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ABSTRACT. Metallo3-lactamases (fis) are zinc-dependent enzymes that hydrolyze a wide range of
B-lactam antibiotics. The fi active site features an invariant Asp-120 that ligates one of the two metal
ions (Zn2) and a metal-bridging water/hydroxide (Watl). Previous studies show that substitutions at Asp-
120 dramatically affect I activity, but no consensus exists as to its rolgsitactam turnover. Here we
present crystal structures of the Asn and Cys mutants of Asp-120 of thefLram Stenotrophomonas
maltophilia Both mutants retain a dinuclear zinc center with Watl 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 Watl 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 Watl, its primary role is to optimally position Zn2 for catalytically important interactions with
the charged amide nitrogen of substrate.

Metallo5-lactamases (fiis) represent a growing challenge patients 4). In this context the emergence and dissemination
to the clinical effectiveness @lactams, still the most widely  of mgls, enzymes able to degrade almospaihctam classes,
prescribed class of antibioticsl)( While bacteria have including carbapenems, is a particular clinical concern. None
evolved a variety of methods to counter their effe@y (  of the S-lactamase inhibitors currently in clinical use are
production of g-lactamases, enzymes that inactivate the effective against s (5, 6), and no new antimicrobial agent
antibiotic through hydrolysis of the amide bond in the four- with activity against pan-resistant Gram bacteria is at or near
memberegs-lactam ring, is the predominant mechanism of testing in clinical trials T, 8).
p-lactam resistance in Gram-negative pathogg@hkacta- Mpls are prototypical members of a diverse and ancient
mases have been known since 198p gnd now number  protein superfamily with multiple hydrolytic functiong)
more than 500 (www.lahey.org/studies). Carbapenems, theThey usually contain a dinuclear active site whose two zinc
newest and most potent generationgefactam agents, are  jons respectively occupy a trihistidine site (Znl), with
now a mainstay of therapy for infection by opportunist Gram-  tetrahedral geometry completed by a metal-bridging water/
negative organisms such &seudomonas aeruginosad hydroxide moiety (Watl), and a trigonal bipyramidal site
Acinetobacter baumanilColonization by such species may (zn2) with a more variable ligand set. Of the three recognized
have serious consequences for immunocompromised indi-mpl subtypes {0), enzymes classed as B1 and B2 contain a
viduals such as transplant, cancer chemotherapy, and HIVZn2 site with three protein ligands (Asp-120, Cys-221, and
His-263), the “bridging” water/hydroxide (Watl), and a
A *t_ThiS Vt\)lprlk é\/ﬁs Sut%poﬂed ?/y thﬁ aweértddof ? E_ritisg gociety BfO_rt second “apical” water molecule (Wat2), while those of
M[(]arlrr::)lfira? Flgllowsﬁi?)q?ori/lrggi)::al Sgaslég?ch (.;J.S(.e)r,1 aSn(Iipthse US) Naatioﬁlal subclass B3 SUbStI_tUte an add_ltlonal histidine, His-121, for
Institutes of Health (award reference GM067928). Cys-221. Asp-120 is however invariant across know#sm

*Coordinates and structure factors have been deposited with theand almost completely conserved across the widgt m

Protein Data Bank (WWW.rCSb.Org; accession numbers 2Q|N for the superfamil A number of structures of and related
Cys mutant and 2QJS for the Asn mutant) for immediate release. b Y. flis
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enzyme-bound intermediate rules out the possibility of Asp- of magnitude 27), while in Bacillus cereusBcll a series of

120 participating in an anhydride mechanis?2,(23), and

dinuclear Asp-120 mutants (Glu, GIn, Asn, and Ser in order

a number of alternative mechanistic roles for this residue of increasing effect) impairekk./Ky by a maximum of 18

have thus been proposed (Scheme 1). These include (i)fold (26). In the subclass B3 enzyme L1 froStenotroph-
abstraction of a proton from metal-bound water (Watl) omonas maltophiliareplacing Asp-120 with Asn or Cys
followed by its back-donation to the amide nitrogen leaving generates a dinuclear enzyme where, depending on the

group of the cleave@-lactam ring 24), (ii) deprotonating

the putative tetrahedral oxyanion intermediate formed after
nucleophilic attack has occurred, thus generating a dianion

whose degradation product it reprotonat@8)( and (iii)

orienting and polarizing both the metal-bound water/
hydroxide (Watl) to make the initial nucleophilic attack upon

substratek../Ky is reduced by approximately Zold (Asn)

or 1C-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 studi2s) (It was

bound substrate and subsequently a second incoming wateFoncluded that, in addition to its function as a*Zfigand,
molecule that protonates the amide nitrogen and replaceg?SP-120 is involved in orienting and polarizing both the
Wat1 at the bridging positior26). It has also been suggested nucleophilic bridging water that attacks tidactam carbony!

that Asp-120 is important in positioning Zn2§, 27) and

carbon of the scissile amide bond and an incoming water

that this, rather than any mechanistic function, may be its molecule that serves as a proton donor to the nitrogen leaving

primary role @6).

group. Further, the retention of significant activity by the

Directed mutagenesis studies confirm the conclusion that Asp-120 Asn mutant could then be explained by the
Asp-120 plays a central role in catalysis. In the subclass B1 possibility that the Asn amine nitrogen interacts with the

enzyme CcrA fronBacteroides fragilishe Asn-, Cys-, and

metal-bridging water molecule in a fashion similar to that

Ser-substituted enzymes all retain dinuclear zinc sites andof the free (non-z#-bound) oxygen of Asp.
are to varying degrees catalytically compromised such that

activity decreases in the order Asn Cys > Ser. Effects
vary from a halving ofk../Km (Asp-120 Asn vs imipenem
(28)) to a 10-fold reduction inkes (Asp-120 Ser vs nitrocefin
(29)). In P. aeruginosalMP-1 the Asp-120 Glu and Ala
mutants likewise retain the ability to bind two Zn
equivalents but show reductionskg/Ku of up to 5 orders

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
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by buffer ligands and at a resolution that enable% Zsound
water molecules to be located with some confidence. The

Table 1: Data Collection and Refinement Statistics

results reveal the active site of the Cys mutant to be altered _ Asp-120 Cys Asp-120 Asn
from that of the wild-type enzyme primarily through a \?vz?/gg;]fﬁh *® figsm'l 155%14'1
repos_itio_ning_ of_Zn2, whereas, unexpecte_dly,_ the Asn gpace group P2,. P3,21,
substitution significantly affects both the coordination of Zn2 a=b=105024A, a=b=86.382A,
and the conformation of the extended L1 N-terminus, a on (A c=9823A c=227.363 A
region previously implicated in intersubunit interactions in rF‘;SO'“t'O”( ) 038;317'%8 162) 5(%26'125(’0(25'13% 2.25)
the L1 tetramer 30). Together with existing data on the o of total refins 562 326 209 717
interaction of L1 withj-lactams and the kinetic effects of no. of unique reflns 98 730 (9129) 47 129 (4559)
. i o(l) 24 (7.0) 21(2.3)
tlhzeotvt\)/o rﬁ;\sp 120 muta_tl_ons,zthzesfe resultls ;ug}?e_st that Asp completeness (%) 94.6 (69.9) 98.8 (97.1)
: oth acts to position Zn2 for catalytically important  oqyngancy 5.7 (3.5) 4.4(4.)
interactions with substrate, in particular species in which the
amide nitrogen (N5) is charged, and orients Zn-bound water re"'nemfm RefMac 5 SHELXL
for protonation. We propose that these functions are of FRa”f‘”"(ig/%gA’) %Z;’ ggg
general importance to catalysis gflactam hydrolysis by  rmsd bond ' '
mpls. length (A) 0.006 0.012
angle (deg) 0.996 1.383
no. of protein atoms 7 940 7416
MATERIALS AND METHODS no. of water molecules 1 290 396
. . . avBfactor ()
Site-directed mutants of L1 were prepared and purified  protein atoms 17.39 50.33
as described?6, 31). Crystals were grown by hanging-drop water molecules  29.52 41.92
vapor diffusion. L1 Asp-120 Cys was concentrated to 20 _ Zn*"ions 18.20 49.32

mg/mL by ultrafiltration, and drops were set up usingll
of protein solution mixed with kL of well solution (0.1 M RESULTS
Tris-Cl, pH 7.5, 0.2 M MgC}, 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_Iof protein
solution mixed with 1uL of well solution (0.1 M TrisCl,

Crystallization and Structure SolutiorCrystals of both
mutant enzymes appeared within a few days of incubation.
L1 Asp-120 Cys crys'fglllized in spaif groBg, WitR cell
o dimensionsa = 66.14 A,b = 112.85 A,c = 78.35 A, and
pH 8'.0’ 04 M ng’ 21% PEG 4000). Crystallization B = 113.35. Volume calculations40) indicated a solvent
experiments were incubated at 20. content of 47.5% with one complete L1 tetramer in the

Crystals of L1 Asp-120 Cys and Asp-120 Asn were asymmetric unit. L1 Asp-120 Asn crystallized in space group
cryoprotected by transient exposure to mother liquor supple- P3,21 with cell dimensiona = b = 86.38 A ancc = 227.36
mented with 15% or 20% ethylene glycol, respectively, and A, suggesting a solvent content of 42.4% and one tetramer
frozen to 100 K. X-ray diffraction data were collected using in the asymmetric unit. Reflections were observed to
a Quantum 4 CCD detector (Area Detector Systems Corp., resolutions of 1.76 and 2.25 A for the Asp-120 Cys and Asp-
Poway, CA) mounted on beamline 14.1 of the U.K. 120 Asn mutants, respectively. Data collection and refine-
Synchrotron Radiation Source (SRS), Daresbury. Diffraction ment statistics are presented in Table 1. Importantly, the
intensities were integrated, scaled, and merged using theexcellent quality of the final electron density maps enables
hkl2000 suite 82) (HKL Research Inc., Charlottesville, VA).  Us to place both protein side chains and crystallographic
Structures were solved by molecular replacement with water molecules with a high degree of confidence. Figure 1
AMORE (33) using the unliganded L1 monomer structure Shows the active sites of the two mutant enzymes overlaid
(PDB ID 1SML (31)), with Asp-120 altered to alanine, as a With Fo - Fc electron density maps with phases calculated
search model. The Asp-120 Cys structure was refined with USing models from which the active site water molecules
REFMAC 5.0 4) using ARP/WARP version 5.086) to were omitted. qumve peaks are observed atf_a:qhtour
add crystallographic water molecules. These programs were/€V€! corresponding to the positions of both bridging Watl
implemented under the CCP4 packagé)(Manual rebuild- and Zn2-bound 'ap|.cal Wat2 water molecules. Reﬁr&d.
ing, which was largely limited to adjustment of a relatively factors for the b_rldgln_g water molecules (four molecules in
small number of side chain positions, was carried out using each asymmetric unit) vary between 13.34 and 19.67 A

COOT @7). However, refinement of the Asp-120 Asn mutant (Asp-120 Cys) and between 27.09 and 49'; Q(Agp-lzo
. : . : Asn), compared to averadgvalues for main chain atoms
using this approach stalled at relatively highee values

o . ) - . of 16.89 and 50.68 A respectively.
(190 e e el (Dot vt ® 1 a0 Cpetnamen sttsis o th Li A
data set with a twin fraction of 0.46. Accordingly, SHELXL 120 Cys mutant are presented in Table 1. _The final refm(_ad
o 2 structure contains 7940 non-hydrogen protein atoms, 8 active
(39) was employed for' the final stages gf refinement. Fopr- site Zrf* ions, 1290 water molecules, 2 additional interface
fold noncrystallographic symmetry was implemented during

) Zn?* sites connecting His-29 of subunits B and D in tetramers
SHELXL refinement of the Asp-120 Asn structure but was ¢ adjacent asymmetric units, and 2 Mgions each
not used at any stage for L1 Asp-120 Cys.

hexacoordinated by water molecules. The active site of the
The standard numbering scheme fofls1(10) has been  Asp-120 Cys mutant is depicted in Figure 2a. Despite the
used throughout this paper. absence of any interactions with Cys-120, the bridging water



Function of Metallog-lactamase Asp-120 Biochemistry, Vol. 46, No. 37, 2007.0667

a) His-118 Cys-1 20 His-118 cys_120
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FicurRe 1: Active site stereoviews of A subunits of (a) L1 Asp-120 Cys and (b) Asp-120 Asn. The electron density skgwnHs ®caicd

(positive density) contoured at&bout active site water molecules Watl 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).

molecule Watl continues to occupy a single, well-defined bridging ligand Watl (13.3419.97 &; see above). This
position. Superposition upon the wild-type structusd;( contrasts with the wild-type structure where the two water
Figure 2b) shows the overall structures to be very similar molecules have similar values (17.55 and 21.62rspec-
(overall rmsd values for & superposition as calculated by tively; 31). The geometry of the Zn2 site therefore alters
SSMsuperpose4() vary between 0.31 A for chain D and  from trigonal bipyramidal in the wild-type enzyme to a
0.38 A for chain B) with little alteration in the main or side  tetrahedral arrangement in L1 Asp-120 Cys (Figure 2a),
chain conformation at position 120 and Cys-120 SG adopting yhere zn2 no longer lies in the same plane as the three axial
the same position as CG of wild-type Asp-120. However, ligands Watl, His-121, and His-263.

while the Asp-120 Cys Zn1 site very closely resembles that ’ ’

of the wild type, mutation induces distortion about the Zn2 L1 Asp-120 AsrFinal refinement statistics for the L1 Asp-
ion such that the ZAf—Zn** distance increases by ap- 120 Asn structure are presented in Table 1. Even though
proximately 0.1 A (range 0.080.15 A for the four subunits,  readily interpretable electron density maps were obtained
Table 2), and Zn2 is displaced approximately 0.7 A (range after refinement with Refmac5.0, acceptable valuesige;
0._60—0.82 A for the four subunits) from its position in _the and Ryee resulted only after application of both twinning
wild-type structure toward the shorter Cys side chain at ¢4 rection and 4-fold noncrystallographic symmetry restraints
position 120. The Zn2 ligands His-121 and H,'S'26§ are then i, sye XL, The final, refined model contains 7416 non-
displaced from their native positions and *track” Zn2 to hydrogen protein atoms and 396 water molecules. Although

maintain close coordination. In addition, the bridging water . ; )
S NCS restraints were used during refinement, they were not
molecule Watl, which in all structures of uncomplexeglsn . . T
applied to either the active site water molecules or the-Znl

(21) is located asymmetrically in the active site and lies closer

to Zn1 (1.9-2.1 A; 1.88 A for native L1) than to Zn2 (2-1 Zn2 distance. Consequently, the structure provides four
31 A 206 A f&)r native L1), is always displaced by alternative views of the active site (Supporting Information,

approximately 0.6 A (range 0.5®.62 A for the four Figure S1) that differ in the separation of Zn1 and Zn2 and
Subunits) away from |ts position in the W||d_type enzyme in the diSpOSitiOl’l Of water m0|ecu|eS in the aCtiVe Site.
toward Zn2 (Watt+Zn2 distances 1.832.00 A, Table 2).
In two of the four subunits (A and C) Watl is also
significantly farther from Zn1 such that it is now asymmetri- X
cally located closer to Zn2. Furthermore, the apical water from th(_a early rounds of refmement, where aZ_nl&Sn—lZ(_) :
molecule Wat2 retains the position adopted in the wild-type Ntéraction was assumed, unambiguously assigned this side
structure, and consequently, the displacement of Zn2 effectsChain to an orientation pointing away from Zn2 and out of
a substantial increase in the Za@vat? distance from 2.40  the active site (Figures 3 and S1). This is the case in all four
to 3.07 A (Table 2), well out of the usual range for a zinc active sites in the single L1 tetramer that forms the
water ligand interaction. The conclusion that Wat2 is no crystallographic asymmetric unit. Contrary to earlier predic-
longer acting as a Zn2 ligand in L1 Asp-120 Cys is supported tions £5), and despite the known ability of asparagine to
by the elevated crystallographi factors for this residue  act as a Zn ligand in other Zn metalloprotein structu#, (
(39.3-41.0 A), more than twice those observed for the L1 Asn-120 does not therefore function as a Zn2 ligand in

While only weak electron density is observable for the
Asn-120 side chain, inspection &f - F. difference maps
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His-116

b)

2°R L%

c)
Hydrolyzed
Moxalactam
N5
. Zn2

FiGurRE 2: Active site stereoviews. (a) L1 Asp-120 Cys (A subunit). The electron density shows is F., ®cacq CONtoured at 1.5.

Atom colors are standard except that for carbon atoms (green). Zinc ions are rendered as gray and water molecules as red spheres. C
carbons are rainbow-color-ramped from the N-terminal (blue) to the C-terminal (red)igamd 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 1SKL)(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
2Al0 (46); carbon atoms, zinc ions, and water molecules in cyan).

Cys-120 Cys-120
@i@P Asp-120 alig@Pnsp-120
.an : .an

Hydrolyzed
Moxalactam

the crystallized form of the enzyme. We would however However, the Asp-120 Asn Zn2 site differs from that of both
stress that our structure cannot rule out the possibility that the wild-type and Asp-120 Cys structures. Zn2 of Asp-120
Asn-120 is in a dynamic state where transient interactions Asn is displaced from its position in the wild-type enzyme
with Zn2 remain possible. (by between 0.59 A (subunit C) and 0.71 A (subunit B)) out
Inspection of the L1 Asp-120 Asn structure (Figure 3a) of the active site approximately along the Zr2is-121 axis
shows that, as in the Cys mutant, the structure of the (Figure 3b). In each of the four subunits Zn2 adopts an
tetrahedral Zn1 site is essentially unaffected by the mutation. approximately octahedral geometry that is distinct from both
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Table 2: Details of Zinc Coordination in L1 Wild-Type, Mutant, and Moxalactam Complex Active Sites

distance in distance in distance in distance in
unliganded L1 Asp-120 Cys, L1 Asp-120 Asn, moxalactam complex
atom/molecule 1 atom 2 structure 81) (A) subunit A (A) subunit A (A) structure 46) (A)
His 116 NE2 Znl 2.03 2.14 2.08 2.20
His 118 ND1 Znl 211 2.07 2.09 2.08
His 196 NE2 Znl 2.05 2.04 2.07 2.07
Watl Znl 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
Watl zZn2 2.06 1.83 2.51 2.15
Wat2 Zn2 2.40 3.07 2.19
Asp 120 OD1 Watl 2.83 2.46
Znl Zn2 3.46 3.54 3.66 3.68

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 Watl provides a fourth ligand,
but in subunit D there is a clear discontinuity in the electron
density between the two Zh ions, and we therefore,
conclude that Watl is most likely absent. Where Watl is
present, it always lies closer to Zn1 (2.00 A/1.85 A/2.05 A)
than to Zn2 (2.51 A/2.24 A/2.26 A) but is displaced from
its wild-type location by between 0.24 A (subunit B) and
0.74 A (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

DISCUSSION

Both the L1 Asp-120 Cys and Asp-120 Asn structures thus
confirm earlier biochemical result%) showing that both
mutants retain dinuclear Zh 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 Watl.
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 Watl, 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-

in the octahedral coordination shell (Figure 3a). Thus, despite P0sing the structures of the two mutant enzymes upon that

this variable ligation by water molecules, Zn2 coordination

of wild-type L1 in complex with the hydrolyzed oxacephem

is in all cases best described by an octahedral geometry withmoxalactam 46; Figures 2c and 3b). The results, as we

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 ZA"—Zn?* distance is 3.46 A (Table 2), a value
that is consistent both with otherfts and related enzymes
and with other dinuclear metallohydrolas@4,(43). In the
four subunits of L1 Asp-120 Asn the separation of the two
metal ions varies between 3.66 A (subunit A) and 4.06 A
(subunit D, where the bridging water Watl was not ob-

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 thé&aving
group. We have accordingly suggested that contact between
Zn2 and the amide (imine) nitrogen N5 facilitajgedactam
hydrolysis by stabilizing accumulating negative charge during
and after amide bond cleavage (Scheme 2@); Similarly,

served). This is in accordance with the results of molecular during hydrolysis of the chromogenic substrate nitrocefin by

dynamics simulations of both uncomplex@dfragilis CcrA
(44) and a complex ofP. aeruginosalMP-1 with the
cephalosporin cephalothid®), where in both cases disrup-
tion of the Watl ZA"—Zn?" bridge leads to a significant
increase in the ZW—Zn?* distance. Most strikingly, although
the overall fold of L1 Asp-120 Asn closely resembles that
of wild-type L1 (overall G rmsd values vary between 0.47

L1 and some other flis (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 @max 390 nm) or the product of-lactamase-
catalyzed hydrolysisitax 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

and 0.59 A), no electron density was observed for the in the 3-dinitrostyryl side chain and proximity to Zn2

N-terminal 19 amino acids (residues-220 inclusive in the
standard mil numbering schemel()), even though elec-

(Scheme 2 (ii);22). Taken together, these observations
suggest that the interaction between Zn2 andgiectam

trospray mass spectrometry of the protein sample prior to @mide nitrogen N5 is catalytically significant.

crystallization confirmed this region to be present after post-

translational removal of the signal polypeptide.

The superposition shown in Figure 2c reveals that, in the
L1 Asp-120 Cys active site, movement of Zn2 by 0.7 A from
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a)
b)
Tyr-32 Tyr-32
Hydrolyzed Asn-120 Hydrolyzed Asn-120
Moxalactam Trp-38 Moxalactam
Asp-120
c)

Asn-120

Asn-120

Cys-120 Q‘
@‘

Cys-120

Ficure 3: Active site stereoviews. (a) L1 Asp-120 Asn (A subunit). The electron density showsy, is F., ®cacq CONtoured at 1.5.

Atom colors are standard except that for carbon atoms (green). Zinc ions are rendered as gray and water molecules as red spheres. C
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 accessiod@ABarpon 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).

its position in the wild-type structure toward Cys-120 is structure Zn2 is pulled out of this plane to maintain ligation
sufficient to impair formation of this interaction. In the by Cys-120. Coordination of Zn2 by incoming substrate N5
moxalactam complex structure, Zn2 shows near-perfectat a position equivalent to that observed in the moxalactam
octahedral coordination and is located in the same plane ascomplex will be possible only with a significant distortion
the four ligands moxalactam amide nitrogen N5, Watl, and away from octahedral geometry. Our conclusion is therefore
Ne of His-121 and His-263. However, in the Asp-120 Cys that this repositioning of Zn2 significantly impairs the
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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 bourgtlactams in which N5 is charged.
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Zn2 coordination in the two mutants may be detrimental to
both of these events.

Displacement of Watl away from its location in the wild-

This inference is supported by the absence of any observableype structure, or loss of interaction with Asp-120 (Scheme

red-shifted intermediate on nitrocefin hydrolysis by this
mutant @5).

In contrast, L1 Asp-120 Asn does display hydrolytic
activity against a range ¢@f-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-

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 Znl1-bound nucleophile. In L1
Asp-120Cys, Watl 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,
Watl moves by up to 0.74 A from its position in the wild-

120 Asn is displaced from its position in the wild-type {YP& enzyme, consistent with the requirement to maintain
enzyme and exhibits altered coordination geometry, in Zn2 coordination, and is entirely absent from one of the four

contrast to L1 Asp-120 Cys, the new location does not subunits (Figure S1). Evidence that each of these mutations

preclude interactions with boung@-lactams equivalent to
those evident in the moxalactam complex. Whereas in th

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 Zr2His-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 thgt-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 nitrocefin5).

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

exerts some effect on steps in the hydrolytic reaction

e 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 Cy%) shows that
protonation of N5 is no longer rate-determining and is
therefore consistent with an impaired nucleophilic attack of
Watl 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, whig; 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 Watl nucleophile to attack the (C8) carbonyl
carbon of the bound substrate. However, it is equally possible
that disruption of the Zn2N5 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

molecules Watl and Wat2. It has previously been proposedenzyme are kinetically indistinguishabi?7( 48)) and proton

thatf-lactam hydrolysis by s requires the bridging ligand
Watl to detach from Zn2 and make a nucleophilic attack on
the substrate amide carbonyd0j and that Wat2 (or water
from bulk solvent) can then move into the vacated bridging

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

coordination position and subsequently protonate N5 (Schemecompared to wild-type L1k{/ko = 2.08) a modest reduction

1 (iii); 21, 25, 29). Our structures suggest that alterations in

is observed in the case of Asp-120 Cys (1.2%) and a
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substantial increase for Asp-120 Asn (5.36). Neither value that substitution of Asp-120 by Asn, and the consequent loss
is consistent with the inverse effect that would be expected of the interaction with Zn2, generates a more flexible active
for a change in rate-determining step from proton transfer site than that of the wild-type enzyme and that this in turn

to nucleophilic attackg1). We cannot however rule out the

can hinder productive intersubunit interactions that enhance

possibility that changes in the rate-determining step servestability and activity. Mass spectrometry of crystallized Asp-

to mask the full effect of both mutations on the initial,
nucleophilic attack component of the hydrolytic reaction.

120 Asn, carried out in an effort to confirm the presence of
the extended N-terminal region, proved inconclusive due to

The process of proton transfer from water to N5 could be the high concentration of polyethylene glycol present in the
adversely affected by mutation of Asp-120. In the case of crystallization experiment. However, measurements of puri-

L1 Asp-120 Cys, the substantial increase in the ZW2at2
distance (Table 2) could influence N5 protonation by making
relocation of Wat?2 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 goodeaving group (Scheme 2
()) and consequently for which N5 protonation may not be

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

required, is the substrate whose hydrolysis is least affectedand the globular core of the protein. It is important however

by the Asp-120 Cys mutation29). Nevertheless, the
observation thak../Ky for cefoxitin hydrolysis is still 1&-
fold (as opposed to $old) reduced suggests that impaired

to stress that L1 Asp-120 Asn is substantially less active
than the N-terminally truncated form of the enzyrdg, 30),
with the catalytic efficiencyK../Ku) against both nitrocefin

proton transfer is not the primary cause of reduced activity and imipenem reduced by an additional 10-fold.

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

CONCLUDING REMARKS

The two structures that we present here serve to further
define the importance of Asp-120 to the activity ofsis

inventory measurements are consistent with a rate-determin-Our data confirm previous biochemical studiezs)( by

ing step for hydrolysis that involves a single prot@g)( In

demonstrating that the presence of Asp at this position is

contrast, the dramatic increase that is observed with L1 Asp-not essential for formation of a dinuclear zinc site in L1.
120 Asn is suggestive of a mechanistic alteration to involve Moreover, the resolution of the structures that we present
either a quantum tunneling event or transfer of multiple here confirms unequivocally that an intact metal center alone
protons b1). We believe the latter to be a more reasonable is sufficient to enable the proposed reaction nucleophile Watl
explanation. In the absence of any interaction between Asn-to bind in a single well-defined location. Asp-120 is therefore
120 and Wat1, two of the four subunits contain an additional not essential for the bridging water/hydroxide nucleophile
active site water molecule (Wat3) in close proximity to Watl to adopt a defined position. Our results do however define
(Figures 3a and S1). We then consider it plausible that, in four distinct roles for Asp-120 irf8. maltophiliaL1 and/or
L1 Asp-120 Asn, protonation of th&lactam amide nitrogen  in the wider class of ifis. First, specifically in L1, interaction
is achieved through a proton relay among several waterof Zn2 with a strong ligand (Asp or Cys) at position 120
molecules, possibly including Wat3. Importantly, no exten- contributes to the overall structural integrity of the active
sive network of well-defined water molecules is present in site and makes possible interactions with the extended
our crystal structure. As a result such a proton relay systemN-terminus that in turn contacts neighboring subunits in the
is likely to be relatively inefficient and will lead to L1 tetramer. Our results thus provide a partial structural
significantly impaired catalytic efficiency. explanation for the previously observed cooperativity of L1
In wild-type L1 (and in the moxalactam complex shown activity (30). Second, the impaired activity (especially
in Figure 3b) portions of the N-terminus are involved in compared with that of the N-terminally truncated enzyme
noncovalent interactions close to the active site. Notably, (30)) and altered isotope effect of the Asn muta®F)( an
Tyr-32 and Trp-38 at the base of the extended N-terminus enzyme that is capable of making productive interactions
are positioned adjacent to the Zn2 site such that Trp-38 stackswith the amide nitrogen of the bound substrate, show that
over the imidazole ring of His-263 and the phenolic ring of Asp-120 does play some role in proton transfer to N5. The
Tyr-32 occupies a hydrophobic pocket between Trp-38 and displacement of Asn-120 that is evident in our structure then

lle-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

(keafKm) 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,

suggests that interaction of Asp120 with water (presumably
relocated Wat2) in the bridging position (Wat-1) is important
to this process2b). Third, the relocation of Watl 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-12Zn2 interaction by mutation
displaces Zn2 away from its position in the wild-type
enzyme. Comparison of our structures with that of the

prevents intersubunit interactions in which the extreme complex of wild-type L1 with hydrolyzed moxalactamg)

N-terminal region is involved. Our structure thus indicates

suggests that where, as in the Asp-120 Cys mutant, displace-
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