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Structural insights into the broadened substrate
profile of the extended-spectrum f-lactamase

OXY-1-1 from Klebsiella oxytoca

Klebsiella oxytoca is a pathogen that causes serious infections
in hospital patients. It shows resistance to many clinically used
B-lactam antibiotics by producing chromosomally encoded
OXY-family B-lactamases. Here, the crystal structure of an
OXY-family B-lactamase, OXY-1-1, determined at 1.93 A
resolution is reported. The structure shows that the OXY-1-1
B-lactamase has a typical class A B-lactamase fold and exhibits
greater similarity to CTX-M-type B-lactamases than to TEM-
family or SHV-family g-lactamases. It is also shown that the
enzyme provides more space around the active cavity for the
R; and R, substituents of B-lactam antibiotics. The half-
positive/half-negative distribution of surface -electrostatic
potential in the substrate-binding pocket indicates the
preferred properties of substrates or inhibitors of the enzyme.
The results reported here provide a structural basis for the
broadened substrate profile of the OXY-family B-lactamases.

1. Introduction

B-Lactam antibiotics are chemotherapeutic drugs widely used
for the treatment of various bacterial infectious diseases
(Matagne et al., 1998; Ghuysen, 1991). They kill bacteria by
inhibiting peptidoglycan transpeptidases and bD-alanyl-D-
alanine carboxypeptidases, which are key enzymes in bacterial
wall synthesis. However, the extensive or even abusive util-
ization of B-lactam antibiotics has caused the emergence of
antibiotic-resistant bacteria, which has seriously restricted the
efficiency of antibacterial chemotherapy using B-lactam anti-
biotics (Levy, 1994; Davies, 1994). The most common cause of
bacterial B-lactam antibiotic resistance is the production of
B-lactamases by pathogenic bacteria, which hydrolyze the
B-lactam amide bond and thus inactivate the antibiotics
(Davies, 1994; Frere, 1995). B-Lactamases can be classified
into four classes (A to D) according to their sequence and
substrate specificity (Ambler, 1980), among which class A S-
lactamases are of the greatest importance because they are the
most frequently encountered in clinical isolates. Class A
B-lactamases are usually encoded by genes located on trans-
ferable plasmids, have variable substrate profiles (Matagne et
al., 1998) and were originally named penicillinases because of
their substrate specificity. Since the 1980s, the broad use of
third-generation cephalosporins has caused the appearance
of class A extended-spectrum B-lactamases (ESBLs), which
show hydrolytic activity towards several extended-spectrum
B-lactam antibiotics such as cefotaxime and ceftazidime
(Bradford, 2001). The majority of class A ESBLs belong to the
TEM or SHV families, which result from point mutations
in the non-ESBL parent enzymes the TEM-1/2 and SHV-1
B-lactamases (Knox, 1995). Besides the TEM-family and SHV-
family ESBLs, another group of class A ESBLs have also been
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Figure 1

(a) Structure-based sequence alignment of OXY-1-1 f-lactamase with five other class A f-lactamases. A
red background indicates sequence identity; red letters indicate sequence similarity. Conserved residues
with catalytic importance are labelled with red triangles. Magenta, cyan and blue underlining indicates the
two domains and the Q-loop of the enzyme. (b) Stereoview showing a ribbon diagram of the OXY-1-1
B-lactamase structure. The o/ and all-o domains are shown in magenta and cyan, respectively. The Q-loop
is shown in blue. Some catalytic important side chains, Ser70, Lys73, Ser130, Asn132, Glul66 and Lys234,
are shown as red sticks. (¢) Stereoview showing the superimposition of the OXY-1-1 S-lactamase structure
(this work; green) with E. coli Toho-1 (PDB entry liys; blue), E. coli CTX-M-16 (PDB entry lylw; orange),
P. vulgaris K1 (PDB entry 1hzo; yellow), E. coli TEM-1 (PDB entry 1tem; magenta) and E. coli SHV-1
(PDB entry 1shv; red) B-lactamase structures. The regions that exhibit significant structural differences are

illustrated.

reported that show low sequence
identity to the TEM-family and
SHV-family members (of around
40%) but have high sequence
identity (of greater than 70%)
within the group (Bonnet,
Sampaio, Chanal et al, 2000;
Bonnet, Sampaio, Labia et al,
2000; Poirel et al., 2001; Tzouve-
lekis et al., 2000). The CTX-M-
type pB-lactamases, which show
strong hydrolytic activity towards
cefotaxime, are representative
enzymes of this group (Tzouve-
lekis et al., 2000; Bonnet, 2004).
Klebsiella oxytoca is a patho-
gen that causes serious infections
in hospital patients. It was recog-
nized as being clinically signifi-
cant in the early 1980s owing to
its resistance to p-lactam anti-
biotics (Podschun & Ullmann,
1998; Hart, 1993). It has been
shown that K. oxyfoca carries
chromosomal class A B-lactamase
(initially called the K1 B-lactam-
ases and now named OXY B
lactamases) genes (Fournier, Roy
et al., 1996). Wild-type K. oxytoca
produces OXY flactamases at a
low level constitutively and shows
resistance to aminopenicillins and
carboxypenicillins  (Livermore,
1995). When the OXY fBlactam-
ases are overproduced under
induction, the strains resist
penicillins, cephalosporins and
aztreonam (Fournier ef al., 1994).
Enzymatic studies showed that
the OXY pBlactamases exhibit
hydrolytic  activity ~ towards
cephaloridine, cefuroxime, cefo-
taxime and aztreonam; this is
distinct from the TEM-1/2 and
SHV-1 p-lactamases and indi-
cates that the OXY Blactamases
belong to the ESBLs (Wu et al.,
1991, 1992; Wu, 1998). Addition-
ally, OXY pBlactamase over-
producers are commonly resistant
to all combinations of f-lactams
with  B-lactamase  inhibitors
(Livermore, 1995). The molecular
basis for the overproduction of
OXY Blactamase has been
studied using genetic methods. It
was shown that the chromosomal
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Table 1

Data-collection and structure-refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection

Resolution (A) 55.5-1.93 (1.98-1.93)

Completeness (%) 96.9 (96.1)
Rierget (%) 5.2 (12.9)
Mean I/o(I) 30 (10.5)
Space group P2,2.2,
Unit-cell parameters (A) a=46.54,b="7443, c = 84.56
No. of unique reflections 21787
Refinement
No. of non-H protein atoms 1951
No. of waters 203
No. of ion atoms 20
Rerysit 0.182 (0.182)
Riree$ 0.225 (0.283)
Deviations from ideality
Bond lengths (A) 0.012
Bond angles (°) 1.236
Average B factors (Az)
All atoms 15.36
Main chain 13.30
Side chain 14.65
Waters 26.08
Tons 41.79
Ramachandran plot statistics (%)
Most favoured region 90.8
Additional allowed region 8.3
Generously allowed region 0.9
T Rnerge = Do 2 kD) — LKD)/ Yo 3o LD % Ryt = D |1Fops =

[Featel |/t [Fops)- § Rivee is the R factor for a selected subset of the reflections which
were not included in refinement calculations.

B-lactamase genes in K. oxytoca (bla,y, genes) serve as a
genetic reservoir of resistant genes and that a high mutation
rate in the promoter region causes overproduction of OXY
B-lactamases (Fournier, Lagrange et al., 1996a,b; Fournier et
al., 1995). The studies also showed that the OXY fBlactamases
can be classified into six groups among which the amino-acid
sequence identities are higher than 85% (Fevre et al., 2005;
Fournier, Roy et al., 1996; Granier et al., 2003; Wu et al., 1992).
Sequence alignment showed that the OXY flactamases have
higher sequence identity to CTX-M-type B-lactamases than to
TEM-type or SHV-type B-lactamases (Fig. 1a), indicating that
the OXY and CTX-M B-lactamases belong to the same group
of class A ESBLs.

All class A B-lactamase structures share a common fold
(Matagne et al., 1998) and their enzymatic properties such as
substrate specificity and resistance to inhibitors are dependent
on the conformation around the active centre. Several struc-
tures of CTX-M-type ESBLs (Chen et al., 2007; Chen, Delmas
et al., 2005; Chen, Shoichet et al., 2005) have been determined
in the apo form, in complexes with different transition-state
analogues and in complexes with f-lactam inhibitors,
revealing the details of enzymatic catalysis. The structures
show that the active-centre volumes of the CTX-M-type
ESBLs are similar to those of the non-ESBLs TEM-1 and
SHV-1 (around 160 AS), while some TEM-family ESBLs, such
as TEM-52 (Orencia et al., 2001) and TEM-64 (Wang et al.,
2002), have an enlarged active centre that broadens their
substrate profile. No structure of an OXY plactamase has

been determined to date. The structure with the highest
sequence identity to OXY Blactamases is that of the Toho-1
B-lactamase from Escherichia coli (Ibuka et al, 1999, 2003;
Kimura et al., 2004; Shimizu-Ibuka et al., 2004), which also
belongs to the same group as the CTX-M-type ESBLs. In
order to study the catalytic mechanism and the extended
substrate profiles of OXY Blactamases, especially their high
levels of activity towards both penicillins and cephalosporins
upon induction and their resistance to combinations of
B-lactams with B-lactamase inhibitors, structural information
on the enzymes is indispensable. In this work, the crystal
structure of an OXY Blactamase, OXY-1-1, was determined at
1.93 A resolution. The structural features that are essential for
the broad substrate profile of the enzyme were analyzed. Our
results will be beneficial for the design of more efficient and
specific B-lactamase inhibitors targeting OXY B-lactamases.

2. Materials and methods

2.1. Protein preparation, crystallization and X-ray data
collection

The preparation and crystallization of K. oxytoca OXY-1-1
B-lactamase has been described previously (Wu et al., 2004).
Briefly, the gene encoding the OXY-1-1 B-lactamase was
amplified from chromosomal DNA of K. oxytoca KH66 and
was expressed in E. coli in soluble form with a C-terminal His
tag. The recombinant protein was purified and crystallized.
Two crystal forms were obtained from the same crystallization
buffer consisting of 25%(w/v) PEG 4000, 0.1 M sodium
acetate pH 4.5, 0.2 M ammonium sulfate. One crystal form was
orthorhombic and diffracted to better than 1.9 A resolution,
while the other was tetragonal and diffracted to 3.0 A reso-
lution. Complete data sets were collected from both crystal
forms on beamline 1711 at the MAX II synchrotron, Lund,
Sweden. The orthorhombic crystal belonged to space group
P2,2,2,, with unit-cell parameters a = 46.54, b = 73.43,
¢ =84.56 A. The data were processed to 1.93 A resolution and
the statistics of data collection are listed in Table 1.

2.2. Structure determination, validation and illustration

The structure of K. oxytoca OXY-1-1 p-lactamase was
determined by the molecular-replacement method using the
orthorhombic data set. The structure of Toho-1 B-lactamase
from E. coli (PDB entry 1bza; Ibuka et al., 1999) was used
as the search model. Rotation and translation searches were
carried out with the program CNS (Briinger et al., 1998) using
data in the resolution range 154 A. The model was subjected
to refinement with TLS restraints (Painter & Merritt, 2006)
using the REFMACS (Murshudov et al., 2011) program in the
CCP4 suite (Winn et al., 2011). Diffraction data within the
resolution range 55.5-1.93 A were used in refinement and 5%
of the reflections were set aside for cross-validation. Manual
adjustment of the model was performed with Coot (Emsley &
Cowtan, 2004). Solvent and ligand molecules were introduced
into positive difference density during the final steps of
refinement. The quality of the final model was validated using
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Table 2
R.m.s.d.s between OXY-1-1 and five other class A S-lactamases.

R.m.s.d. (A)

For six strictly conserved residues

B-Lactamase For all C* atoms in the catalytic cavity

E. coli TEM-1 1.7 0.220
E. coli SHV-1 2.0 0.275
E. coli Toho-1 0.5 0.524
E. coli CTX-M-16 0.6 0.169
P. vulgaris K1 0.6 0.159

PROCHECK (Laskowski et al., 1993). The volumes of the
catalytic cavities were calculated using the VOIDOO package
(Kleywegt & Jones, 1994). Structure-based sequence align-
ment of the OXY-1-1 B-lactamase with other B-lactamases was
performed using ClustalW (Thompson et al., 1997) and drawn
using ESPript (Gouet et al., 1999). Molecular-graphics illus-
trations were generated by PyMOL (http://www.pymol.org).
The surface electrostatic potentials of various B-lactamases
were calculated using PyMOL. To facilitate comparison with
other pB-lactamases, the consensus numbering scheme
proposed by Ambler et al. (1991) was used.

Figure 2
(a) Stereoview showing the structure of the active cavity of OXY-1-1 B-lactamase. Highly conserved
or catalytically important residues are shown in ball-and-stick representation. Two conserved water 1b).
molecules and a sulfate ion in the pocket are also shown. The grey mesh shows the 2F, — F,
electron-density map around the highlighted residues and ligands contoured at 1.20. (b) Surface
electrostatic potentials of the substrate-binding pockets of OXY-1-1 and five other B-lactamases;
positively and negatively charged regions are represented in blue and red, respectively.

2.3. Penicillin G modelling

The modelling of penicillin G into the active site of the
OXY-1-1 B-lactamase was carried out using UCSF DOCK
(http://dock.compbio.ucsf.edu/). Firstly, the energy of peni-
cillin G was minimized using CHEMDRAW3D and this ligand
molecule was then docked into the structure of S-lactamase
OXY-1-1 by following the tutorials for Flexible Ligand
Docking.

3. Results
3.1. Structure determination

The molecular-replacement solution from CNS (Briinger et
al., 1998) gave an R factor of 0.365 for data in the resolution
range 15-3 A after rigid-body refinement. The structure was
refined at a resolution of 1.93 A to an R factor of 0.182 and an
Rgee of 0.225; the average B factor was 13.30 A? for main-
chain atoms and 14.65 A? for side-chain atoms. We point out
here from verification of the DNA sequence of the recombi-
nant plasmid and the final electron-density map of the deter-
mined structure that the protein prepared in this work was
actually the OXY-1-1 B-lactamase instead of the OXY-la
B-lactamase described previously (Wu
et al., 2004). The final model consisted
of 261 amino-acid residues (28-288;
Ambler scheme numbering), 203 water
molecules, four sulfate ions and an
acetate ion from the crystallization
buffer. The N-terminal fragment was
not observed (it was disordered without
defined electron density). The results of
PROCHECK showed that the stereo-
chemistry of the final model is reason-
able: 90.8% of the residues are in the
most favourable region of the Rama-
chandran plot and no residues are in the
disallowed region. The statistics of the
refinement are listed in Table 1.

3.2. Overall structure of the OXY-1-1
P-lactamase

The OXY-1-1 B-lactamase exhibited
the typical structural architecture of
class A B-lactamases composed of two
domains: an «/f domain consisting of a
five-stranded antiparallel B-sheet with
both N- and C-terminal «-helices
packed on one side of the sheet and an
all-o domain. The catalytic Ser70 is
located at the N-terminus of helix o2
in the all-« domain facing the cleft
between the two domains (Figs. 1a and
Structural comparison of the
OXY-1-1 B-lactamase and other class A
B-lactamases performed with DaliLite
(Holm & Park, 2000) showed that the
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OXY-1-1 B-lactamase structure is quite similar to those of the
CTX-M-type ESBLs. The root-mean-square deviations
(rm.s.d.s) for C* atoms between OXY-1-1 and the E. coli
Toho-1 (PDB entry liys; Ibuka et al., 2003), E. coli CTX-M-16
(PDB entry lylw; Chen et al., 2005) and Proteus vulgaris K1
(PDB entry lhzo; Nukaga et al, 2002) pB-lactamases are
around 0.6 A (Table 2). The major structural differences are
found in two loop regions on the molecular surface [loops
a2n1 (amino acids 87-91) and n2«3 (amino acids 112-116);
Fig. 1c]. The structural differences between OXY-1-1 and the
TEM-family and SHV-family B-lactamases are more signifi-
cant, particularly in the o/ domain. In addition to the surface
loops, three helices in the OXY-1-1 /8 domain (a1, o8 and
n4) shift significantly from their positions in the TEM and
SHV pB-lactamases (Fig. 1¢). The r.m.s.d. for C* atoms between
OXY-1-1 and the E. coli TEM-1 (PDB entry 1tem) and SHV-1
(PDB entry 1shv) S-lactamases are 1.7 and 2.0 A, respectively
(Table 2).

3.3. Catalytic cavity

The structure of the active site is highly conserved among
the class A B-lactamases. The catalytic cavity is composed of
several motifs. The SXXK motif (amino acids 70-73) includes
the active Ser residue and occupies the centre of the pocket.
The SXN motif (amino acids 130-132) from loop o304 and
the KTG motif (amino acids 234-236) in the B3 strand
surround the cavity on both sides. The other side of the cavity

in OXY-1-1

(®)
Figure 3

(a) Stereoview showing the Q-loop of OXY-1-1 B-lactamase in ball-and-stick representation
outlined with the 2F, — F, electron-density map contoured at 1.20; the positions of Glu166,
Asnl70 and Prol74 are labelled. (b) Stereoview of the superimposition of the 2-loops of
OXY-1-1 and five other B-lactamases. The colour scheme is the same as that in Fig. 1(c). The
nearby 3p4 and B5a8 loops are also shown. The Prol74 and Tyr240 residues in OXY-1-1,
which show significant structural differences from the other f-lactamases, are shown in stick

representation.

'in OXY-1-1

is covered by the Q-loop (amino acids 163-178), in which the
Glul66 and Asnl70 residues point into the active cavity
(Fig. 2a). The r.m.s.d.s for the six strictly conserved residues
(Ser70, Lys73, Ser130, Asn132, Glul66 and Lys234) between
the OXY-1-1 B-lactamase and other class A p-lactamases
calculated using O (Jones et al., 1990) showed that these
residues superimpose quite well (Table 2), indicating that the
OXY-1-1 B-lactamase shares a normal-sized catalytic cavity
with the CTX-M-type ESBLs and the non-ESBLs TEM and
SHV. Indeed, the catalytic cavity volume of the OXY-1-1
B-lactamase is 158 A®, which is similar to those of other
CTX-M-type ESBLs. Two water molecules (W1 and W2) and
a sulfate ion were observed in the active cavity (Fig. 2a). The
W1 molecule, which is hydrogen-bonded to the side chains of
Ser70, Glul66 and Asnl70, is conserved in many B-lactamase
structures and has been confirmed to be catalytically essential
(Adachi et al., 1991). The W2 molecule is found in the oxy-
anion pocket between the NH groups of Ser70 and Ala237 and
forms an additional hydrogen bond to the sulfate ion. The
sulfate ion is connected to Ser70, Ser130, Lys234, Thr235,
Ala237 and W2 through a hydrogen-bond network and
occupies the position of the C3 or C4 carboxylate group of
a fB-lactam substrate. A notable feature of the OXY-1-1
B-lactamase active site is that its substrate-binding pocket can
be clearly divided into two areas based on the surface elec-
trostatic potential distribution: an ‘inside’ positive area around
Lys73 and Lys234 where the sulfate ion is located and an
‘outside’ negative area around Glul66 (Fig. 2b). Similar
features also exist in the P. vulgaris K1,
E. coli TEM-1 and E. coli SHV-1 B-lactam-
ases, but the negatively and positively
charged region profiles are different. The
E. coli Toho-1 and CTX-M-16 B-lactamases
also exhibit different charged region profiles
(Fig. 2b).

3.4. The Q-loop and other residues near the
active site

The 2-loop has been demonstrated to be
essential for the catalytic reaction because
the Glul66 and Asnl70 side chains point
towards and stabilize the position of the
conserved W1 in the -catalytic pocket.
Glul66 also plays a role as a general base in
the acylation reaction (Gibson et al., 1990)
or as a proton abstractor in the deacylation
step (Herzberg & Moult, 1987). In the
OXY-1-1 B-lactamase structure the electron
density of the -loop is well defined
(Fig. 3a). The peptide bond between the
catalytic Glul66 and the following Pro167 is
a conserved cis bond. The Q-loop confor-
mation of OXY-1-1 fits well with those of
other CTX-M type B-lactamases, but differs
significantly from those of the TEM and
SHV plactamases. There is a shift of ~2 A

1464 Liangetal. -+ OXY-1-1
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in the location of Prol74, which is at the tip of the $2-loop
(Fig. 3b). Relevant structural changes occur on the opposite
side of the interdomain cleft. In the TEM and SHV
B-lactamases Arg240 in the 8384 loop contacts the tip of the
Q-loop, while in OXY-1-1 and other CTX-M-type pB-lactam-
ases this residue is replaced by the hydrophobic Tyr. Also, the
flat B5a8 loop is more extended in OXY-1-1 than in the TEM
and SHV Blactamases (Fig. 3b).

The OXY-1-1 B-lactamase exhibits differences in amino-
acid sequence or conformation from other S-lactamases near
the active centre which may also impact on the catalytic
properties of the enzyme. Phe72 in the SXXK motif (amino
acids 70-73) is conserved in the TEM and SHV B-lactamases,
but is replaced by a Gly residue in OXY-1-1 (Fig. 1a). The
hydrophobic environment around the catalytic pocket may be
partially complemented by another substitution, Alal35Met
(Fig. la), as the Met side chain points towards the same
position as the Phe72 aromatic ring.

Another notable substitution is Trp105 in the 1152 loop of
OXY-1-1; in other B-lactamases this position is occupied by
a conserved Tyr. The side chain of Trp105 is observed to point
towards the surface of the molecule, while the Tyr side chain
in other B-lactamase structures points towards the a4 helix
(Fig. 4a). A penicillin G molecule was modelled in the
substrate-binding pocket and it is clearly shown that such a

|

R AT

7/ in OXY-TA1

(%)
Figure 4

(a) Stereoview of comparison around position 105. The colour scheme is the same as in
Fig. 1(c). Trp105 in OXY-1-1 points in a different direction compared with Tyr105 in other
B-lactamases. A penicillin G molecule was modelled in the substrate pocket, indicating the
relative position of Trpl05 to the R, substituent of the substrate. (b) Stereoview showing
the position of positively charged residues between the substrate-binding pocket and the
C-terminal 8 helix. The colour scheme is the same as in Fig. 1(c). The side chain of Lys274 in
the OXY-1-1 B-lactamase points towards the vicinity occupied by Arg244 in the TEM-1 and
SHV-1 B-lactamases, with a shift of nearly 3 A. The R, substituent of the modelled penicillin G
molecule is located close to the positive group of the Lys274 or Arg244 residue.

conformation leaves more space near the SDN loop (amino
acids 130-132) and provides more hydrophobic protection
covering the R, substituents of B-lactams.

Positively charged residues at positions 220, 244 or 276, such
as Arg244 in the TEM-1 B-lactamase, are involved in substrate
binding by interacting with the carboxylate group of the
substrate (Jacob-Dubuisson et al., 1991; Zafaralla et al., 1992)
and these residues are likely to be involved in the effective
binding of inhibitors (Imtiaz et al., 1993, 1994). In the OXY-1-1
B-lactamase a Thr substitutes for Arg244 (Fig. 4b), which may
have a significant impact on the capability of the enzyme to
bind substrates and/or inhibitors.

4. Discussion

The OXY-1-1 B-lactamase shows high structural similarity
to other class A B-lactamases, particularly the CTX-M-type
B-lactamases. The similarity in both the overall structure and
the conserved motifs of the catalytic pocket indicates that the
OXY-1-1 B-lactamase follows the general catalytic mechanism
of other class A B-lactamases. Unlike non-ESBL enzymes,
however, OXY-1-1 has a broad-spectrum substrate profile and
exhibits resistance to many inhibitors. The structural features
of the enzyme provide a basis for its enzymatic properties.

The catalytic cavity of the OXY-1-1 B-lactamase is of
normal size as in the non-ESBL TEM or
SHV pBlactamases and other CTX-M-type
ESBLs, indicating that it does not broaden
the substrate profile by enlarging the active
centre. Instead, several residues near the
substrate-binding pocket may impact on its
interaction with substrate molecules. The
positively charged environment between the
central B-sheet and the C-terminal o8 helix
is provided by Lys274 in OXY-1-1 instead of
Arg244 as in the TEM-family or SHV-family
B-lactamases. The NZ atom of Lys274 in the
OXY-1-1 B-lactamase is located at a distance
of about 3 A from the guanidinium group
of Arg244 in the TEM-1 B-lactamase, which
leaves sufficient space for larger R, substi-
tuents on the substrates. The positively
charged side chains in the vicinity are
involved in interaction with the negatively
charged carboxylate group of substrates and
in effective binding of inhibitors; therefore,
the subtle structural changes nearby may
affect both the substrate-binding profile and
the resistance to inhibitors. Such substitu-
tions and structural features have also been
observed in other CTX-M type ESBLs and
have been suggested to contribute to the
broadened substrate specificity of the
enzymes (Nukaga et al., 2002).

Residue Trpl05 in the OXY-1-1 B-
lactamase is a substitution that is unique
to OXY pBlactamases. In TEM, SHV or
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CTX-M-type B-lactamases this position is occupied by a
strictly conserved Tyr. The structure of the OXY-1-1 B-lacta-
mase showed that the Trpl05 side chain points towards the
molecular surface instead of the w4 helix that the Tyr side
chain points towards in other class A p-lactamases. Such
structural differences may leave more space near the SDN
loop and provide more hydrophobic protection to R; substi-
tuents on the substrate molecule. Residue Ser130 plays an
essential role in the catalytic reaction as the last proton donor
(Lamotte-Brasseur et al., 1991, 1992) and elimination of the
Tyr side chain nearby may change the pK, of Ser130 and hence
affect the hydrolysis reaction, but no mutagenesis and enzy-
matic studies have been reported to date. The Trp105 substi-
tution may also affect the substrate profile, since the
hydrophobic environment that it provides may be beneficial to
the binding of B-lactams with aromatic R; substitutions. In
addition, Pro174 at the tip of the Q2-loop in the OXY-1-1 8-
lactamase is close to Tyr240 of the B384 loop, which also
provides more hydrophobic protection to this site. Since the
Q-loop separates the R, substituents of f-lactams from the
outer hydrophilic environment, the structural features of the
OXY-1-1 B-lactamase may be more favourable for the binding
of aromatic R; substituents than those of the non-ESBL TEM-
family and SHV-family enzymes and thus may broaden the
substrate specificity of the OXY-1-1 B-lactamase.

The surface electrostatic potential distribution in the
substrate-binding pocket of OXY-1-1 may also affect its
enzymatic properties. The boundary between the positively
and negatively charged areas indicates that the enzyme is apt
to bind substrates with charge complementarities. Since the
active-site carbonyl group of S-lactam antibiotics is located on
the boundary when it is bound to the enzyme, the charge
distributions of the R; and R, substitutions will impact on its
binding affinity to the enzyme. Enzymatic assays indicate that
the OXY-1-1 B-lactamase has higher hydrolytic activities
towards B-lactams with positively charged R; substitutions
(unpublished work). The difference in hydrolytic activities
towards substrates may rely on their binding affinity to the
enzyme. The results reported in this study will provide useful
clues for the design of more effective S-lactam antibiotics that
can resist OXY-family B-lactamases and potential B-lactamase
inhibitors targeting OXY-family g-lactamases.
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