
carbon of the bound substrate. However, it is equally possible
that disruption of the Zn2-N5 interaction serves to desta-
bilize both the transition state for amide bond cleavage and
the red-shifted intermediate such that the nucleophilic attack
and amide bond cleavage (processes that in the wild-type
enzyme are kinetically indistinguishable (47, 48)) and proton
transfer to N5 steps occur at approximately equivalent rates
(Asp-120 Asn) or as a single concerted event (Asp-120 Cys).
This conclusion is to some extent supported by solvent
kinetic isotope effect data for nitrocefin hydrolysis, where
compared to wild-type L1 (kH/kD ) 2.08) a modest reduction
is observed in the case of Asp-120 Cys (1.47;25) and a

Scheme 2
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substantial increase for Asp-120 Asn (5.36). Neither value
is consistent with the inverse effect that would be expected
for a change in rate-determining step from proton transfer
to nucleophilic attack (51). We cannot however rule out the
possibility that changes in the rate-determining step serve
to mask the full effect of both mutations on the initial,
nucleophilic attack component of the hydrolytic reaction.

The process of proton transfer from water to N5 could be
adversely affected by mutation of Asp-120. In the case of
L1 Asp-120 Cys, the substantial increase in the Zn2-Wat2
distance (Table 2) could influence N5 protonation by making
relocation of Wat2 to the bridging position more energetically
unfavorable. Similarly, proton transfer might be retarded
through loss of an orienting or polarizing interaction of a
proton-donating water molecule with Asp-120. In this context
it may be significant that cefoxitin, a cephalosporin that, like
moxalactam, possesses a good 3′ leaving group (Scheme 2
(i)) and consequently for which N5 protonation may not be
required, is the substrate whose hydrolysis is least affected
by the Asp-120 Cys mutation (25). Nevertheless, the
observation thatkcat/KM for cefoxitin hydrolysis is still 102-
fold (as opposed to 103-fold) reduced suggests that impaired
proton transfer is not the primary cause of reduced activity
in the Asp-120 Cys mutant enzyme. It is also noteworthy
that, as discussed above, the solvent kinetic isotope effect
for nitrocefin hydrolysis by L1 Asp-120 Cys is very close
to that measured for the wild-type enzyme and proton
inventory measurements are consistent with a rate-determin-
ing step for hydrolysis that involves a single proton (25). In
contrast, the dramatic increase that is observed with L1 Asp-
120 Asn is suggestive of a mechanistic alteration to involve
either a quantum tunneling event or transfer of multiple
protons (51). We believe the latter to be a more reasonable
explanation. In the absence of any interaction between Asn-
120 and Wat1, two of the four subunits contain an additional
active site water molecule (Wat3) in close proximity to Wat1
(Figures 3a and S1). We then consider it plausible that, in
L1 Asp-120 Asn, protonation of theâ-lactam amide nitrogen
is achieved through a proton relay among several water
molecules, possibly including Wat3. Importantly, no exten-
sive network of well-defined water molecules is present in
our crystal structure. As a result such a proton relay system
is likely to be relatively inefficient and will lead to
significantly impaired catalytic efficiency.

In wild-type L1 (and in the moxalactam complex shown
in Figure 3b) portions of the N-terminus are involved in
noncovalent interactions close to the active site. Notably,
Tyr-32 and Trp-38 at the base of the extended N-terminus
are positioned adjacent to the Zn2 site such that Trp-38 stacks
over the imidazole ring of His-263 and the phenolic ring of
Tyr-32 occupies a hydrophobic pocket between Trp-38 and
Ile-162 (31). Previous work has highlighted the importance
of interactions involving the extended N-terminus to the
activity of L1. N-terminal truncation of L1 reduces activity
(kcat/KM) by a factor of at least 20-fold, depending on the
substrate (30). It is then conceivable that the repositioning
of the Asn-120 side chain that is evident in our structure
disrupts the N-terminus of L1 through steric clashes with
the side chains of both Tyr-32 and Trp-38 (Figure 3b) and
that loss of these interactions, and N-terminal structure,
prevents intersubunit interactions in which the extreme
N-terminal region is involved. Our structure thus indicates

that substitution of Asp-120 by Asn, and the consequent loss
of the interaction with Zn2, generates a more flexible active
site than that of the wild-type enzyme and that this in turn
can hinder productive intersubunit interactions that enhance
stability and activity. Mass spectrometry of crystallized Asp-
120 Asn, carried out in an effort to confirm the presence of
the extended N-terminal region, proved inconclusive due to
the high concentration of polyethylene glycol present in the
crystallization experiment. However, measurements of puri-
fied Asp-120 Asn stored for an extended period of many
months did indicate proteolytic cleavage taking place within
the extended N-terminal region at a number of positions up
to Met-42. In comparison, wild-type L1 remains intact over
similar time scales both in solution and in the crystalline
state (J.S. and M.W.C., unpublished observations). This
increased susceptibility to proteolytic degradation provides
additional evidence that the Asp-120 Asn mutation desta-
bilizes interactions between the extended N-terminal region
and the globular core of the protein. It is important however
to stress that L1 Asp-120 Asn is substantially less active
than the N-terminally truncated form of the enzyme (25, 30),
with the catalytic efficiency (kcat/KM) against both nitrocefin
and imipenem reduced by an additional 10-fold.

CONCLUDING REMARKS

The two structures that we present here serve to further
define the importance of Asp-120 to the activity of mâls.
Our data confirm previous biochemical studies (25) by
demonstrating that the presence of Asp at this position is
not essential for formation of a dinuclear zinc site in L1.
Moreover, the resolution of the structures that we present
here confirms unequivocally that an intact metal center alone
is sufficient to enable the proposed reaction nucleophile Wat1
to bind in a single well-defined location. Asp-120 is therefore
not essential for the bridging water/hydroxide nucleophile
to adopt a defined position. Our results do however define
four distinct roles for Asp-120 inS. maltophiliaL1 and/or
in the wider class of mâls. First, specifically in L1, interaction
of Zn2 with a strong ligand (Asp or Cys) at position 120
contributes to the overall structural integrity of the active
site and makes possible interactions with the extended
N-terminus that in turn contacts neighboring subunits in the
L1 tetramer. Our results thus provide a partial structural
explanation for the previously observed cooperativity of L1
activity (30). Second, the impaired activity (especially
compared with that of the N-terminally truncated enzyme
(30)) and altered isotope effect of the Asn mutant (25), an
enzyme that is capable of making productive interactions
with the amide nitrogen of the bound substrate, show that
Asp-120 does play some role in proton transfer to N5. The
displacement of Asn-120 that is evident in our structure then
suggests that interaction of Asp120 with water (presumably
relocated Wat2) in the bridging position (Wat-1) is important
to this process (25). Third, the relocation of Wat1 that is
observed in both mutant structures indicates that Asp-120 is
involved in the precise positioning of the Wat1 nucleophile.
Fourth, and most significantly, both mutant structures show
that perturbation of the Asp-120-Zn2 interaction by mutation
displaces Zn2 away from its position in the wild-type
enzyme. Comparison of our structures with that of the
complex of wild-type L1 with hydrolyzed moxalactam (46)
suggests that where, as in the Asp-120 Cys mutant, displace-
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ment of Zn2 is likely to prevent interaction with the amide
nitrogen of boundâ-lactams, the consequences for the
catalytic efficiency of L1 may be profound. Our data thus
suggest that Asp-120 is required to optimally position Zn2
for interaction with the amide nitrogen (moxalactam N5) of
boundâ-lactam as this atom accumulates negative charge
during and after bond cleavage.

Recent structural studies of (inactive) Asp-120 mutants
of the subclass B1 mâls also implicate Asp-120 in positioning
Zn2. In IMP-1, the Asp-120 Ala mutation abolishes Zn2
binding, while the Glu substitution both disrupts Zn2 and
replaces the bridging water (Wat1) with a Zn2+-bridging
glutamate oxygen. These authors concluded that Asp-120
both orients the Wat1 nucleophile and positions Zn2 (27).
Very recently, a combined structural and spectroscopic
investigation of the BcII enzyme suggested that the Asp-
120 Ser mutation perturbs the Zn2 site and that the primary
role of this residue is therefore to position Zn2 (26).
Interestingly, the equivalent mutation in L1 abolishes Zn2
binding (25), highlighting the significant structural diver-
gence between the different mâl subclasses. The importance
of Asp-120 to the integrity of the Zn2 site has also been
highlighted by a comparison of the structures of mâls of
subclass B1, suggesting that interactions made by the Asp-
120 backbone carbonyl control Zn2 affinity (52), and by
molecular dynamic simulations showing similar interactions
to be preserved in a range of active IMP-1 mutants (53).

The work presented here differs from that with other
mutants in three aspects. First, in contrast to previous cases,
the availability of a structure of a (hydrolyzed)â-lactam
complex of L1 permits rationalization of the structural
consequences of mutation by direct comparison of mutant
structures with the active site of a mechanistically significant
complex. Second, we show that while the Zn2-â-lactam
interaction is disrupted in an inactive mutant (Asp-120 Cys),
in an enzyme that retains some, but reduced, activity (Asp-
120 Asn) abolition of the Asp-120 contact with water in the
bridging position may also be important. Third, we focus
on an mâl of subclass B3, where the Zn2 site is structurally
distinct from those of the enzymes above (31) but somewhat
more representative of the wider mâl enzyme superfamily
(9) in that it possesses a His-121 Zn2+ ligand as part of a
His-116-Xaa-His-Xaa-Asp-His-121 sequence motif and lacks
Cys-221.

We have previously suggested that the Zn2-amide
nitrogen interaction acceleratesâ-lactam bond fission by
stabilizing accumulating negative charge on this atom and
by distorting the planar geometry of the four-membered
â-lactam ring portion of bound substrates (46). The results
presented here thus provide further evidence for the impor-
tance of this interaction toâ-lactam hydrolysis by mâls.
Direct interaction of transiently populated anionic species
with the Zn2 equivalent metal ion is a feature of the proposed
catalytic mechanisms for enzymes such as glyoxalase II (19),
tRNase Z (18), and AHL-lactonase (14, 15), suggesting that
precise positioning of this ion by the invariant Asp-120 may
be a general requirement for this type of hydrolase.
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