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ABSTRACT: Subclass Bl f-lactamases are Zn(I1)-dependent hydrolases that confer bacterial resistance to most
clinically useful S-lactam antibiotics. The enzyme Bcll from Bacillus cereus is a prototypical enzyme that
belongs to this group, the first Zn(II)-dependent fS-lactamase to be discovered. Crucial aspects of the Bell
catalytic mechanism and metal binding mode have been assessed mostly on the Co(II)-substituted surrogate.
Here we report a high-resolution structure of Co(II)-Bcll, revealing a metal coordination geometry identical
to that of the native zinc enzyme. In addition, a high-resolution structure of the apoenzyme, together with
structures with different degrees of metal occupancy and oxidation levels of a conserved Cys ligand, discloses a
considerable mobility of two loops containing four metal ligands (namely, regions His116—Argl21 and
Gly219—Cys221). This flexibility is expected to assist in the structural rearrangement of the metal sites during
catalytic turnover, which, along with the coordination geometry adaptability of Zn(Il) ions, grants the
interaction with a variety of substrates, a characteristic feature of Bl metallo-f-lactamases.

Bacterial resistance to antibiotics remains a major issue in the
clinical setting despite the continuous development of new anti-
microbial compounds (7, 2). f-Lactam antibiotics are the most
commonly prescribed drugs for treatment of bacterial infections
and are targeted by a number of resistance mechanisms, among
which the production of f-lactamases is the most effective. These
enzymes are able to inactivate f-lactams by hydrolyzing their cyclic
amide (3, 4). Metallo-f-lactamases (MpLs)" represent the newest
generation of broad-spectrum f-lactamases, active on virtually all
clinically useful S-lactam antibiotics. MpBLs are zinc-dependent
enzymes able to hydrolyze penicillins, cephalosporins, and
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carbapenems, being insensitive to inhibitors of nonmetallic
p-lactamases (3, 6). The lack of a clinically useful inhibitor is
mostly due to the structural diversity of active sites amid Mf5Ls
from different sources, regarding features like metal content,
metal coordinating residues, and accessibility of the drug to the
active site. On the basis of this diversity, MfLs have been further
grouped into three subclasses: B1, B2, and B3 (7). Bl enzymes are
the most bothersome at the clinical level, often encoded in mobile
genetic elements subject to horizontal gene transfer and selection
for improved catalytic properties (/, 2), like IMP-, VIM-, GIM-,
and SPM-type lactamases (8).

The MBL from Bacillus cereus, Bell, is a prototypical Bl
enzyme whose three-dimensional structure was determined in
1995, revealing a characteristic a5/fa. fold and a metal-binding
motif (9), HXHXDX, currently regarded as the hallmark of the
metallo-f-lactamase superfamily (8, 0). The active site is located
at the bottom of a solvent-accessible crevice, delimited by several
loops (Figure 1). Two of them flank the active site: loop L10,
harboring residues Lys224 and Asn233, both implicated in sub-
strate binding (//—14), as well as residue Cys221, a key Zn(II)
ligand conserved in Bl and B2 enzymes; and loop L3, enclos-
ing aromatic residues such as Phe64 that come into contact
with the substrate upon binding (15, 16). The floor of the active
site is defined by loop L7, which includes residues His116—
Argl21 in the aforementioned metal-binding motif; as well as
loops L9 and L12, containing metal-liganding residues His196
and His263, respectively.

Bell can bind up to two Zn(II) ions, in the so-called 3H and
DCH sites, with metal-binding residues Hisl16, Hisl118, and
His196 and metal-binding residues Asp120, Cys221, and His263,

©2010 American Chemical Society



Article

respectively (Figure 2). The crystal structure of Bell (PDB entry
1bmc) (9), the first MBL to be disclosed, revealed the presence of
a single Zn(Il) ion in the 3H site (Figure 2a). In contrast, a
subsequent structure, that of CcrA MBL from Bacteroides fragilis
(PDB entry 1znb), showed two Zn(II) ions in the active site:
Znl and Zn2 in the 3H and DCH sites, respectively (/7). This led
to the hypothesis that Bell was a mononuclear Zn(II) enzyme.
However, spectroscopic studies performed on Co(II)-substituted
BclI allowed us to demonstrate the presence of a second metal-
binding site (/8). Indeed, crystal structures of Bell harboring
both Zn(II) ions were actually reported afterward (PDB entries
1bc2 and 1bvt) (19, 20), showing that the second Zn(II) site in
Bell is equivalent to the Zn2 site in CcrA (Figure 2b,c). The
structure of dinuclear Bell determined at pH 4.5 (PDB entry
1bc2) displays a Znl site in a distorted tetrahedral geometry,
bound to three His residues and a nucleophilic water/OH™
molecule, located 2.48 A (chain A) and 3.06 A (chain B) from
Zn2. Instead, Zn2 exhibits a trigonal-bipyramidal geometry, with
three equatorial ligands (Cys221 Sy, His263 Ne2, and the
nucleophile), and Asp120 Od1 and a second water molecule in
the two axial positions (Figure 2b). In the structure determined
at pH 5.6 (PDB entry 1bvt), the Znl ion shows a_trigonal-
bipyramidal geometry, with a water molecule at 2.09 A occupy-
ing an axial solvent-accessible position (Figure 2¢). Remarkably,
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FiGure 1: Global fold of Bell, highlighting the loop topology, based
on PDB entry 1bvt. Noncovalently bound molecules have been omit-
ted for the sake of clarity (see Figure 2¢). Numbers 1 and 2 indicate
the metal sites.
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this structure lacks the bridging nucleophile, despite the presence
of both metal ions. The Zn2 ion exhibits a distorted trigonal-
bipyramidal geometry, due to the presence of a bound bicarbo-
nate ion (BCT).

One of the most controversial aspects of S-lactam hydrolysis
by MpLs is the role and essentiality of each metal ion (2/—24).
Although the availability of crystal structures of mono-Zn and
di-Zn Bcll suggests that the metal ions bind in a sequential
manner, that is, the first Zn(II) equivalent binds to the 3H site and
then the second to the DCH site, experimental evidence shows
that metal binding to Bcll in solution does not follow this
behavior (25—27).

So far, all attempts to obtain a crystallographic structure of an
MpL in complex with a native substrate have been unsuccessful.
The structures of enzyme—product complexes for enzymes CphA
(subclass B2) and L1 (subclass B3) have provided some clues
about the mechanism (21, 23). The use of spectroscopic techni-
ques has been of great relevance for the mechanistic study of these
enzymes, particularly for those of subclass B1. Bell is known to
exhibit hydrolytic activity as Cd(II), Ni(IT), Mn(II), and Co(II)
adducts (28, 29), which led to an extensive usage of metal
substitution in the analysis of the active site. Because Zn(Il) is
a closed-shell d' transition metal ion, silent to most spectro-
scopic techniques, high-spin Co(II) (S = */,) has been applied in
studying several Zn(II) sites in proteins (30), including MpL-
catalyzed hydrolysis of f-lactams for more than 25 years (31—36).
Given the ability of Bell to retain its activity upon Co(II)
substitution (/8, 27), Co(II)-Bcll is a suitable system for studying
the structure and mechanism of MSLs in solution (3, 4, 31, 32, 37).

Recent results in the closely related Bl enzyme from Bacillus
anthracis have shown a differential behavior in Zn(II) and Co(II)
binding (38), which prompted a detailed reassessment of the
enzyme active-site architecture upon Co(II) substitution. Further-
more, kinetic and spectroscopic data acquired for Co(II)-Bell
have been interpreted considering the available crystallographic
models of Zn(IT)-Bell (3, 4, 18, 39, 40). Given the fact that no
crystal structures of Co(II)-substituted MSLs are currently avail-
able, Co(II) substitution on Bell has led to controversial discus-
sions of enzyme features contrasting crystallographic and spectro-
scopic evidence (3, 18, 27, 41). Here we report the crystallographic
structure of Co(II)-Bcll, in an attempt to help circumvent these
discrepancies. We show that Bcll-diCo and Bell-diZn are essen-
tially identical. In addition, the overall higher resolution of our
atomic models allowed us to disclose crucial aspects of Bell struc-
ture, which stem from an eased conformational plasticity of active-
site loops, leading to adaptable metal coordination geometries.

BCT Cys,,

FIGURE 2: Metal-binding sites of available wild-type Bcll crystal structures. PDB entries for Zn(I1)-Bcll: (a) 1bmc (9), (b) 1bc2 (20) (chains A and
B overlaid, chain B colored dark blue), (c) 1bvt (42) (with a bicarbonate anion bound, BCT), and (d) Imqo [corresponding to the Cd(II)-
substituted form, with a double conformation for Cd(II) in the 3H site and a citrate anion bound, CIT]. Main chains of residues His196, Cys221,
and His263 have been omitted for the sake of clarity. Dotted lines indicate selected noncovalent interactions, with distances in the range of 2.5—
3.6 A. Indicated metal coordination bond distances are in the range of 2.2—2.7 A.
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MATERIALS AND METHODS

Chemicals and Protein Samples. Analytical grade chemical
reagents were commercially available. Sodium cacodylate, ZnSO,,
CoSO0y, and Chelex 100 resin were purchased from Sigma.
Polyethylene glycol (PEG) 3350 was purchased from Hampton
Research. Recombinant Zn(II)-Bell protein was expressed and
purified as described previously (/8). diCo(II)-Bell was prepared
by titration of the apoprotein with CoSQy, as reported by us (25).
Protein concentrations were determined spectrophotometrically,
using a molar extinction coefficient &gy of 30500 M~ em ™" (41).

Crystallogenesis, Data Collection, and Phasing. Crystals
of Zn(II)- and Co(II)-Bcll were obtained by the hanging-drop
vapor-diffusion method, using 24-well plates (Hampton Re-
search), with 2 uL drops (1:1 protein:reservoir) and 1 mL reservoir
solutions [100 mM sodium tartrate, 18% (w/v) PEG 3350, and
100 mM sodium cacodylate (pH 5.8); adapted from Carfi
et al. (42)]. Protein was used at 200—250 uM, in 10 mM Tris-HCI
(pH 7) and 50 mM NaCl. When necessary, an additive such as
I mM DTT, ZnSOy, or CoSO,4 was also added. Diffraction quality
crystals appeared within 3—5 days of incubation at 20 °C.

The first attempts to obtain Co(II)-Bcll crystals followed
a crystallization approach analogous to that reported for
Zn(11)-Bell (42), with zinc being replaced with cobalt. However,
oxidation of residue Cys221 to Cys-sulfonate (Ocs) in the cobalt
surrogate could not be avoided, even by using high CoSO, con-
centrations (up to 100 mM) or via addition of other reducing
agents such as 2 mM TCEP or sodium ascorbate. Eventually,
Co(IT)-Bell crystals were obtained by exchanging Zn(II) for
Co(II), directly in the crystals. To this end, Zn(II)-BclI crystals
were harvested and soaked for 15 min in 10 uL drops of metal-
free ML, containing 100 mM sodium tartrate, 18% (w/v) PEG
3350, 100 mM sodium cacodylate (pH 5.0), and | mM DTT. The
ML was pretreated with Chelex 100 resin to remove trace divalent
cations. This soaking procedure was repeated three times, always
in metal-free drops. The resulting crystals were employed to
collect X-ray diffraction data, which gave rise to atomic models
for the apoprotein, thus validating the methodology for metal
extraction. We then used apoprotein crystals to produce diCo(II)-
Bell crystals by soaking them for 10 min in ML at pH 5.8,
supplemented with 1 mM CoSO,. Prior to data collection,
crystals were mounted in a nylon loop and cryoprotected with
ML supplemented with 20% (v/v) glycerol and flash-frozen in the
liquid nitrogen stream (100 K).

Diffraction data were collected in house (Unit of Protein
Crystallography, Institut Pasteur de Montevideo, Montevideo,
Uruguay), with a MicroMax-007HF X-ray source (Rigaku) and
a MAR345 image plate detector (Mar Research). Data proces-
sing was performed with MOSFLM (43) and SCALA (44) within
the CCP4 suite of programs (45). Reflection intensities were
included to the maximum resolution achievable for an average
I/o(I) of 2.0. Molecular replacement was performed using
AMORE (46) with PDB entry 1bvt as a search probe. To mini-
mize model bias prior to refinement procedures, the MR solution
model was subjected to a random shift of 0.2 A in all the atomic
coordinates and a constant B factor corresponding to the Wilson
plot slope was assigned to all atoms.

Refinement of Atomic Models. Maximum-likelihood res-
trained refinement was performed with REFMACS (47). Reci-
procal space refinement rounds were iterated with manual model
rebuilding using ox-weighted 2Fo — Fc electron density maps.
Once most of the protein backbone and amino acid side chains
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had been built, the metal ions and structured water molecules
were readily discernible as strong positive peaks in difference
Fourier Fo — Fc maps. During the refinement of metal ion
positions, no distance restraints were applied for coordination
bonds. Occupancies in DCH-site metal ions were manually
adjusted, seeking to reach the best agreement among refined B
factors of interacting atoms.

Model building was performed with COOT (48). Model
validation was done throughout the refinement with the built-
in functions of COOT. PROCHECK (49) and SFCHECK (50)
were used for validation of the final models. Graphic representa-
tions of molecular structures were prepared with PYMOL
v0.99rc6 (51).

For Bell-diCo and Bell-Gol structures, the metal identity was
corroborated by inspection of F(,) — F(—, anomalous difference
maps, given the significant anomalous signal of Co at 1.5418 A.

The glycerol ligand in the active site of BclI-Gol was modeled
with the aid of an isomorphous Fgo — Foes difference map,
whose coefficients are the differences between scaled reflection
intensities of partially and fully oxidized Bcll, respectively. The
corresponding amplitudes for Bcll-Gol (Fg) and Bcell-Ocs
(Foes) were scaled with SCALEIT (49).

In the last stages of refinement, anisotropic B factor refinement
was applied for selected atoms (namely, Col atom in Bell-Ocs;
all atoms in BclI-diCo; and Col, Co2, and the imidazole group of
the His118 side chain in Bcll-Gol). This procedure significantly
improved the Ry in subsequent refinement cycles, validating its
pertinence.

RESULTS

Cysteine 221 Is Highly Sensitive to Oxidation in Co(II)-
Bell. The first crystallization trials of Co(II)-substituted Bcll
gave rise to a monometallic variant, with residue Cys221 oxidized
to Cys-sulfonate (residue Ocs221), Bell-Ocs, which was refined
to 1.55 A resolution (Tables 1 and 2). Bcll-Ocs shows a single
Co(II) ion in the 3H site (Col), with the Ocs221 sulfonate group
coordinated to Col, 2.5 A apart (Figure 3a). As a result, the
Co(II) ion exhibits a distorted octahedral geometry with His116,
His118, His196, Ocs221, and two water molecules (wg and wp)
occupying the six coordination positions. Oxidation of Cys221
induces a conformational change at the C-terminus of loop
L7 (spanning residues His116—Argl21), particularly residues
Alal19 and Asp120, which exhibit two alternate positions.

Freshly prepared Co(II)-Bell crystals allowed us to refine a
structure of di-Co(II) Bell at 1.55 A, where residue Cys221 is seen
only partially oxidized [Bcll-Gol (Tables 1 and 2)]. Given that
electron density in the metal binding site is averaged between the
reduced and oxidized populations of BclI (i.e., Bcll-diCo and
BclI-Ocs), its interpretation required the inspection of several
maps, namely, electron density 2Fy — Fc, Fourier difference
Fo — Fc, anomalous difference F,) — F—), and isomorphous
difference between observed reflections of Bcll-Gol and Bell-
Ocs, Fgol — Foes: It is worth emphasizing that a significant
anomalous signal from cobalt absorption (K-edge at 1.6085 A)
is available at the copper anode emission wavelength (1.5418 A).

Although the 2Fy — Fcelectron density map at residue Cys221
suggests some degree of oxidation (Figure 4a), the F) — F-)
anomalous difference map indicated the presence of Co(II) in the
DCH site (Figure 4b), thus revealing the presence of reduced
Cys221 as well. Partially occupied Ocs221 prompted us to search
also for alternate conformations for loop L7 and water molecule
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Table 1: Diffraction Data Collection Statistics

BclI-Ocs Bcell-Apo Bcell-diZn Bcll-diCo Bcll-Gol
space group 2 2 2 2 2
cell constants
a (A) 53.2 53.0 53.1 53.1 53.1
b (A) 61.8 61.6 61.4 61.4 61.7
¢ (A) 69.5 69.5 69.5 65.6 69.6
p (deg) 93.2 93.0 93.1 93.0 93.1
no. of unique reflections 30132 27504 21061 35794 31080
B factor (Wilson) (Az) 22.4 23.8 24.6 23.0 24.5
solvent content (%) 43.1 46.5 47.3 43.4 42.5
resolution range (A)
overall 40.3—1.55 17.1-1.60 20.5—1.74 40.1-1.45 40.2—1.55
outer shell 1.6—1.55 1.69—1.60 1.83—1.74 1.53—1.45 1.63—1.55
Rineree” 0.049 (0.363) 0.037 (0.364) 0.024 (0.401) 0.057 (0.374) 0.028 (0.156)
completeness (%) ¢ 91.3(77.8) 93.3(91.3) 92.0 (90.1) 90.5 (84.0) 95.4 (87.2)
{o(D)* 18.4 (3.1) 15.6 (2.2) 12.5(2.0) 15.5(2.0) 34.1 (9.9)
multiplicity 3.6 2.2 2.1 3.5 6.0
“Outer-shell values are in parentheses.
Table 2: Structure Refinement Statistics
Bcll-Ocs Bell-Apo Bcll-diZn Bcell-diCo Bcell-Gol
PDB entry 3il5 3i0v 3il3 3ill 3il4
resolution range (A) 40.3—1.55 17.1-1.60 20.5—1.74 40.1-1.45 35.4—1.55
Ry (all reflections) (%) 15.1 16.1 159 16.2 15.7
Riree (5% free set) (%) 18.6 20.5 21.7 20.4 19.1
no. of atoms
protein 1710 1671 1658 1713 1741
metal ion 1 0 2 2 2
solvent 266 226 220 238 254
ligand - - - - 6
average B factor (Az)
protein 18.1 24.3 24.0 27.0 16.1
3H site
first coordination shell 19.3 - 20.9 22.7 18.4
metal 1 24.2 - 30.9 23.1 25.6
DCH site
first coordination shell - - 29.3 30.5 23.9
metal 2 - - 374 28.2 25.1
deviations from ideality
rmsd for bonds (A) 0.020 0.022 0.021 0.021 0.021
rmsd for angles (deg) 1.784 1.852 1.760 1.782 1.950
Murshudov’s DPI (A) 0.076 0.088 0.12 0.071 0.077
Ramachandran outliers 4(2.02%) 3(1.52%) 2 (0.99%) 3(1.52%) 2 (1.06%)

wp found in BcII-Ocs (Figure 3a). Once this region was modeled
with half-occupancy for the Bell-diCo and Bcll-Ocs contribu-
tions, a noteworthy improvement of the difference Fourier Fo —
Fc map was achieved, particularly in the loop L7 backbone
region. These refinement steps were critically aided by inspection
of the Fgo — Foes 1somorphous difference map (Figure 4c),
which clearly showed that the reduced fraction of BclI-Gol
exhibits an octahedral center at Co2, wy bridging water/OH ™
molecule, and a solvent ligand (positive density), as well as the
absence of Ocs221 and wp (negative density). Finally, the ligand
bound in the active site could be modeled as a glycerol molecule,
H-bonded to the backbone N atom of Asn233 (2.7 A from
GolOl), and coordinated to Co2 2.3 A from GolO2 and GolO3.

Removal of Zn(Il) from Bcll Crystals. Aiming to circum-
vent the problem of Co(Il)-promoted Cys221 oxidation, we
explored different strategies for minimizing the exposure of Bell
to Co(II). Because Bcll is inactivated at acidic pH by metal
dissociation in solution (24), we attempted metal removal in

crystals by decreasing the pH. Effectively, Bcll crystals withstand
metal depletion through soaking in a mother liquor adjusted at
pH 5, without a loss of diffraction quality. We assessed the
absence of Zn(II) ions in the metal-depleted crystals by collecting
diffraction data sets and determining the corresponding struc-
ture, BcII-Apo, refined at 1.60 A (Tables 1 and 2). In this case, the
intense Fo — Fc positive density peaks typically found at Zn1 and
7Zn2 sites of the metalated forms were undetectable. Moreover,
the conformations of amino acid side chains that participate in
the metal binding sites were significantly changed, as judged by
comparison with wild-type Bcll. The most remarkable feature
was observed for His116 and His118 side chains, both showing
two alternate conformations (A and B), all of them moved away
from the wild-type positions (Figure 3b). A water molecule is
found near the position occupied by Znl, located 3.2, 2.7, and
2.8 A from Hisl16B No1, His118A Nol, and Hisl196 Ne2,
respectively. Such rather long distances allow us to discard a
low-occupancy Zn(II) ion in this site, normally 2.0—2.2 A from
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FIGURE 3: Structure of the active site determined for (a) BclI-Ocs,
(b) Bell-Apo, (c¢) Bell-diZn, and (d) Bell-diCo. Electron density in
selected regions is depicted as a wireframe surface, contoured at lo
(BcII-Ocs, Bell-diZn, and Bell-diCo) or 1.5¢ (Bcll-Apo). Density
for some His side chains has been omitted for the sake of clarity.
Electron density in loop HAHADR of Bcll-diZn and BcllI-diCo is
shown for residue Asp120 and Argl21 side chains only (see the text
for details). Numbers 1 and 2 indicate metal ions in the 3H and DCH
sites, respectively. Selected noncovalent interactions are represented
as green dotted lines.

His imidazole N atoms. A comparable situation is witnessed for
the DCH site, where the His263 side chain appears to be flipped
around the Cf—Cy axis, H-bonded to the side chain of Asp120
through a solvent molecule. Altogether, these features clearly
evince the absence of metals in the 3H site, confirming the success
of our crystal metal depletion approach. The electron density
distribution in Cys221 Sy was suggestive of some degree of
oxidation, possibly due to circumstantial air exposure of the
apoprotein crystals during handling, which was modeled as 80%
reduced Cys. It is noteworthy that loop L7 in BcII-Apo exhibits a
single conformation with a well-defined electron density, in
contrast with the structure of Bell-Ocs (where Cys221 is fully
oxidized).

The Structure of BcII-Co(Il) Is Equivalent to That of
Wild-Type Bcll. We prepared Co(IT)-Bcell crystals by soaking
apoprotein crystals in a Co(II)-based mother liquor. Diffraction
data sets of these crystals allowed us to obtain a high-resolution
structure of Co(II)-substituted Bell. In addition, we determined
the structure of Zn(II)-Bell under the same conditions so that
reliable comparisons with the Co(Il) surrogate could be made.
The structures of diZn(II)-Bell (Bcll-diZn hereafter) and diCo-
(II)-BclI (BelI-diCo hereafter) were refined at 1.74 and 1.45 A,
respectively (see Tables 1 and 2). Both atomic models are
identical within experimental error, with a root-mean-square
deviation of 0.10 A for superimposition of 214 residues (1489
atoms). With regard to the metal binding sites, both Zn(II) and
Co(IT) ions display comparable coordination environments
(Figure 3c,d), with a half-occupied DCH site.

The 3H site exhibits a coordination number of four in both
adducts, with the metal ions bound to His116, His118, His196,
and the bridging water/OH™ molecule, wg, 2.0 and 2.1 A from
Col and Znl, respectively. An additional water molecule, w, is
located within electrostatic interaction distance of Col and
Znl, at 2.8 A. Thus, the 3H-site geometry can be described as
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FIGURE 4: Active site of partially oxidized di-Co(II) Bell, Bell-Gol.
(a) Electron density in selected regions is depicted as a wireframe
surface, contoured at 1o (with His side chain density omitted for the
sake of clarity). Alternate conformations of loop HAHADR,
Ocs221, and water molecule wp, found in BelI-Ocs are shown as thin
lines (compare with Figure 1a). (b) Anomalous difference F) — F,
map (pink wireframe, 50), highlighting the presence of Co(1l) in the
DCH site. (c) Isomorphous difference Fgo — Foes map in the DCH
site, emphasizing the octahedral geometry of Co2 (3.50, green
wireframe), as well as the absence of Ocs221 in the reduced fraction
of Bcll-Gol (—3.50, red wireframe). Numbers 1 and 2 indicate Co(1I)
ions in the 3H and DCH sites, respectively. Selected noncovalent
interactions are represented as green dotted lines.

tetrahedral with a trigonal-bipyramidal distortion along the
wa—2Znl1/Col—His116 Ne2 axis. Contrasting the situation witnes-
sed for Bcll-Ocs and BcelI-Apo, loop HAHADR adopts a con-
formation that positions the Asp120 side chain coordinated to
Co2 and Zn2 (at 2.5 and 2.4 A respectively) and H-bonded to
water/OH™ molecule wg (2.5 A for both Bell-diCo and Bell-
diZn). The Col—Co2 and Znl—Zn2 distances are equivalent
(ca.3.7A), considering the estimated coordinate errors (Table 2).

The metal ions at the DCH site are both five-coordinate, being
bound to Asp120, Cys221, His263, and two water molecules, wa
and wg (Figure 3c,d). The geometry can be described as distorted
trigonal-bipyramidal, with an Asp120 052—Zn2/Co2—wc¢ prin-
cipal axis, Cys221, His263, and wg lying in the equatorial plane.
While 3H sites of Bell-diCo, Bell-diZn, and Bell-Gol (reduced
fraction) are similar, the equivalent position of Gol O2 in Bell-
Gol is occupied by water molecule wc in Bell-diCo and Bell-
diZn (1.9 and 2.2 A from Co2 and Zn2, respectively), and that of
Gol O3 remains vacant (compare panels ¢ and d of Figure 3 with
Figure 4a).

While residues Asp120 and His263 display well-defined con-
formations, residue Cys221 exhibits two half-occupied alternate
positions, A and B. The Sy—Co2 and Sy—Zn2 distances are 1.8 A
for conformer Cys221A and 2.3 A for conformer Cys221B. Given
that Cys221A Sy is too close to Co2 or Zn2, only conformer
Cys221B can be regarded as a metal ligand for each DCH-site
metal ion. This assumption is in good agreement with the metal
site half-occupancy and the expected metal—thiolate bond dis-
tances for Co(II) and Zn(II). Besides, conformer B of Cys221 is
reminiscent of the Cys221 position found in the reduced fraction
of BclI-Gol, where Cys221 Sy is 2.3 A from Co2.

The double conformation of residue Cys221 entailed a largely
anisotropic electron density distribution at Sy. Because Bcll
harbors two contiguous Gly residues adjacent to Cys221, Gly219,
and Gly220, suggesting that this portion in loop L10 is flexible,
we determined that the model could be improved by refining
Gly220 also in two half-occupied conformations, thereby provid-
ing additional conformational freedom to residue Cys221. As
a result, a separation of ca. 0.3, 0.5, and 1.0 A was achieved dur-
ing refinement between corresponding Ca, Cf3, and Sy atoms of
Cys221 alternate positions. On the other hand, conformer
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FIGURE 5: Electrostatic interaction (green dotted lines) between
Argl21 and Cys221 side chains in (a) Bell-diCo and (b) Bell-diZn.
An electron density 2Fy — Fc map (at 10) is shown as a wireframe
surface for metal ions and residues Aspl20 and Argl2l (in loop
HAHADR) and residues Gly220 and Cys221 (in loop GGC).

Cys221B is found within salt bridging distance of the Arg121 side
chain, with Sy located ~3.2 A from the guanidinium moiety.
Therefore, the flexibility of the Gly219—Cys221 stretch is ex-
pected to significantly restrain the position of the DCH-site metal
ion through both first-shell and second-shell effects, i.e., by
influencing the corresponding interactions with Cys221 and
Argl21 (Figure 5).

DISCUSSION

Flexibility of Loop L7.One of the most outstanding structural
features of metallo-f-lactamases is that the metal binding sites are
entirely built on loops and turns (9, 15, 20, 21, 23, 52, 53). The
presence of two protruding loops (L3 and L10) that flank the active
site has been interpreted as a requirement for binding and hydro-
lyzing a large variety of f-lactam antibiotics. Via analysis of the five
structures reported here, two additional regions emerge as con-
formationally adaptable: loops L7 and the GGC stretch in the base
of loop L10 (Figure 1) (54). L7 (His116—Argl21) contains three
metal ligands (His116 and His118, involved in the 3H site; and
Aspl20, a ligand at the DCH site), whereas the GGC region
(Gly219—Cys221) contains residue Cys221, a DCH-site ligand.
Because these two regions harbor four of the six metal-liganding
residues in the protein, their conformations are not independent
of one another, evidently restraining both metal coordination
environments.

Structures BelI-Ocs, Bell-Gol, and Bell-Apo provide insights
into the flexibility of loop L7. The structure of Bell-Ocs displays
a single 3H-site Co(II) ion with residue Cys221 oxidized to Cys-
sulfonate (Ocs221) (Figure 3a), and the same scenario can be
witnessed for the oxidized fraction of Bcll-Gol (Figure 4a).
Loop L7 can accommodate the presence of a negatively charged
sulfonate group by adjusting the conformation of residues
Alal19 and Asp120, with minimal changes in the conforma-
tion of His116, His118, and Argl21 side chains, as compared
with the wild-type conformations (Figure 3c,d). On the other
hand, the structure of Bcll-Apo displays double conforma-
tions for Hisl116 and His118 side chains, while Asp120 and
Argl21 remain nearly unaffected (Figure 3b), revealing a key
role for Znl in shaping the 3H site. Notwithstanding, the
architecture of loops flanking the active-site cavity is largely
preserved in Bcll-Apo, corroborating the report that the
apoenzyme’s inability to bind any substrate is mainly due to
the absence of the metal ions (55).

Flexibility of the GGC Stretch. The loop L10 segment
comprising residues Gly219, Gly220, and Cys221 (GGC) also
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FIGURE 6: Schematic representation of the metal coordination en-
vironments in wild-type Bell structures of PDB entries (a) 1bc2 and
(b) 3i13 (depicting conformer Cys221B only, as obtained in this
work), illustrating the structural rearrangements leading to changes
in the coordination number of Zn2. Dashed black lines indicate
noncovalent interactions. Gray lines depict an equatorial plane
defined for Zn2. Numbers indicate selected distances (in angstroms)
and the metal ions (gray circles).

exhibited a remarkable conformational freedom, most likely due
to the presence of two contiguous Gly residues, allowing alternate
conformations for residue Cys221. Previous studies suggest that
residue Cys221 critically influences the DCH-site metal binding
affinity. Cys221Ser mutants (56), as well as the double mutant
Cys221Ser/Argl21His (57), display a sequential metal binding
mode, i.e., a Zn2 site with significantly lower affinity than the
Znl1 site. Besides, several Asp120 mutants of Bell retain their Zn2
binding capability, although the S-lactamase activity spectrum is
severely compromised (38). Consequently, given that Gly219 and
Gly220 are conserved among B1 MfLs (59), these residues were
probably selected to grant the conformational adaptability of the
Cys221 side chain, ultimately influencing the position of Zn2 and
catalysis.

The GGC region flexibility also endows an ionic interac-
tion between Cys221 thiolate and Argl21 guanidinium groups,
located in the second coordination shell of Zn2. Such interaction
would be relevant when residue Aspl120 is deprotonated, pre-
ferentially coordinated to Zn2 (Figure 6). Earlier structures of
Zn(I1)-Bcell show that the Asp120 side chain interacts electro-
statically with the Argl21 side chain (19, 42), and similar
scenarios have been described for other Bl MpLs sharing an
Argl21 residue, such as VIM-2 (52) and BlaB (60). Residue
Argl21 is thus believed to keep the Asp120 carboxylate depro-
tonated, thereby increasing the metal affinity and broadening
the optimal pH range of the enzyme (12, 58). Our observations
disclose an additional mode for Argl21 to influence the DCH-site
metal ion, that is, by interacting with Cys221 thiolate. As a result,
Argl21, Asp120, Cys221, and Zn2 comprise an arrangement of
two pairs of opposite charge ions in equilibrium. In this way,
the Argl21 residue would also enhance the Zn2 electrophilicity
by interacting with the negatively charged Asp120 and Cys221
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ligands (Figure 6). This suggestion is particularly attractive,
considering that a fundamental role of Zn2 in the catalytic
pathway is the stabilization of anionic intermediates of 5-lactams.

Two MpL subclasses share a Cys221 residue, namely, the
broad-spectrum enzymes from the Bl group and the exclusive
carbapenemases from group B2. BI enzymes bear the conserved
GGC stretch that, as we now show, appears to play a key role in
facilitating the Argl121—Cys221 interaction, ultimately regulating
the conformational freedom of Cys221. Instead, B2 enzymes
share the GNC sequence (Gly219, Asn220, and Cys221), along
with the conserved residue Asnll6 (replacing the conserved
His116 in Bl enzymes) (59). The B2 enzyme CphA from
Aeromonas hydrophila has been crystallized in complex with
carbonate (PDB entry 1x8g), captopril (PDB entry 2qds), a
pyridinecarboxylate (PDB entry 2gkl), and even di-Zn(IT) (PDB
entry 3f90). Despite the variety of bound ligands, the active-site
backbone region is minimally altered, strongly suggesting an
intrinsic rigidity of loops L7, L9, and L12 in B2 lactamases.
Furthermore, two H-bonds are retained between residues Asnl16
and Asn220. The double mutant Asnl16His/Asn220Gly of
CphA has been shown to exhibit a significantly broader sub-
strate spectrum than wild-type CphA (61), whereas the mutant
Asn220Gly exhibits considerably lower k., and Ky values
against biapenem, leading to product inhibition and the conse-
quent feasibility of a crystallographic structure for this complex
(PDB entry 1x8i) (21). Altogether, the lower flexibility exhibited
by B2 enzymes in this region explains their higher substrate
specificity. We hence propose that the GGC loop conformational
flexibility critically contributes to substrate promiscuity, a trait
characteristic of Bl enzymes.

Previous studies show that mutations restraining the confor-
mation of Cys221 lead to changes in the catalytic spectrum.
Mutant Gly262Ser of Bell exhibits higher activity against
cephalexin and nitrocefin, and lower activity against imipenem,
as compared to wild-type Bcll (54). As determined by X-ray
crystallography (PDB entry 3fcz), mutant Gly262Ser Bcell dis-
plays an H-bond between Ser262 and Cys221 side chains. This
arrangement favors a position of Zn2 more accessible to the
active-site groove (54), with Cys221 resembling conformer
Cys221A. Comparable changes in the activity profile have been
observed for IMP-1 -lactamase, a natural Gly262Ser mutant of
the IMP-6 enzyme, where the IMP-1 enzyme exhibits increased
activity against ceftazidime, benzylpenicillin, ampicillin, and
imipenem, versus the activities of the IMP-6 enzyme (62).

Finally, it is worth noting that crystallographic structures of
Argl21-containing Bl MpLs typically display a Zn2 ion with
partial occupancy. This feature was attributed to residue Argl21,
which provides a positive charge in the vicinity of Zn2. However,
this hypothesis was ruled out in light of mutagenesis studies of
residues Argl21 and Aspl20, because the mutant Argl21Cys
structure also exhibits fractional occupancy for Zn2 (63), and
several Asp120 mutants display Zn(II) affinities at the DCH site
comparable to that of wild-type Bcll (58). The alternate con-
formations of Cys221, granted by the conformational flexibility
of the GGC stretch, provide a simple explanation for the
fractional occupancy of Zn2 in these structures.

Structural Consequences of Metal Substitution in Bcll.
Cobalt substitution has been regarded as one the most conserva-
tive strategies for spectroscopic studies in zinc enzymes. This is
due to the fact that, despite their different electronic structures,
the native activity is generally preserved upon Co(II) uptake. The
ligand-field bands of the Co(II)-BclI electronic spectrum comprise
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a four-band pattern characteristic of distorted tetrahedral three-
His Zn(II) sites, like those found in Co(II)-substituted carbonic
anhydrase I1 (64) and the insulin hexamer (65). The BcllI-diCo and
BclII-Gol structures clearly show that Co(II) adopts a distorted
tetrahedral geometry in the 3H site, with an identical coordination
sphere compared with that of Bcll-diZn, thus supporting the
assignment of these spectral features to the 3H-site Co(II). Taking
into account the coordination number of five or six for the DCH-
site Co(II) ion (as shown for the BclI-diCo or Bell-Gol structure,
respectively), we conclude that its contribution to the ligand-
field bands would be minimal. Therefore, the structures of Co(II)-
substituted Bcell disclosed here provide evidence accounting for the
lower molar extinction of the DCH-site Co(Il) ligand-field
bands (30), as previously suggested (/8).

It has been stressed that some organic complexes of Co(II)
tend to expand the coordination sphere compared with Zn(II)
(66), and additional solvent molecules have been found in
protein Zn(I) sites substituted with Co(II) (67). We can confirm
that this is not the case for Bell, where both Zn(II) and Co(II)
surrogates exhibit nearly identical coordination environments
(Figure 3c,d). In addition, we found that the DCH site can
accommodate a bound glycerol molecule in the presence of
Co(IT), which has not been reported for the Zn(II) substitute so
far. Via comparison of the DCH sites of BcII-diCo and Bell-Gol,
minimal changes in the coordination angles are observed, in-
dicating that glycerol binding occurs without affecting the metal
ion coordination geometry. As a result, the DCH-site five-
coordinate metal shell can be regarded as a distorted octahedral
geometry with one vacant coordination position, which is avail-
able to interact with the substrate (compare Figures 3d, 4, and 6).
Hence, our structures do not evince a general expansion of the
Co(I) coordination sphere but reflect an enhanced binding
ability of Co(II) over Zn(Il) under certain conditions, most
probably related to the inherent chemical properties of each
metal ion. This observation concurs with the 5-lactamase cata-
Iytic efficiencies reported for each surrogate, which can differ
substantially depending on the antibiotic (29, 36, 68).

The Bell-Gol structure shows that the metal in the DCH site
can interact with a bidentate ligand (Figure 4), a binding mode
previously determined by X-ray crystallography for Cd(II)-
Bell with citrate and L1 p-lactamase from Stenotrophomonas
maltophilia with hydrolyzed moxalactam (23). These complexes
suggest that the intact antibiotics would also bind as bidentate
ligands, enabling a proper interaction of Zn2 with the fS-lactam
ring N atom. Such a role for Zn2 has been established for several
anionic intermediates, like those of biapenem and moxalactam in
CphA and LI, respectively (27, 23), as well as imipenem and
meropenem in Bell (4), and nitrocefin in CcrA, L1, and GOB-
18 (26, 69). In the case of Bell against benzylpenicillin, no anionic
intermediates have been detected, although some reaction inter-
mediates have been proposed to imply a hexacoordinate DCH-
site metal ion (3). The d'° configuration of Zn(II) favors changes
in its coordination geometry with minimal energy costs. None-
theless, considering the diversity of substrates sensitive to Bl
MpL-mediated hydrolysis, the first and second metal coordina-
tion shells provided by the protein environment must allow for
these geometry changes. In fact, Bell can also accommodate
dissimilar metal ions like Cd(IT) and Mn(II). A high-resolution
(1.35 A) structure of Cd(IT)-substituted Bell (PDB entry Imqo) is
available, with a citrate anion (CIT) bound to the active site
(Figure 2d). In this structure, Cd2 is hexacoordinated to the DCH
site and three functional groups of the CIT ligand. Despite the
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longer ionic radius of Cd(IT) (1.09 A) compared to those of Zn(II)
and Co(II) (0.88 and 0.84 A, respectively) (70), together with its
acknowledged preference for higher coordination numbers, Cd-
(IT)-substituted Bell is an active f-lactamase (29). Similar results
have been reported for the Mn(II)-substituted enzyme, where
p-lactamase activity is preserved despite the Mn(II) predilection
for octahedral coordination geometries (70). This adaptability of
Bcll toward metal substitution is in sharp contrast with that of
enzymes like thermolysin and human carbonic anhydrase II,
which are active as Zn(II) and Co(II) surrogates but are inhibited
by Cd(II) (71, 72). Furthermore, Breece and co-workers have
recently disclosed the presence of changes in the Zn—Zn distance
during turnover of the B3 enzyme L1 (73). Despite the fact that
there is no experimental evidence of these changes in B1 enzymes,
molecular dynamics simulations (/4, 74) and QMMM calcula-
tions support this notion. In this context, the flexibility of regions
HAHADR (in L7) and GGC (in L10) that we report assists in
taking full advantage of the Zn(II) coordination adaptability,
minimizing the activation energy for hydrolysis.

CONCLUDING REMARKS

In this work, the active site of B. cereus Zn(II)-dependent
metallo-f-lactamase is interrogated through X-ray crystallo-
graphy, by analysis of the structural effects taking place upon
Co(II) substitution, changes in metal content, and crystallization
conditions. The high degree of similarity of the active-site
structure of the Co(II) and Zn(Il) adducts strongly supports
the use of Co(II) substitution in these enzymes. While a general
good agreement is observed with previously determined struc-
tures for the Zn(II) derivative, the structures reported here show
that the loops containing key metal ligand residues display a
remarkable conformational flexibility. In light of the proposed
catalytic mechanisms for this enzyme, such adaptable coordina-
tion environments would enable interaction with different sub-
strates, thus favoring promiscuity rather than proficiency toward
specific substrates.
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