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The X-ray crystal structure of metallo-p-lactamase
from Chryseobacterium indologenes IND-7 was deter-
mined at a resolution of 1.65A. The overall structure
adopted a four-layered af/Po sandwich structure with a
dinuclear zinc(II) active site, in which the zinc(IT) ions
were denoted as Znl and Zn2. The overall structure
of IND-7 is analogous to those of subclass Bl
metallo-p-lactamases, as determined by X-ray crystal-
lography. A significant structural difference, however,
was observed in the dinuclear zinc(II) active site: the
coordination geometry around Znl changed from tetra-
hedral, found in other subclass B1 metallo-B-lactamases,
to distorted trigonal bipyramidal, whereas that of Zn2
changed from trigonal bipyramidal to tetrahedral.
Argl121(101), which is located in the vicinity of the
dinuclear zinc(II) active site, may affect the binding
affinity of Zn2 due to an electronic repulsion between
the zinc(Il) ion(s) and a positively charged guanidyl
group of Argl121(101). Moreover, the hydrogen-bonding
interaction of Argl21 with Ser71(53), which is con-
served in IND-1, IND-3 and IND-5-IND-7, appeared
to have important consequences for the binding affinity
of Zn2 in conjunction with the above electrostatic
effect.

Keywords: B-lactams/metallo-f-lactamase/crystal
structure/X-ray crystallography/zinc(II).

Abbreviations: BBL, class B B-lactamase; Bcll,
metallo-B-lactamase from Bacillus cereus; BlaB,
metallo-B-lactamase from Cryseobacterium meningo-
septicum; CcrA, metallo-B-lactamase from Bacteroides
fragilis; GIM-1, metallo-f-lactamase from
Pseudomonas aeruginosa; IMP-1, metallo-B-lactamase
from Serratia marcescens; IND-1, IND-2,

IND-2a, IND-3, IND-4, IND-5, IND-6 and IND-7;
metallo-B-lactamases from Chryseobacterium indolo-
genes; PDB, Protein Data Bank; SIM-1,
metallo-B-lactamase from Acinetobacter baumannii;
SPM-1, metallo-B-lactamase from Pseudomonas
aeruginosa; VIM-2, metallo-B-lactamase from
Pseudomonas aeruginosa.

Metallo-B-lactamases are zinc(II)-dependent enzymes
that catalyze the hydrolysis of the amide bond in
most B-lactams, including carbapenems, and are
associated with one of the prevalent mechanisms
of bacterial resistance against p-lactams (/—3).
Metallo-B-lactamases  (referred to as class B
B-lactamases) are grouped into the molecular
subclasses B1 —B3 based on their primary amino
acid sequence (4—6). Subclasses Bl and B2 metallo-
B-lactamases have the amino acid sequences,
HXHXD and NXHXD, respectively. Subclass B3
metallo-B-lactamases have the amino acid sequence
H(Q)XHXDH. Subclasses Bl and B3 metallo-
B-lactamases are able to bind up to two zinc(Il) ions
(7—10) and can hydrolyze a wide range of B-lactams
including penicillins, cefalosporins and carbapenems
(/7). On the other hand, subclass B2 metallo-
B-lactamases are mononuclear zinc(I) enzymes,
which exhibit specificity toward carbapenems (//—17).

Among them, subclass Bl metallo-f-lactamases are
gaining popularity worldwide, and their genes are
encoded either on the bacterial chromosome or on
mobile genetic elements such as plasmids and trans-
posons (6, 18—20). For instance, chromosomally
encoded metallo-B-lactamases include Bcll from
Bacillus cereus (21), BlaB from Chryseobacterium
meningosepticum (22), CcrA from Bacteroides fragilis
(23) and IND-1 from Chryseobacterium indologenes
(24), whereas IMP-1 from Serratia marcescens (25),
VIM-2 from Pseudomonas aeruginosa (18), SPM-1
from P. aeruginosa (26), SIM-1 from Acinetobacter
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baumannii, and GIM-1 from P. aeruginosa (27) are
encoded by mobile genes on a plasmid. So far, the
three-dimensional structures of the subclass Bl
metallo-B-lactamases have been solved for Bcll
(7, 28—30), BlaB (31), CcrA (32—34), IMP-1 (35, 36),
VIM-2 (37, 38) and SPM-1 (10).

In 1999, the chromosome-encoded C. indologenes
metallo-B-lactamase IND-1 was first isolated (24),
and six IND variants, designated IND-2 to IND-6
and IND-2a, have been detected to date (39—41).
Chryseobacterium indologenes are aetiological agents
of infection associated with the use of indwelling
devices (42). The amino acid sequences of the
above-mentioned six IND variants share 72—92%
identity with that of IND-1 (Fig. 1). Of these enzymes,
kinetic parameters are available for IND-1, IND-2,
IND-5 and IND-6, though in the case of IND-I,
only a comparison of the K, values is available
(24, 39—41).

In 2005, Arakawa et al. isolated a chromosomal
metallo-B-lactamase produced by a C. indologenes clin-
ical isolate from the urinary tract infection of a patient
in Japan (MRY040066 strain). Based on a comparison
of the amino acid sequence of metallo-B-lactamase
from C. indologenes MRY 040066 (denoted as IND-7)
with that of IND-1, IND-7 identified most with IND-1
(99%) where an isoleucine at position 90(72) in IND-1
was replaced by a valine in IND-7. (In this paper, the
amino acid residues are designated by a BBL number-
ing (4), and the amino acid sequence number from the
N-terminus for mature protein—the latter is in
parenthesis.)

The aim of this study is to fully characterize the
three-dimensional structure of IND-7 from C. indolo-
genes, because the X-ray crystal structures of IND
variants are not available. We report here the crystal
structure of metallo-B-lactamase IND-7 at a resolution
of 1.65A.

Materials and Methods

Cloning

The blajnp.7 gene was amplified with the primers IND-F (5-CAT
ATG AAA AAA AGC ATC CGT TTT-3'), which have an Ndel
linker (underlined), and IND-R (5-GGA TCC CTA TTT TTT ATT
CAG AAG TT-3'), which have a BamHI linker (underlined), using
an Expand High-Fidelity PCR system (Roche). The template DNA
was extracted from the clinically isolated C. indologenes strain
MRY040066. The amplicon was ligated with a pGEM-T vector
(Promega), and was partially excised by digestion with Ndel and
BamHI. The excised fragment was subcloned into the expression
vector pET29a(+) (Novagen) to yield plasmid pET29a(+)/blaynp.7-

Expression and purification

A 25-ml overnight preculture of Escherichia coli BL21(DE3), which
was transformed by plasmid pET29a(+)/blainp.7, was used to inocu-
late 101 of LB broth supplemented with 50 pg/ml kanamycin, and
the resulting culture was grown at 37°C with shaking until the cul-
ture reached an ODgg of about 1.0. The culture was developed in
0.1mM isopropyl-B-p-thiogalactopyranoside (IPTG) and shaken
at 37°C for 2h. The culture was centrifuged at 5,000 g for 10 min
at 4°C. The pellets (about 40 g, wet weight) were washed by resus-
pension in 40 ml of 20mM Tris—HCI pH 7.4, with repeat centrifu-
gation. The pellets were resuspended in 40 ml of the same buffer,
disrupted by sonication for Smin and centrifuged at 100,000 g for
75min at 4°C. After removal of insoluble components by filtration
(MILLEX-GP 0.45 pm, Millipore), the filtrate was loaded into an SP
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Sepharose Fast Flow column (¢ 2.6 x 10cm, GE Healthcare)
pre-equilibrated with 20mM Tris—HCI pH 7.4, and the proteins
were eluted with a linear gradient of 0—0.5M NaCl. Fractions
were analysed by sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and by their ability to turn over nitrocefin
as a substrate. Fractions containing the desired activity were pooled
and concentrated to a volume of 10ml by Ultracel YM-10
(Millipore). The concentrated protein was loaded into a Sepharose
G-75 column (¢ 1.6 x 10cm, GE Healthcare) and was eluted with
20 mM Tris—HCI pH 7.4 containing 0.3 M NaCl. Fractions contain-
ing the IND-7 protein were pooled and concentrated to a volume of
6ml. The protein was then reloaded into a Sephacryl HR-100
column (¢ 1.6x 10cm, GE Healthcare) and was eluted with
20mM Tris—HCI pH 7.4 containing 0.3 M NaCl. The protein was
further concentrated to 14mg/ml using both Ultracel YM-10
(Millipore) and Amicon Ultra-15 (Millipore). The purity of the
IND-7 protein was estimated to be greater than 95% by
SDS-PAGE at a protein concentration of 1 mg/ml. Prior to the
X-ray diffraction experiments, a buffer solution of the IND-7 pro-
tein was converted from 20 mM Tris—HCI containing 0.3 M NacCl to
20mM HEPES—NaOH pH 7.5. For crystallization, the purified
IND-7 protein was concentrated to about 14mg/ml using both
Amicon YM-10 (Millipore) and Amicon Ultra (Millipore).

Crystallization

Screening for IND-7 crystallization conditions was performed at
20°C by the hanging-drop method using Crystal Screen and
Crystal Screen II kits (Hampton Research): drops mixed 2pul of
a protein solution with 2 pul of a reservoir solution. The best crystals
suitable for X-ray diffraction study were obtained from condition
No. 17 using the Crystal Screen kit [30%(w/v) PEG4000, 0.1 M
Tris—HCl pH 8.5 and 0.2M Lithium sulphate monohydrate],
which grew as plates within 3 months at 20°C.

Data collection and refinement

All diffraction data were collected at 100 K after cryoprotection by a
brief exposure to a reservoir solution containing 30% (W/v)
PEG4000 at the SPring-8 (Harima, Japan) and the Photon
Factory (Tsukuba, Japan). The data set used the structural analysis
that was collected at the SPring-8 on a beamline 38B1 (Harima,
Japan) at a resolution of 1.65A and a wavelength of A=1.00A.
Data for the crystal were integrated, merged, and scaled using
HKL-2000 (43). The refined structure (PDB code: 1M2X) of BlaB
from C. meningosepticum at a 1.5 A resolution (37) was used as the
search model for molecular replacement using the AMoRe (44) and
Molrep (45) software programs, which are a component of the CCP4
program suite v.6.0.0 (46). The interactive graphics programs O (47)
and Coot v.0.1.2 (48) were used to build the IND-7 structure (47).
The refinement was performed with the CNS (49) and Refmac (50)
software programs. Data collection and refinement statistics are
listed in Table I. Selected bond distances and angles are shown in
Table II.

PDB Accession Code
The atomic coordinates and structure factors have been deposited in
the Protein Data Bank under accession code 3LON.

Nucleotide Sequence Accession Number

The nucleotide sequence encoding IND-7 characterized in this study
appears in the EMBL/GenBank/DDBJ databases under accession
AB529520.

Results and Discussion

Overall structure of IND-7

The structure of IND-7 from C. indologenes was solved
by molecular replacement. The final refined structural
model contained residues GIn38(21)—Lys293(238),
two zinc(Il) ions (Znl and Zn2), two sulphate ions,
and 327 ordered water molecules per asymmetric
unit, and was refined to Ryorking=17.7% and
Rpee =20.0% at 1.65A resolution (Table I). The
root mean square differences (RMSD) from the ideal
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Table 1. Data collection and refinement statistics for IND-7.

Data collection
Resolution (A) 50.0—1.65 (1.71—1.65)
Wavelength (A) 1.00
Unit-cell parameters (A °) a=77.6, b=74.3, c=474,

B=99.4
Space group Cc2
Redundancy 3.7 (3.5)
Completeness (%) 99.9 (99.7)
Rierge” 4.3 (0.104)
No. of unique reflections 31,928 (901)
I/o(l)> 48.5 (16.7)
Refinement statistics
ocut-off . None
Resolution (A) 38.3—1.65 (1.69—1.65)
No. of reflections used 30,314
B factors (A?)
Average 13.5
Protein 11.0
Water 26.0
No. of non-H atoms®
Protein 1,811
Water 327
R.m.s. deviation for ideal®
Bond lengths (A) 0.008
Angles (°) 1.09
Ryorking 0.177 (0.221)
Reee” 0.200 (0.250)

Rerge = Yna - Lk — <IChKD) > /543" I(hki), where I(hkl)
is the observed intensity for reflection for ikl and <I(hkl)> is the
average intensity calculated for reflection /k/ from replicate data.
®per asymmetric unit. ‘RMSD.: root mean square differences.
deorking: Z/zkIHFo‘ - ‘FCH/Z/‘I/\’[‘FO‘v Where Fo and Fc are the
observed and calculated structure factors, respectively.
“Rivee = Y_nitl | Fol = | Fell /Y il Fol for 5% of the data not used at
any stage of structural refinement. Values in parentheses are for
the last resolution shell.

bond distances and angles were 0.008 A and 1.09°,
respectively. A Ramachandran plot showed that
97.6% and 5.8% of the residues were in the
most-favoured regions and in the additionally allowed
regions, respectively, and 0.5% and 1.1% of those were
in the generously allowed regions and in the disallowed
regions, respectively. The exceptions were Asp50(33)
and Asp84(66), which adopted ¢ and | angles of 79°
and —51°, and 70° and 160°, respectively. Asp84 was
buried in the protein and exhibited a strained main
chain conformation, which is a commonly observed
feature in the crystal structures of Bcll, CcrA and
IMP-1 metallo-B-lactamases (28, 32, 35). Therefore,
it is thought that conservation of the conformation
of Asp84 is important to the folding of metallo-
B-lactamases.

The overall structure of IND-7 was found to be
composed of five a-helixes and twelve [-strands,
which fold into a four-layered of/Ba sandwich struc-
ture (Fig. 2A). The dinuclear zinc(Il) active site
was located at the bottom of a shallow groove and
was made up of the two zinc(II) ions (Znl and Zn2),
the zinc(I) ion binding residues and two loops
(loop 1 and loop 2). Loop 1, which is a typical feature
of subclass Bl metallo-f-lactamases, was formed by
residues at positions 60—66 (57) (BBL numbering,
Figs 1 and 2A) between B2 and B3. This flexible loop
is thought to be responsible for the tight binding of
substrates and inhibitors in the dinuclear zinc(II)
active site (35, 51-55). In the IND-7 structure, loop
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1 was well defined. Loop 2 was comprised residues at
positions 221—241 (BBL numbering), positioned
approximately opposite loop 1 cantered at about the
zinc(IT) binding site (Figs 1 and 2A). Thus, the overall
structure of IND-7 was found to be similar to the pre-
viously solved structures of subclass Bl metallo-
B-lactamases (7, 10, 28—38).

Coordination mode and occupancy of zinc(ll) ions in
the dinuclear zinc(ll) active site

To understand the structural features of IND-7 in
detail, the structures of IND-7 and structurally
well-characterized CcrA from B. fragilis, which have
28% sequence homology (PDB code: 1ZNB; 1.85A
resolution), were compared. As shown in Fig. 2B,
superimposing the Ca atoms of IND-7 and molecule
A in CcrA demonstrated a similarity in the protein
folds with an overall RMSD of 1.7A, as mentioned
above. Despite the similarity in the overall structures
between these two enzymes, noticeable structural
differences were found in the dinuclear zinc(II) active
sites.

In the CcrA structure (Fig. 3A), Znl was coordi-
nated with His116(99), His118(101), His196(162) and
a water molecule or hydroxide ion (Watl), forming a
tetrahedral geometry, whereas Zn2 was coordinated
with Asp120(103), Cys221(181), His263(223), one
water molecule (Wat3, termed ‘apical water’) and
Watl, forming a trigonal bipyramidal geometry. The
zinc(Il) coordination geometry found in CecrA is
mostly conserved in subclass Bl metallo-B-lactamases.

On the other hand, the zinc(II) coordination mode
of IND-7 was different from the common feature. In
the process of refinement of the IND-7 structure, we
initially set the occupancies of Znl and Zn2 as 1.0 and
refined their B-factors. As the B-factor of Zn2 (215 .6 A2
was relatlvely higher than that of Znl (9. 3A ), occu-
pancies for Znl and Zn2 were reset as 1.0 and 0.7,
respectively, for subsequent refinement. The final
B-factors equalled ~9. 3A% for Znl and 12.3A°
for Zn2. The average B-factor of the residues involved
in the zinc(Il) coordination, His116(96), His118(98),
Asp120(100), Hlsl96(159) Cys221(178) and
His263(220), was 7. 1 A2, These results suggested that
the affinity of Zn2 was lower than that of Znl, and
that Zn2 tended to escape from the dinuclear zinc(II)
active site of IND-7 Moreover, a 2|F,|—|F.| electron
density map around the Zn2 site (Fig. 3B) clearly
showed the existence of both conformations in the
side chains of Cys221(178) and His263(220), where
the occupancies of Cys221A(178) and His263A(220)
were refined by 0.7, and those of Cys221B(178) and
His263B(220) were refined by 0.3. The former was a
Zn2-coordinated form, whereas the latter was a
Zn2-uncoordinated form. Interestingly, in the side
chain of Aspl120(100), a zinc(Il) ligand, no disorder
was observed, which was fixed through the interactions
of Zn2 and Watl (vide infra). This finding indicates
that Aspl120 played an important role in helping to
orient a zinc(II)-bound hydroxide ion for a nucleophil-
ic attack on the CO group of the B-lactam ring.

The coordination geometry around Znl (Fig. 3B)
was a distorted trigonal bipyramid with t=0.88
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Table II. Zinc(II)-ligand distances (/g\) and angles (°) for IND-7 and CcrA metallo-f-lactamases.

IND-7 CerA®
Zn(1D)-ligand® Distances
Znl His1 I6NE2 2.1 2.1/2.2
His118NDI 2.0 2.0/2.1
His196NE2 2.0 2.0/2.0
O(Watl) 1.9 1.9/2.0
O(Wat2) 2.6
Zn2 Aspl1200D2 2.1 2.3/2.1
Cys221ASG 22 2.3/2.4
His263ANE2 2.1 2.1/2.2
O(Watl) 2.1 2.1/2.2
O(Wat3) 2.3/2.2
Znl Zn2 3.6 3.5/3.5
Ligand-Zn(II)-Ligand® Angles
His116(96)NE2 Znl His118ND1 99 105/100
Znl His196NE2 102 100/106
Znl O(Watl) 108 119/111
His118(98)ND1 Znl His196NE2 116 107/108
Znl O(Watl) 116 112/109
His196(159)NE2 Znl O(Watl) 113 113/121
O(Wat2) Znl His116NE2 169
Znl His118NDI1 71
Znl His196NE2 88
Znl O(Watl) 73
Asp120(100)0OD2 Zn2 Cys221ASG 113 97/97
Zn2 His263ANE2 91 86/82
Zn2 O(Watl) 94 86/81
Cys221A(179)SG Zn2 His263ANE2 110 107/110
Zn2 O(Watl) 118 115/117
His263A(220)NE2 Zn2 O(Watl) 125 138/132
O(Wat3) Zn2 Asp1200D2 161/164
Zn2 Cys221ASG 101/110
Zn2 His263ANE2 83/89
Zn2 O(Watl) 92/95

aThe distances and angles for CcrA metallo-p-lactamase are quoted for molecules A and B in the asymmetric unit. *Ligand numbers are
indicated by the BBL numbering scheme and numbers of amino acid resides from the N-terminus for each mature protein are omitted for

simplification.

[structural parameter 7= (B —a)/60) (56)], where
a=116° for Hisl18(98)ND1—Zn1 — His196(159)NE2
and B=169° for O(Wat2)—Znl — His116(96)NE2
were the two basal angles (8> «) representing the
change in trigonal distortion from a square pyramidal
geometry: =0 for an ideal square pyramid and 1 for
an ideal trigonal bipyramid. Two His residues,
His118(98) and His196(159), and either one oxygen
from a water molecule or a hydroxide ion (labeled
Watl) made a trigonal plane (the average angle of
the corresponding angles was 115°). Watl, which is
thought to act as the attacking nucleophile on the
CO group of the B-lactam ring (32, 57, 58), bridged
to both Znl and Zn2, and also formed a hydrogen
bond with one oxygen atom of Asp120(100) with a
distance of 2.7 A. The apical positions were occupied
by His116(96) and Wat2, where Wat2 weakly inter-
acted with Znl at a distance of 2.6 A [the average
Zn — Wat bond distance in zinc(II) enzymes is report-
edly 2.2A (59)]. In the crystal structure of VIM-2
metallo-B-lactamase, Znl is also coordinated to five
ligands in a distorted trigonal bipyramidal geometry
(37), as seen in the IND-7 structure. However, the
Znl — Wat bond distance (2.8 A) at the apical position
was longer by 0.2 A than that of IND-7 (Znl — Wat2).
These observations suggest that Wat2 can more easily

accommodate replacement by the Znl coordination
sphere upon uptake of substrates and inhibitors. We
expected the coordination structure of the dinuclear
zinc(11) active site in IND-7, especially pentacoordina-
tion at the Znl site, to be of major benefit to a favour-
able Michaelis complex, because Wat2 was thought to
be the carbonyl oxygen atom of the B-lactam ring that
interacted with Znl upon formation of the Michaelis
complex (Fig. 4).

The Znl—His and Zn1—-Watl bond distances were
2.0-2.1A and 1.9A, respectively, which were almost
identical to those found in CcrA (2.0 2. 2A for
Znl —His and 1.9—2.0A for Znl — O, respectively).
Zn2 was tetrahedrally coordinated with Asp120(100),
Cys221A(178), His263A(220), and Watl, with bond
distances of 2.1A (Fig. 3B), and ‘the aplcal water
Wat3’, observed in CcrA, was missing from the
IND-7 structure. The Zn2 —Watl bond distance of
2.1 A was somewhat longer than that of Znl—Watl
and this tendency was also found in CcrA. The
ligand—Zn2—ligand bond angles of 91—125° (the aver-
age angle; 109°) were close to the optimal tetrahedral
angles. The Znl—Zn2 distance was 3. 6A and
this bond distance was close to that of CcrA (3.5 A).
Thus, the zinc(II) coordination geometry was notably
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A Loopl

Fig. 2 Opverall structure of IND-7 from C. indologenes. (A) A ribbon
diagram of IND-7 is shown with the secondary structures labeled.
a-Helices, B-strands and the loops are shown in red, green and
yellow, respectively. Zinc(Il) ions are represented as orange spheres.
The figure was prepared with MolFeat software (FiatLux
Corporation). (B) Superposition of the C, tracing of IND-7 (red)
with CcrA from B. fragilis [blue, PDB code: 1ZNB, (32)]. In the
CcrA structure, only molecule A is depicted.

different from those of other crystal structures of sub-
class Bl metallo-p-lactamases, which includes CcrA.

Role of Arg121 and hydrogen-bonding networks
around the dinuclear zinc(ll) active site

Argl2l is well conserved in IND variants (39, 40),
VIM variants (20), BlaB (60) and Bcll (7, 32), and is
thought to be responsible for the reduced binding
affinity for Zn2 (29, 33, 35). Indeed, Bcll
metallo-B-lactamase has a binding affinity that differs
from that of the two zinc(I) binding sites (6/—63). By
contrast, residues at position 121 in CcrA and IMP
variants are occupied by Cys121(104) and Ser121(82),
respectively, and these metallo-fB-lactamases display
high binding affinity at both the Znl and Zn2 sites
(64, 65).

As seen in Fig. 3C, a positively charged guanidinyl
group of Argl21(101) was situated below the floor
of the Zn2 site. A 2|F,|—|F. electron density
map clearly indicated Argl21(101) alternated in the
crystal, and the conformations Argl21A(101) and
Argl21B(101) fit the map well. The former corres-
ponded to a Zn2-coordinated form of Cys221(178)
and His263(220), whereas the latter corresponded to
a Zn2-uncoordinated form with no bound Zn2.
Therefore, the corresponding atoms in the two con-
formations were refined with occupancies of 0.7 and
0.3, respectively. In Argl21A(101), the electrostatic
repulsion between a positively charged bulky guanidi-
nyl group of Argl2l and Zn2 cause movement
of the guanidinyl group to move away from Zn2
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[4.7A from Argl2lA(I0)NE and 5.7A from
Argl21A(101)NH2], where the guanidinyl group is
maintained by four hydrogen bonds between
Asn70(52), Ser71(53), Asp84(66) and Aspl120(100):
Argl21A(101)NE  Aspl120(100)0=2.8A, Argl2lA
(I01)NHI - Asp84(66)0OD2=3.2 A, Argl21A(101)
NH2-Asn70(52)=2.7A and Argl21A(101)NH2-
Ser71(53)OG=3.0A. Ser71(53) is conserved in
IND-1, IND-3, and IND-5—IND-7 but is Gly in
IND-2, IND-2a, and IND-4 (Fig. 1). The substitution
of residues at position 71(53) in IND variants is ex-
pected to have an effect on the changing of the binding
affinity of Zn2 and on the hydrolysis of B-lactams.

In Argl21B(101), with a rotation of the CG—CD
bond of the side chain in Argl21B(101), the plane
formed by the atoms CD, NE, NH1 and NH2 of
Argl21B(101) was nearly perpendicular to the corres-
ponding plane of Argl21A(101) and the guanidinyl
group of Argl21B(101) lay close to the dinuclear
zinc(II) active site [3.5A from Argl21B(101)NE and
3.6 A from Argl21B(101)NH2]. The guanidinyl
group made four hydrogen bonds with Asn70(52),
Asp84(66), Aspl120(100) and Gly262(219): Argl21B
(I01)NE  Aspl20(100)0D2=29A, Argl21B(101)
NH1 Asn70(52)0=3.0A, Argl21B(101)NH1 Asp84
(66)0D2=32A and Argl2I1B(101)NH2 Gly262
(219)0=2.7A, of which two hydrogen bonds of
Argl21B(101) with Asp120(100) and Gly262(219)
pulled the guanidinyl group close to the dinuclear
zinc(I1) active site. These observations highlight the
importance of Argl21(101) for the binding affinity of
Zn2 by cooperation between the electrostatic effect
and the change in the hydrogen-bonding network. In
addition, Argl21(101) also appeared to partially con-
tribute to the preservation of the moderate orientation
of Asp120(100) relative to Zn2.

We compared the hydrogen-bonding networks
around the dinuclear zinc(Il) active site to estimate
the primary cause of the differences in coordination
structure between IND-7 and CcrA metallo-
B-lactamases.

In CcrA, the side chain NZ of Lys224(184) produced
hydrogen-bonding networks with Wat3 coordinated to
Zn2, the side chain ND1 of His196(162), and the main
chain oxygen atoms of Cys221(181), 11e231(191) and
Asn233(193) through well-ordered water molecules
(Fig. 5A). Lys224 located on loop 2 was assumed to
interact with the carboxylate of the B-lactams (32, 35).
Moreover, the side chain of ND2 of Asn233(193)
formed a hydrogen-bonding network with bridging
water between Znl and Zn2, Watl, via a water mol-
ecule. Conversely, the hydrogen-bonding networks in
IND-7 were somewhat different from those of CcrA
(Fig. 5B). Lys224(181), which was ~7 A away from
the zinc(II) active site, did not participate in the
hydrogen-bonding networks between the bulk water
molecules. In the case of IND-7, Asn233(193) in
CcrA was replaced with Tyr233(190), which was
located on loop 2. Tyr233(190) rotated ~74° around
the CB—CG bond and the hydroxy group of the
phenyl ring was ~8A away from Znl. The main
chain oxygen atoms of Leu231(188) and Tyr233(190)
were hydrogen bonded to a water molecule, which is
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Cys221(181)

g ¥ His196(162)

 ®-.gZnl .
s._,.‘wm His116(99)
Asp120(103)

His118(101)

Cys221(178)
B His263(220)
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AsnT0(52)
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Asp84(66) Asp84(66)

Fig. 3 Comparison of the dinuclear zinc(II) active site structures in CcrA from B. firagilis [PDB code: 1ZNB, (32)] and IND-7 from C. indologenes.
(A) Active site structure in CcrA; only molecule A is depicted. Zn1 is tetrahedrally coordinated with His116(99), His118(101), His196(162) and
Watl. Zn2 is trigonal-bipyramidally coordinated with Asp120(103), Cys221(181), His263(223), Watl and Wat2. Zinc(II) ions and water mol-
ecules are presented as orange and red spheres, respectively. Carbon, oxygen, nitrogen and sulphur atoms are shown in grey, red, blue and
yellow, respectively. Zn(II) — ligand bonds are shown as yellow dotted lines. The hydrogen bond is shown as a red dotted line. (B) Stereo view of
the active site in IND-7. The electron density map (green mesh) is shown contoured at the 1.0c level in the 2|F,|—|F,.| map. Zinc(II) ions and
water molecules are shown as orange and red spheres, respectively. Carbon, oxygen, nitrogen and sulphur atoms are shown in grey, red, blue and
yellow, respectively. Zn(II)—ligand bonds, with the exception of the Zn(II)-Wat2 bond, are shown as yellow dotted lines. The Zn(I)-Wat2
bond is shown as a green dotted line. The hydrogen bond is shown as a red dotted line. The occupancies of Znl and Zn2 are refined with 1.0 and
0.7, respectively. Cys221(178) and His263(220) adopted alternative conformations in the IND-7 structure [Cys221A(178) and His263A(220), and
Cys221B(178) and His263B(220)]. The occupancies of Cys221A(178) and His263A(220) (magenta sticks) are refined with 0.7 in each case,
whereas those of Cys221B(178) and His263B(220) (orange sticks) are refined with 0.3 in each. Znl is trigonal-bipyramidally coordinated with
His116(96), His118(98), His196(159), Watl and Wat2. Zn2 is tetrahedrally coordinated with Asp120(100), Cys221A(178), His263A(220) and
Watl. Unlike the CcrA structure, ‘the apical water” Wat3 is absent from the Zn2 site. (C) Alternative conformations of Argl21(101),
Argl21A(101) and Argl21B(101). The electron density map (green mesh) of Argl121(101) is shown contoured at the 1.0c level in 2| Fy|—|F,| map.
Of the two conformations, Argl21A(101) is shown to the left, whereas Argl21B(101) is shown to the right. The former was a Zn2-coordinated
form of Cys221(178) and His263(220), whereas the latter was a Zn2-uncoordinated form with no bound Zn2. The occupancies of Argl21A(101)
and Argl21B(101) are refined with 0.7 and 0.3, respectively. Carbon, oxygen, nitrogen and sulphur atoms are shown in grey, red, blue and
yellow, respectively. Zn(II)—ligand bonds, with the exception of Zn(I1)-Wat2, are shown as yellow dotted lines. The Zn(II)-Wat2 bond is
shown as a green dotted line. Hydrogen bonds are shown as red dotted lines. The figures were prepared with PyMol software (http://pymol
.sourceforgen.net/).

interacted with Watl to achieve formation of a
hydrogen-bonding network between Watl and
Wat2—the other was linked to bulk water molecules.

occupied in a position equivalent to that of a water
molecule in the CcrA  structure, forming
hydrogen-bonding networks with Watl and Wat2

that was coordinated to Znl, the side chain NDI of
His196(159), and the main chain oxygen atoms of
Cys221(181). Interestingly, Wat2 formed two hydro-
gen bonds with two water molecules, one of which

This seemed to be one of the factors affecting the struc-
tural change in the Znl coordination sphere, which
was also thought to be closely related to the difference
in enzymatic activity.
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Fig. 4 A model of the Michaelis complex for B-lactam bound to sub-
class B1 metallo-p-lactamase.

IleB](]QI)E { Asn233(193)

Lys224(184) - Lys224(181)

B Leu231(188) Tyr233(190)

Fig. 5 Comparison of hydrogen-bonding networks between (A) CcrA
from B. firagilis [PDB code: 1ZNB, (32)] and (B) IND-7 C. indologenes
in the vicinity of the dinuclear zinc(II) active sites. Carbon, oxygen,
nitrogen and sulphur atoms are shown in grey, red, blue and yellow,
respectively. Zn(II)—ligand bonds, with the exception of
Zn(I1)—Wat2, are shown as yellow dotted lines. The Zn(I)—Wat2
bond is shown as a green dotted line. Hydrogen bonds are shown as
red dotted lines. The figures were prepared with PyMol software
(http://pymol.sourceforgen.net/).

Structure-activity relationship between IND-2 and
IND-5 deduced from the IND-7 structure
In 2007, Perilli et al. (40) isolated IND-5 from a clinical
isolate of C. indologenes and conducted kinetic studies
on the hydrolysis of various B-lactams against IND-5
metallo-PB-lactamase. From a comparison of kinetic
parameters of IND-5 with those of IND-2, they
reported that the catalytic efficiencies (ke /Ky) of
IND-2 for imipenem and meropenem were ~25- and
13-fold higher than those of IND-5, respectively. On
the basis of the comparison of the amino acid sequence
of IND-5 with those of IND variants, including
IND-2, Perilli et al. assumed that the residue at pos-
ition 265 (BBL numbering) might be involved in
the drastic reduction in catalytic efficiency of IND-5,
compared with that of IND-2 (39, 40): Glu265(222)
was well conserved in all IND variants with the excep-
tion of IND-5 [in this case, Asp265(222)] and
was located close to His263(220), which is a Zn2
ligand.

As shown in Fig. 1, IND-7 shared 92% amino acid
identity with the IND-5 of sixteen amino acid
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substitutions: Ser21(4)Lys, Lys23(6)Tyr, 11e26(9)Met,
11e29(12)Met, Leu30(13)Met, Ser32(15)Ala,
Phe34(17)Met, Ala35(1/8)Phe and Ser36(19)Asn in the
signal  peptide  region; and, Met72(54)Val,
Val90(72)Ala, Val110(90)Ile, Alal40(119)Ser,
Vall88(151)Thr, Lys244(201)Ile, Asn247(204)Asp and
Glu265(222)Asp. Extrapolating from the determined
IND-7 structure, most of the amino acid substitutions
of IND-5 were expected to be located either on the
surface of the protein or far from the active site. Of
these residues, Glu265(222) was located ~8 A from the
dinuclear zinc(II) active site. The backbone CO of
Glu265(222) were hydrogen-bonded to the side chain
OG of Ser225(182) at distances of 2.6 A, but the side
chain of Glu265(222) was turned to face the surface of
the protein. Therefore, the side chain was not likely to
influence the catalytic efficiency of IND-5 by
Glu-to-Asp substitution at position 265. One possibil-
ity affecting the enzymatic activity of the mutant might
have been the residue at position 235 (BBL number-
ing), which was located almost on top of loop 2 at a
distance of ~9 A from Znl and Zn2. In IND-1, IND-5
and IND-7, the residue at position 235 was Lys, where-
as, for IND-2 the residue at the same position was Gly.
Lys235(192) in the IND-7 structure had a strained
main chain conformation, with ¢ and \y angles of
—60° and —29°, respectively. However, the Lys-to-Gly
substitution at position 235 in IND-2 may have
increased the degree of rotation about the ¢ and
angles, compared with IND-5, and caused the move-
ment of loop 2 to access the conserved residue in all
IND variants, Tyr233(190), of the hydrophobic
pocket. Thus, the mutation at position 235 appeared
to trigger changes in the mobility of the loop and in the
uptake of the substrate to the active site, leading to a
difference in the enzymatic activity.

In conclusion, we determined the crystal structure of
IND-7 metallo-f-lactamase of C. indologenes. As a
consequence, the precise coordination mode around
the dinuclear zinc(II) active site was ascertained,
and its coordination mode appeared to be quite differ-
ent from those of the well-characterized metallo-
B-lactamases, as determined by X-ray crystallography.
It was predicted that the hydrogen-bonding interaction
between Argl21(101) and Gly262(219) would influence
conformational flexibility of His263(220) and, as the
result, the fixation of His263(220) to Zn2 by this inter-
action did contribute to the binding affinity of Zn2 and
to the enzymatic performance. Finally, the residue at
position 235 of loop 2, rather than Glu-to-Asp substi-
tution at position 265, might be critical to altering the
enzymatic activity in the IND variants.
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