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ABSTRACT: The catalytic efficiency of the class D β-lactamase OXA-10 depends critically on an unusual
carboxylated lysine as the general base residue for both the enzyme acylation and deacylation steps of
catalysis. Evidence is presented that the interaction between the indole group of Trp154 and the carboxylated
lysine is essential for the stability of the posttranslationally modified Lys70. Substitution of Trp154 by Gly,
Ala, or Phe yielded noncarboxylated enzymes which displayed poor catalytic efficiencies and reduced stability
when compared to the wild-type OXA-10. The W154H mutant was partially carboxylated. In addition, the
maximum values of kcat and kcat/KM were shifted toward pH 7, indicating that the carboxylation state of
Lys70 is dependent on the protonation level of the histidine. A comparison of the three-dimensional structures
of the different proteins also indicated that the Trp154 mutations did not modify the overall structures of
OXA-10 but induced an increased flexibility of theΩ-loop in the active site. Finally, the deacylation-impaired
W154A mutant was used to determine the structure of the acyl-enzyme complex with benzylpenicillin. These
results indicate a role of the Lys70 carboxylation during the deacylation step and emphasize the importance of
Trp154 for the ideal positioning of active site residues leading to an optimum activity.

Bacterial resistance of Gram-negative bacteria toward β-lactam
antibiotics is mainly due to the production of β-lactamases,
enzymes which efficiently hydrolyze the β-lactam amide bond (1).
To date, more than 700 different β-lactamases are described. They
are classified in two families, the active site serine β-lactamases and
themetallo-β-lactamases (2). Based on their amino acid sequences,
the active site serine β-lactamases are divided into three molecular
classes: A (2), C (3), and D (4). Unlike class A and C enzymes
which were extensively studied (5-9), less information is available
on class D β-lactamases. They are known as oxacillinases
(OXA) since they generally exhibit hydrolytic activity against

isoxazolylpenicillins (oxacillin), methicillin, or extended-spectrum
cephalosporins and they are poorly inhibited by clavulanic
acid (10-12). Recently, an increasing number of OXA enzymes
displaying a carbapenemase activity have been isolated (13-16).
Interestingly, the hydrolysis of a large number of substrates is
generally characterized by biphasic kinetics with a burst (11).

The majority of class D β-lactamase genes is plasmid encoded
and is found in clinically relevant Gram-negative bacteria such as
Pseudomonas aeruginosa (17). In recent years, several oxacillinase
genes were found on the chromosome of several environmental
species (18, 19). Their production can be either constitutive or
induced by the presence of a β-lactam in the culturemedium (19).
The class D β-lactamases are monomeric (like OXA-1) (20) or
dimeric (OXA-29) (18). In the case of OXA-10, an equilibrium
between the two forms has been observed (11). This equilibrium
is influenced by the protein concentration and also external
conditions such as pH or the presence of metal ions. The
dimer/monomer dissociation constant has been estimated to
1 μM (21). The activity of class D β-lactamases is affected by
different cofactors such as divalent metal ions (Co2þ, Cd2þ,
Cu2þ) (22), sodium chloride (NaCl), and sodium bicarbonate
(NaHCO3) (22, 23). The addition of divalent metal cations
stabilizes the dimeric form and increases the enzyme stability
(22, 24). NaCl behaves generally as a competitive inhibitor.
Finally, the addition of NaHCO3 can abolish the biphasic
kinetics and activate the enzyme (21). The structures of the
different classes of the active site serine β-lactamases share a
similar fold made of two domains: an R domain which contains
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only helices and an R/β domain which contains an antiparallel
β-sheet and theC- andN-terminal helices (25-28). The active site
lies at the junction between the two domains. Among all known
class D enzymes, three conserved motifs are found, Ser67-
Xaa-Xaa-Lys70 where Ser67 is the active serine, Ser115-
Xaa-Val117, and Lys205-Thr/Ser-Gly207. In addition, Trp154
located on an Ω-loop (residues 147-156) is well conserved.
Analysis of the different available three-dimensional structures
of OXA-10 shows that Lys70 may be carboxylated due to a
reaction between the ε-NH2 of the lysine and carbon dioxide (28)
as shown in the scheme:

ε-NH2 þCO2 þH2Oh ε-NH-COO- þH3O
þ

The carboxylation of a lysine residue is pH dependent and is a
compromise between its deprotonation, favored by high pH, and
the availability of CO2, favored by low pH.

This posttranslational modification induces some structural
modifications of the active site. A carboxylated Lys70 is observed
in bothmonomers of the biological dimer above pH 7.5 (PDB ID:
1K4F, 1K4E (pH 9.0), 1E4D (pH 8.3), 1K55 (pH 7.5)) (21, 28).
A mixed situation where Lys70 is either carboxylated or non-
carboxylated, depending of the monomer, is observed at pH
between 7 and 6 (PDB ID: 1K56 (pH 6.5), 1K57 (pH 6.0)) (21).
Under pH 6.0, a noncarboxylated Lys70 prevails (21). This
situation induces a reorganization of the hydrogen bonds between
the essential residues in the active site. Indeed, a slight modifica-
tion of the loop bearing the second conserved motif is observed
and, in a lesser way, of the orientation of the Lys70 ε-amine group
and the active Ser67 hydroxyl group.

The comparison of carboxylated and noncarboxylated active
sites also shows that the carboxyl group of the modified lysine is
hydrogen-bonded with the indole group of Trp154. This inter-
action stabilizes the position of the Lys70 side chain and
decreases the flexibility of the Ω-loop which influences the
accessibility of the active site. Indeed, in the OXA-1 group, the
mutation of Asp66, which makes a stabilizing hydrogen bond
with the Ω-loop, induces a decrease of the catalytic activity (29).
The nonenzymatic carboxylation of a lysine side chain remains a
rarely observed phenomenon. A few X-ray structures have
revealed carboxylated lysines. In most cases, their roles are
essentially structural. In these structures, the carboxylated lysines
are stabilized as ligands of active site metal ions, either a Mg2þ

ion as in MurE (30), the ribulose biphosphate carboxylase/
oxygenase from spinach Rubisco (31), and dihydrofolate syn-
thetase (32) or a Co2þ ion as in transcarboxylase (33) or a Ni2þ

ion as in urease (34). Alanine racemase (35), with the class D
β-lactamases, is the only example of an enzyme possessing a
carboxylated lysine involved in the catalytic activity. In the case
of the OXA enzymes, the carboxylated Lys70 acts as a general
base during the hydrolysis of the β-lactam and therefore plays an
essential catalytic function (28).

In this report, we studied the role of Trp154 in the stability and
activity of the OXA-10 β-lactamase. OXA-10 is part of the group
I of class D β-lactamases and was chosen because it is the most
studied of its class and is easy to produce, purify, and crystallize,
and clinically relevant strains are expressing variants of OXA-10
with an extended spectrum β-lactamases activity (24, 36). Our
results indicate that the replacement of Trp154 by other residues
decreases the affinity of OXA-10 toward carbon dioxide. In
consequence, OXA-10mutants were less stable and active despite
a conserved tertiary structure. This reduced activity of the

W154A mutant allowed us to trap and solve the structure of
an acyl-enzyme complex with benzylpenicillin.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Media. Escherichia coli
DH5R and BL21(DE3) Star strains were used for genetic
constructions and protein overproduction, respectively. The
pGEM-T-easy plasmid was obtained from Promega (Leiden,
The Netherlands). The pMON234::pBGS18þ vector which
contains the blaOXA-10 was a gift of Dr. Levesque (37). Cultures
were realized in Luria-Bertani (LB)1 media and in Hopwood
minimal media (38).
Chemicals. Cloxacillin, oxacillin, cephalothin, and cephalor-

idine were from Sigma (St. Louis, MO). Benzylpenicillin and
nitrocefin were purchased from Rhône-Poulenc (Paris, France)
and OXOID (Basingstoke, Hants, U.K.), respectively.
Plasmid Construction. The pMON234::pBGS18þ vector

encoding P. aeruginosa OXA-10 class D β-lactamase (37) was
used as template to introduce by PCR the NcoI and BamHI
restriction sites at the beginning and the end of the gene blaOXA-10,
respectively. The PCRwas realized in the presence of the primers
OXA-10NcoI and OXA-10BamHI (Supporting Information
Table S1) and a mix of Pfu and Taq polymerases. The amplified
fragment which contains blaOXA-10 was gel-purified and intro-
duced into the pGEM-T-easy plasmid yielding the pCIPBS1
vector. The gene was sequenced completely to verify the insertion
of the NcoI and BamHI restrictions sites and the absence of
additional mutations. pCIPBS1 was digested by NcoI and
BamHI restriction enzymes. The 758 bp DNA fragment was
gel-purified and ligated into the pET22b KanR plasmid digested
with the same restriction enzymes, yielding the pET22blaOXA-10.
Site-Directed Mutagenesis. The W154G, W154A, W154F,

and W154H mutants of the OXA-10 class D β-lactamase were
obtained with the help of the QuikChange site-directed mutagen-
esis kit. The mutations were performed on pCIPBS1. The
mutagenic primers (upstream and downstream) are shown
in Supporting Information Table S1. After plasmid amplifica-
tion and DpnI digestion, E. coli DH5R cells were transformed.
Colonies were isolated on LB agar plates containing 100 μg/mL
ampicillin. The plasmids were isolated, and mutations were
identified by DNA sequencing. We selected the plasmids
pCIPBS2, pCIPBS3, pCIPBS4, and pCIPLV4 which contained
the gene for theW154G,W154A,W154F, andW154HOXA-10,
respectively. All plasmids were digested by NcoI and BamHI
restriction enzymes. The 758 bp DNA fragments were gel-
purified and ligated into the pET22b KanR plasmid digested
with the same restriction enzymes, yielding plasmids pCIPBS6,
pCIPBS7, pCIPBS8, and pCIPLV8, producingW154G,W154A,
W154F, and W154H OXA-10 mutants, respectively. The differ-
ent plasmids were introduced into E. coli BL21(DE3) Star.
Enzyme Purification. The E. coli BL21(DE3) Star carrying

the pET22b/blaOXA-10, pCIPBS6, pCIPBS7, pCIPBS8, and
pCIPLV8, respectively, were inoculated into 500 mL of LBmedia.
The cultures were incubated overnight at 37 �C in the presence
of kanamycin (50 μg/mL) and then added to 15 L of fresh LB
medium (WT) orHopwoodminimalmedia (mutants).Kanamycin
was added as selection agent. The cultures were grown in a
15 L fermentor at 37 �C (WT) or 28 �C (mutants) under agitation
(400 rpm), in the presence of air (one culture volume per minute)

1Abbreviations: LB, Luria-Bertani; IPTG, isopropyl R-D-thiogalac-
toside; IEF, isoelectrofocusing analysis.
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and at constant pH of 6.8. At anA600 of 1.6, IPTG (500 μM final
concentration) was added, and the cultures were incubated for an
additional 5 h. The bacteria were harvested by centrifugation
on a Westphalia separator (London, U.K.) and resuspended in
300 mL of 30 mM Tris-HCl buffer, pH 8, 30% sucrose, and
10 mM EDTA. The periplasmic fraction was recovered as
follows: lysozyme (final concentration of 0.2 mg/mL) was added
to the mixture. After 30 min of incubation at 4 �C, the action of
lysozyme was stopped by addition of CaCl2 (20 mM final
concentration). The suspension was then centrifuged at 30000g
for 30 min at 4 �C. The supernatant which contained the
periplasmic fraction was collected and dialyzed twice against
15 L of 20 mM Tris-HCl, pH 8.6, buffer (buffer A) at 4 �C. The
solution was loaded on a QAE-Sepharose Fast Flow column
(150 mL, 2.6 � 40 cm; Amersham Biosciences) equilibrated in
buffer A. The gel was washed by 10 volumes of buffer A at a
flow rate of 5 mL/min. The β-lactamase was eluted at a rate of
5 mL/min using a linear salt gradient (0-300 mMNaCl) made in
10 column volumes of buffer A. The active fractions were
collected, pooled, and dialyzed twice against 12 L of buffer A.
The solution was loaded on a Source 15Q column (20 mL, 1.6�
9.5 cm; Amersham Biosciences) equilibrated in buffer A. The
β-lactamase was eluted at a flow rate of 2 mL/min using a linear
NaCl gradient (0-200 mM) of 12 column volumes in buffer A.
The protein sample was finally dialyzed twice against buffer A to
bring the Cl- concentration below 1 μMand avoid any inhibition.
The purity of the different proteins was over 98%. Final concen-
trations of the different enzymes were determined by measuring
absorbance at 280 nm and using the theoretical extinction
coefficient of 47630 M-1

3 cm
-1 (WT) or 41940 M-1

3 cm
-1

(mutants). The molecular masses of all purified proteins were
confirmed by electrospray mass spectrometry. The protein
samples (100 pmol) were dissolved in formic acid/acetonitrile
(1:1000 v/v) in water and injected with a syringe pump (Harvard
Instruments, South Natick, MA) at a flow rate of 6 μL/min into
the source of the mass spectrometer VG BioQ upgraded with a
Platform source (Micromass, Altrincham, Cheshire, U.K.).
Isoelectrofocusing Analysis (IEF). Isoelectric points (pI) of

purified WT and mutants of OXA-10 β-lactamases were deter-
mined by IEF electrophoresis using Ampholin PAGplates,
pH gradient 3-9.5, in a Multiphor II electrophoresis system
apparatus (AmershamBiosciences,Uppsala, Sweden) for 2.5 h at
25 W, 25 mA, and 2000 V. β-Lactamase activity was revealed
with nitrocefin (100 μM).
N-Terminal Sequencing. N-Terminal sequences of the dif-

ferent purified proteins (10-50 pmol) were performed by Edman
degradation on a Procise protein sequencing system equipment
(Applied Biosystems, London, England).
Differential Scanning Calorimetry. Measurements were

performed using a MicroCal VP-DSC (MicroCal, London,
England) instrument at a scan rate of 1 �C/min from 20 to
80 �C. Samples were dialyzed overnight against 50 mM
phosphate buffer, pH 7, complemented or not by 50 mM
NaHCO3 (870 or 19.2 μM CO2), the latter being used in the
reference cell for the determination of the buffer baseline.
Protein concentrations (13 μM) were determined after dia-
lysis by the bicinchoninic acid protein assay reagent (Pierce,
Rockford, IL). Thermograms of the different OXA-10
β-lactamases were analyzed according to a single non-two-
state transition model in which T1/2 and ΔHcal were fitted
independently using the MicroCal Origin 5 software. Curves
were adjusted with SigmaPlot 8.0.

Molecular Sieves. The apparent molecular masses of the
different proteins were measured as follows. β-Lactamase solu-
tions (18 μM) were prepared in 50 mM phosphate, pH 7, buffer
in the absence or in the presence of 50 mM NaHCO3 (19.2 or
870 μM CO2). The different samples (500 μL) were loaded on a
Superdex HR 10/30 molecular sieve column equilibrated with
50 mM phosphate buffer, pH 7, containing or not 50 mM
NaHCO3. The protein elution was realized at a 1 mL/min flow
rate. The column was previously calibrated with bovine serum
albumin (BSA) (Mr = 66000 Da) and the TEM-1 β-lactamase
(Mr = 29000 Da). The elution volumes of the different proteins
were determined by recording A280 values.
Kinetic Parameters. All of the kinetics measurements were

performed at 25 �C in 50mMphosphate buffer, pH 7, containing
or not 50 mMNaHCO3 (870 or 19.2 μMCO2). The variation of
absorbance of the substrate solution was measured on a double
beam Uvikon XL spectrophotometer. The steady-state kinetic
parameters were determined from the initial rates using both the
Hanes-Wolf linearization of the Henri Michaelis-Menten
equation and a direct nonlinear regression with the hyperbolic
equation using the SigmaPlot program. Activation of theW154F
mutant by CO2 was conducted as follows. The W154F mutant
(4 μM final concentration) was incubated in the presence of
nitrocefin (100 μM) in 50 mMphosphate buffer, pH 7.When the
reaction reached the steady state, a solution of NaHCO3 (50mM
final concentration) was added, and the rate of hydrolysis of the
substrate was monitored.

The pH dependence of the steady-state kinetic parameters
(kcat, KM, and kcat/KM) was measured by analyzing the complete
hydrolysis time courses (39) of cephalothin (25-100 μM) from
pH 6 to pH 10 at 25 �C in two different polybuffers (buffer 1,
acetate, MES, MOPS, CHES, and HEPES; buffer 2, acetate,
MES, and Tris; 50 mM of each) complemented or not with
50 mM sodium bicarbonate (870 or 19.2 μM CO2). The ionic
strength of the two polybuffers are respectively 250 and 150mM.
Apparent Dissociation Constant (KD

app) for CO2. For
the wild type and the W154H mutant, the apparent dissociation
constant (KD

app) of the carboxylated lysine versus free lysine and
CO2 was determined using benzylpenicillin as described by
Golemi et al. (21). For W154G, W154A, and W154F, all of the
working solutions and the spectrophotometer were introduced in
a CO2-free glovebox (Jacomex, France) saturated by nitrogen
gas. The hydrolysis rate of nitrocefin (200 μM) by the different
β-lactamases (5 μM) was measured as a function of the concen-
tration of sodium bicarbonate (0-50 mM; 0-870 μM CO2) in a
100 mM phosphate buffer, pH 7.5, with an Ocean optics fiber
spectrophotometer. Two types of curves, sigmoid and hyper-
bolic, were observed. In the case of the wild-type enzyme and
W154H, the apparent dissociation constantKD

app was calculated
with the help of eq 1, whereRAand [CO2] are the residual activity
and the concentration of carbon dioxide, respectively.

RA ¼ ½CO2�
KD

app þ ½CO2� ð1Þ

In the case of the W154G, W154A, and W154F OXA-10
mutants, theKD

app values were obtained from eq 2, where n is the
Hill coefficient describing the cooperativity between binding sites.

RA ¼ ½CO2�n
KD

app þ ½CO2�n ð2Þ

X-ray Crystallography. The crystals of the Trp154 mutants
of the OXA-10 enzyme were obtained at 20 �C by the hanging
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drop vapor diffusion method under conditions similar to those
used for the wild-type enzyme. The W154A mutant (11 mg/mL)
crystallized in the presence of various concentrations of (NH4)2SO4

(between 1.6 and 2.2 M) in a 0.1 M HEPES, pH 7.5, buffer.
Crystals of the W154G mutant (7.9 mg/mL) were obtained in
2.2M (NH4)2SO4 and 0.1MHEPES, pH 7.0, with 10mMbetaine
as additive. The best crystals of the W154H mutant (12 mg/mL)
were obtained in the same buffer by lowering the (NH4)2SO4

concentration to 1.6 M and adding 30% ethylene glycol.
The crystals of the W154A andW154H mutants grew as large

prisms and belong to the orthorhombic space group P212121 like
the native enzyme crystals (PDB ID: 1K4F), with similar unit cell
parameters (Table 1). The asymmetric unit contains two mole-
cules forming a biological dimer. The crystals of the W154G
mutant appeared as long needles and belonged to the space group
P21 with different unit cell dimensions (Table 1). The asymmetric
unit contains four molecules corresponding to two biological
dimers. The solvent content of the threemutants’ crystals is about
50%. The W154A-PenG complex was obtained by soaking a
crystal for 2 h in a solution containing 2.2 M (NH4)2SO4, 0.1 M
MES, pH 6, and 100 mM benzylpenicillin.

X-ray diffraction experiments were carried out under cryo-
genic conditions (100 K) after transferring the crystals into a
reservoir solution supplemented with 50% glycerol. The diffrac-
tion data related to the crystals of the W154A mutant and the
complex between this mutant and benzylpenicillin (W154A-
PenG) were collected with a Rigaku RU-200 rotating anode
generator operating at 40 kV and 100 mA and a Marresearch
Mar345 imaging plate (λ= 1.5418 Å). Data for the W154G and
W154H mutants were measured at the ESRF synchrotron
(Grenoble, France) on the FIP-BM30a beamline (λ = 1.0 and
0.978872 Å, respectively) using aMarresearch 165 mmCCD and
anADSCQUANTUM315 detector, respectively. All of the data

were indexed and integrated using the XDS software (40). The
scaling and reducing steps were performed using the SCALA and
TRUNCATE modules of the CCP4 package (41). Data collec-
tion statistics are shown in Table 1.

A molecular replacement solution was obtained for each
crystal using the program AMoRe (42) with the structure of
the wild-type OXA-10 enzyme (PDB ID: 1K4F) as searchmodel.
The final four structures were then obtained after a few cycles of
refinement with the programRefmac 5.2 (43) andmodel building
with the program COOT (44). The verification of the mutated
residues was carried out using a combination of omit maps and
difference maps. The Rfactor and Rfree values are summarized in
Table 1. Figures were generated with PYMOL (45). The data and
refinement statistics related to the W154A mutant at pH 6.0 and
9.0 are presented as Supporting Information (Table S2).

RESULTS

Production and Purification. Compared to the wild-type
enzyme, which was produced at more than 60 mg/L in LB
medium at 37 �C, W154 mutants were produced in Hopwood
minimum medium at 28 �C with a yield of 3-4 mg/L. The
purification yield of the mutants never exceeded 45% with a
degree of purity of 98% (data not shown). The purification yields
of the WT and W154H mutant enzymes were 80% with degrees
of purity of 99%. The N-terminal sequences of the different
mutants (NH2-MGSIT) were in agreement with the wild-type
N-terminal sequence, andmass spectrometry confirms themasses
of the different mutants. The pI of the W154 OXA-10 mutants
(pI=7.7) were one pH unit higher than that of the OXA-10WT
(pI = 6.6). Nevertheless, mutants interacted strongly with the
QAE-Sepharose gel at pH 8,6.
Molecular Sieve Chromatography. The elution volume

(ve ≈ 10-10.5 mL) of the different OXA-10 β-lactamases

Table 1: Crystallographic Data and Refinement Statisticsa

W154A W154G W154H W154A-PenG

Diffraction Data Statistics

space group P212121 P21 P212121 P212121
unit cell parameters

a, b, c (Å) 48.6, 96.72, 125.55 47.11, 125.4, 92.36 48.68, 97.06, 125.68 48.80, 93.10, 127.70

R, β, γ (deg) 90, 90, 90 90, 99.8, 90 90, 90, 90 90, 90, 90

resolution range (Å) 19.4- 2.2 (2.32-2.2) 46.47-2.7 (2.85-2.7) 48.68-1.9 (2.00-1.9) 48.57-2.8 (3.0-2.85)

unique reflections 30362 28824 47547 14053

completeness (%) 98.7 (97.9) 99.2 (99.3) 99.4 (96.2) 99.0 (99.8)

redundancy 7.2 (7.3) 3.3 (3.2) 5.3 (3.5) 6.9 (6.5)

Rmerge (%)b 13.0 (40.1) 12.2 (45.2) 12.3 (76.2) 12.4 (68.1)

average I/σ 15.1 (5.5) 11.0 (3.1) 10.9 (1.7) 15.1 (3.0)

Refinement Statistics

resolution range (Å) 19.4-2.2 (2.26-2.2) 44.54-2.7 (2.77-2.7) 48.68-1.9 (1.95-1.9) 13.65-2.85 (2.92-2.85)

no. of reflections 28742 (2056) 27307 (2019) 45064 (3069) 13300 (924)

Rfactor (%)c 16.8 (18.2) 21 (32.2) 16.9 (25.4) 19.5 (30.6)

Rfree (%)d 21.1 (23.8) 26.7 (37.7) 21.8 (32.0) 26.2 (36.8)

rms deviations

bond length (Å) 0.011 0.007 0.015 0.012

bond angles (deg) 1.298 1.075 1.497 1.490

no. of atoms, protein/solvent/ligand 3860/347 7475/147 3924/424 3785/38/46

B-factor, protein/solvent/ligand 23.4/33.7 32.7/20.5 26.8/36.9 39.9/37.9/42.6

aValues in parentheses correspond to the high-resolution shell. bRmerge=
P

(I- ÆIæ)/
P

I; I is the intensity of an individual reflection and ÆIæ the mean value
of all the measurements of that reflection. cRfactor =

P
|Fo - Fc|/

P
|Fo|; Fo and Fc are respectively the observed and calculated structure factors. dRfree

calculated for a randomly selected subset of reflections (5%) that were omitted during the refinement.
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indicated that the proteins were dimeric. We also noted that
ve’s (10-10.2 mL) of the mutants were slightly smaller than that
of theWT enzyme (10.4 mL). This phenomenon could be at least
partially related to an increase of the Ω-loop mobility in the
absence of the Trp154 side chain inducing a larger Stokes radius
of the mutants. Our experiments also indicated that addition of
50 mM sodium bicarbonate (870 μM CO2) slightly increased
the value of ve by ( 0.1 mL, which suggests a more compact
protein. This effect could be the result of a more carboxylated
Lys70 preventing a more flexible conformation of the 89-107
and 115-118 loops observed in some OXA-10 crystallo-
graphic structures solved below pH 7.5 where Lys70 is not
carboxylated (21).
Differential Scanning Calorimetry (DSC). The thermo-

grams for the thermal denaturation of wild type and mutants
OXA-10 in 50 mM phosphate buffer, pH 7, exhibited a single
transition temperature in an irreversible process. Therefore, we
only determined the half-denaturation temperature (T1/2) and the
total heat absorption (ΔHcal) necessary to yield an unfolded
protein (Table 2 and Supporting Information Figure S1). As
aggregation was only apparent at high temperature (T > T1/2),
we assumed that this phenomenon slightly affected the T1/2 and
ΔHcal values. Substitution of Trp154 induced a decreased
stability of the protein which was reflected in a shift of T1/2 from
55.9 to 39.9-41.9 �C depending of the mutant. The presence of
CO2 resulted in an enhanced stability of the β-lactamase. For
example, T1/2 of W154A shifted from 39.9 to 56.7 �C. The value
of the calorimetric enthalpy (ΔHcal) showed that the wild-type
enzyme and the W154F were the most stable proteins at low or
high sodium bicarbonate concentration. The measurements
confirmed also that W154G was the least stable protein.
Kinetic Parameters. Substitution of the Trp154 residue

by glycine, alanine, phenylalanine, and histidine significantly
affected the kinetic steady-state parameters (table 3). In the
absence of added sodium bicarbonate, W154G and W154A are
the mutants with the most affected catalytic efficiency
(30-22000-fold lower) driven by a decrease of 200-12000-fold
of kcat and an increase of KM values by factors of 2-10. In the
case of the W154Hmutant, KM values were in the range of those
of the W154G and W154A mutants, but we observed a 3-
300-fold increase of the kcat values. These values are however still
at least 25 times lower than theWTones. For theW154Fmutant,
no catalytic parameters could be recorded due to a time-
dependent inactivation of the enzyme.

Addition of 50 mM NaHCO3 induced activation of the
different mutants as well as of the WT OXA-10. As already
mentioned by Golemi et al. (21), at low bicarbonate concentra-
tion, theOXA-10 enzyme exhibited biphasic kinetics for all tested
substrate except benzylpenicillin and cephalothin. The same
phenomenon was observed for the W154G, W154A, and
W154H OXA-10 mutants. In the presence of added NaHCO3

as a source of carbon dioxide, the kinetics were apparently
monophasic except for cloxacillin and oxacillin. For the mutants,
addition of NaHCO3 induced a significant improvement of the
catalytic efficiency driven by a decrease ofKM values (2-20-fold)
and an increase of kcat values (2-200-fold). This effect was even
more significant for theW154Fmutant forwhich the inactivation
observed at a low sodium bicarbonate concentration was re-
versed (Figure 1). In these conditions, the catalytic parameters of
the W154F mutant are similar to those of the W154H mutant
except for cephalothin which is hydrolyzed with the same
efficiency by W154F and the WT enzymes.

We determined the pH dependence of the WT and W154H
catalytic parameters with two different buffers (Figure 2). The
WT enzyme has a maximum kcat value around pH 9, but the
highest catalytic efficiency is between pH 6 and pH 7 due to the
increased KM values at higher pH. For the W154H mutant, the
maximum of activity (kcat) is shifted by about 2 units toward the
lower pH. In buffer 2, we observed a small increase of the
catalytic efficiency of the WT OXA-10 at pH 9 and 10 due to a
slight decrease of theKM.No significant effect of the nature of the
buffer is seen with the W154H mutant. The presence of 50 mM
sodium bicarbonate did not significantly affect the different
pH profiles (Supporting Information Figure S2).
Apparent CO2 Dissociation Constants. Since carbon

dioxide is an activator of class D β-lactamase, we calculated its
apparent dissociation constant for the different enzymes. The
measure of the normalized substrate hydrolysis by the different
proteins has been performed with increasing concentration of
dissolved carbon dioxide and different enzyme concentrations
imposed by the individual catalytic activity of each protein.
Knowing that the dissociation constant of the dimer is estimated
at 1 μM (21), we assumed that, in our working conditions,
W154G, W154A, and W154F OXA-10 were dimeric. On the
other hand, the WT and W154H enzymes were used at concen-
trations below 100 nM and were thus predominantly in the
monomeric forms. This corresponds to a hyperbolic curve
(Figure 3) and reflects a Hill coefficient of 1, implying a single
binding site. On the opposite, sigmoid curves are observed for the
W154G,W154A, andW154Fmutants. In the case of theW154F
mutant, the Hill coefficient is equal to 2.0, which indicates a
positive cooperative in the binding of carbon dioxide. However,
for the W154G and W154A mutants, the experimental data
did not allow a relevant measurement of the Hill coefficient.
Substitution of Trp154 by glycine, alanine, or phenylalanine
yielded a large increase of the KD

app constant (104 ( 5, 85 ( 5,
and 80 ( 6 μM for W154G, W154A, and W154F, respectively)
compared to the wild-type enzyme (13 ( 2.5 μM, which is
similar to that of Golemi et al. (21)). On the opposite, the
W154H mutant was characterized by a KD

app value of 18 (
3 μM, which is similar to that of the wild type. These experi-
ments were also performed with another cephalosporin substrate

Table 2: Apparent Melting Temperatures (T1/2) and Calorimetric Enthalpies (ΔHcal) for the Different OXA-10 β-Lactamases in 50 mM Phosphate Buffer,

pH 7, in the Presence of 1.1 mM (19.2 μM CO2) or 50 mM (870 μM CO2) Sodium Bicarbonate

OXA-10

[CO2] (μM) WT W154G W154A W154F

T1/2 (�C) e19.2 55.9 ( 0.05 41.9 ( 0.07 39.9 ( 0.05 48.8 ( 0.05

870 60 ( 0.07 50.7 ( 0.04 56.7 ( 0.05 53.5 ( 0.07

ΔHcal (kcal mol-1) e19.2 109 ( 0.6 78 ( 0.7 90 ( 0.5 122 ( 0.4

870 137 ( 0.1 94 ( 0.5 85 ( 0.4 110 ( 0.3
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(cephalothin rather than nitrocefin), and no variation of the
KD

app values was observed for the different mutants (data not
shown). We may therefore conclude that the choice of substrate
does not modify the bicarbonate KD

app values.

FIGURE 1: Reactivation of the W154F mutant (4 μM) during the hydrolysis of nitrocefin (100 μM) by addition of 50 mM sodium bicarbonate
(870 μMCO2). The different scale used for the inset highlights the variation of the absorbance recorded at the beginning of the experiment.

Table 3: Kinetic Parameters of the W154G, W154A, W154F, and OXA-10 Enzymes Measured in the Presence of 1.1 mM (19.2 μMCO2) or 50 mM (870 μM
CO2) Sodium Bicarbonatea

[CO2] = 19 μM [CO2] = 870 μM

OXA-10 antibiotic kcat (s
-1) KM (μM) kcat/KM (M-1 s-1) kcat (s

-1) KM (μM) kcat/KM (M-1 s-1)

W154G benzylpenicillin (4 ( 0.4) � 10-2 600 ( 140 67 ( 17 0.13 ( 0.002 10 ( 4 (1.3 ( 0.5) � 104

ampicillin (1.26 ( 0.04) � 10-2* 230 ( 10* 56 ( 2* 0.132 ( 0.004 40 ( 10 (3.3 ( 0.8) � 103

cloxacillin 2.5 ( 0.3* 220 ( 80* (1.3 ( 0. 4) � 104* 3.5 ( 0.2 200 ( 50 (1.8 ( 0.4) � 104

oxacillin 3.5 ( 0.001* 200 ( 4* (1.75 ( 0.3) � 104* 4 ( 0.2 100 ( 20 (4 ( 0.8) � 104

cephaloridine (3.6 ( 0.4) � 10-3* 290 ( 40* 12 ( 2* (2 ( 0.1) � 10-3 65 ( 10 30 ( 5

cephalothin (2.3 ( 0.3) � 10-3 450 ( 30 5 ( 0.3 (3 ( 0.3) � 10-3 210 ( 40 14 ( 3

nitrocefin 4 ( 0.3* 100 ( 20* (4 ( 0.8) � 104* 8 ( 1 60 ( 5 (1.3 ( 0.2) � 105

W154A benzylpenicillin (8 ( 0.8) � 10-2 150 ( 30 530 ( 120 0.7 ( 0.2 60 ( 10 (1.2 ( 0.4) � 104

ampicillin (7 ( 0.2) � 10-2* 60 ( 10* (1.15 ( 0.2) � 103* 1.4 ( 0.3 30 ( 5 (4.7 ( 1.2) � 104

cloxacillin 0.2 ( 0.03* 100 ( 15* (2 ( 0.4) � 103* 4 ( 0.2 30 ( 5 (1.3 ( 0.2) � 105

oxacillin 0.25 ( 0.03* 60 ( 15* (4.2 ( 1) � 103 4.5 ( 0.3 20 ( 5 (2.3 ( 0.6) � 104

cephaloridine (4 ( 0.4) � 10-3* 450 ( 100* 10 ( 2* (1.5 ( 0.2) � 10-2 60 ( 15 250 ( 70

cephalothin (3 ( 0.2) � 10-3 210 ( 40 14 ( 3 (1.2 ( 0.2) � 10-2 40 ( 5 300 ( 60

nitrocefin 0.6 ( 0.02* 110 ( 20* (5.5 ( 1) � 103* 6 ( 0.5 35 ( 5 (1.7 ( 0.2) � 105

W154F benzylpenicillin inactivation 2.5 ( 0.1 100 ( 20 (2.5 ( 0.5) � 104

ampicillin inactivation 2.4 ( 0.1 125 ( 20 (1.9 ( 0.3) � 104

cloxacillin inactivation 1.8 ( 0.2 140 ( 10 (1.2 ( 0.2) � 104

oxacillin inactivation 2 ( 0.2 125 ( 10 (1.6 ( 0.2) � 104

cephaloridine inactivation 1.3 ( 0.2 50 ( 8 (2.6 ( 0.6) � 104

cephalothin inactivation 8 ( 0.5 25 ( 5 (3.2 ( 0.6) � 105

nitrocefin inactivation 2 ( 0.1 50 ( 8 (3 ( 0.6) � 104

W154H benzylpenicillin 1.5 ( 0.5 17 ( 10 (8 ( 0.6) � 104 4 ( 0.4 70 ( 15 (5.7 ( 1.3) � 104

ampicillin 3 ( 1* 250 ( 50* (1.3 ( 0.5) � 104* 18 ( 2 150 ( 30 (1.2 ( 0.3) � 105

oxacillin 35 ( 10* 650 ( 100* (5.3 ( 1.5) � 104* 90 ( 6 130 ( 15 (7 ( 0.9) � 105

cephalothin (1 ( 0.1) � 10-1* 5 ( 0.5* (2 ( 0.4) � 104* (1.5 ( 0.2) � 10-1 4 ( 1 (3.5 ( 0.9) � 104

nitrocefin 1 ( 0.2* 10 ( 4* (1 ( 0.4) � 105* 2.5 ( 0.3 13 ( 2 (1.9 ( 0.3) � 105

WT benzylpenicillin 85 ( 10 55 ( 6 (1.5 ( 0.4) � 106 120 ( 10 20 ( 1 (6.0 ( 0.6) � 106

ampicillin 160 ( 90* 180 ( 30* (0.9 ( 0.5) � 106* 220 ( 20 35 ( 5 (6.2 ( 0.1) � 106

cloxacillin 500 ( 30* 250 ( 30* (2 ( 0.3) � 106* 120 ( 10* 110 ( 10* (1 ( 0.1) � 106*

oxacillin 600 ( 20* 200 ( 20* (3 ( 0.3) � 106* 300 ( 10* 100 ( 20* (3 ( 0.6) � 106*

cephaloridine 35 ( 10* (2 ( 0.8) � 103* (1.8 ( 0.8) � 104* 70 ( 20 400 ( 100 (1.8 ( 0.6) � 105

cephalothin 2.0 ( 0.2 5 ( 0.6 (4 ( 0.7) � 105 2.5 ( 0.1 7 ( 1 (3.8 ( 0.5) � 105

nitrocefin 1300 ( 50* 25 ( 5* (5.2 ( 1.0) � 107* 1700 ( 100 10 ( 5 (1.7 ( 0.9) � 108

aHydrolyses characterized by biphasic curves are marked with an asterisk, and the values mentioned are measured at the steady state.
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Overall Structure of the OXA-10W154G/A/HMutants.
In the crystallization conditions, the protein concentration is
above 300 μM, and thus the dimeric species is the one observed in
the crystals. In the P212121 space group (WT and W154A and
W154H mutants) the asymmetric unit contains one dimer. We
will refer to it as the AB dimer. In the P21 space group (W154G
mutant) two dimers compose the asymmetric unit, the AB and
CD dimers. The mutations had no major effect on the overall
structure of the OXA-10 enzyme (Figure 5A,C,E). When the
mutant structures were superimposed to that of the native
enzyme, the root-mean-square deviations for the equivalent
backbone atoms (N, CR, C, O) were distributed from 0.19 to
0.76 Å, the smallest deviations being observed between equivalent
monomers from the different structures and the largest deviations
being observed between theWT enzyme and theW154Gmutant.

Those values are relatively low, and there is only one significant
change observed in the Ω-loop which bears the Trp154 residue
and forms the bottomof the active site. TheΩ-loop conformation
is well conserved in both monomers of the W154A and W154H
mutants compared to the WT enzyme (Figure 4A,B,E,F). How-
ever, the mutation of Trp154 into a glycine induces an important
flexibility of the Ω-loop. The electron density in this region was
indeed very poor, and the entire loop could only be built in
monomer A. In this case the CR atom of Trp154 and Gly154
superposed well. In monomers B, C, and D, the Ω-loop has a
completely different and mostly disordered conformation that
results in a very open active site (Figure 4C,D). The disorder of the
Ω-loop in the W154G mutant likely explains the modification of
the crystallographic packing and the subsequent space group
difference compared to the WT enzyme.

FIGURE 2: pHdependence of the kinetic parameters (kcat,KM, kcat/KM) of theW154Hmutant andWTenzymewith cephalothin in the presence of
19.2 μM CO2 for two buffers: acetate, MES, MOPS, CHES, and HEPES (b) or acetate, MES, and Tris (O).



Article Biochemistry, Vol. 48, No. 47, 2009 11259

Active Site Geometry of the OXA-10 W154A/G/H
Mutants. In the W154A mutant structure, solved at pH 7.5,
the most striking observation is the absence of carboxylation of
residue Lys70 in both monomers (Figure 4B). In order to make
sure this observation was in relation with the mutation and not
with the crystallization pH, we have also solved the structure of
the W154A mutant at pH 6.0 and 9.0 (diffraction data and
refinement statistics are reported as Supporting Information).
A noncarboxylated Lys70 is observed at all pH values. This
situation induces a modification in the hydrogen bond network
compared to the wild-type enzyme at pH 9. But, even if the
interaction of the side chain nitrogen atom of Trp154 is lost, the
conformation and orientation of Lys70 and Ser67 in the W154A
mutant are the same as in the pH 9.0WT structurewhere Lys70 is
carboxylated. The hydroxyl group of Ser115 still interacts with
the amino group of Lys205, but the distance between the
hydroxyl groups of Ser115 and Ser67 increases up to 3.9 Å for
monomer A. The oxyanion hole is conserved with a water
molecule at hydrogen-bonding distance of the Ser67 and
Phe208 main chain nitrogen atoms.

As already described above, the active site of the W154G
mutant undergoes more change, especially in theΩ-loop defining
its bottom and bearing the Gly154 residue. As a consequence of
the low resolution (2.7 Å), electron densities are less defined in
some loops. Anyway, a clear electron density defines the residues
of the active site, and as in the W154A mutant, Lys70 is clearly
not carboxylated in the fourmonomers (Figure 4D). Theposition
of residues 114-119 is still well conserved, and the orientation of
Lys70 is also roughly the same in the fourmonomers as in theWT
and W154A structures. On the opposite, the amino group of the
side chain of Lys70 interacts more loosely with the hydroxyl
group of Ser67. The situation is different in each monomer, and
the distance between Lys70-Nζ and Ser67-Oγ varies from 2.7 to
5.0 Å for monomers D and B, respectively. The hydroxyl group
of Ser115 still interacts with the amino group of Lys205, but the
distance between the hydroxyl groups of Ser115 and Ser67 varies

in eachmonomer.Nowater molecule is observed in the oxyanion
hole.With all reserve due to the relatively low resolution, wemay
conclude that theGly154mutation induces a very loose hydrogen
bond network which leads to a quasi-erratic positioning of the
catalytic Ser67, in addition to the noncarboxylation of Lys70.

In the W154H mutant structure, solved at pH 7, the situation
observed in monomer B is the same as that described for both
monomers of the W154A mutant, where a noncarboxylated
Lys70 prevails. The amino group of the side chain of Lys70
interacts with the hydroxyl group of Ser67 and a water molecule.
This water molecule is at equal distance to the His154-Nε and
somehow mimics the position of the carboxyl group of a
carboxylated Lys70. On the other hand, in the active site of
monomer A, Lys70 was modeled as partially carboxylated, with
30% for the carboxylated form (Figure 4F). The ε-amino group
of noncarboxylated Lys70 interacts with the hydroxyl group of
Ser67 and a water molecule as in monomer B. The carboxyl
group of the carboxylated form is at hydrogen-bonding distance
from the side chain nitrogen atom of His154, the hydroxyl group
of the active Ser67, and a water molecule bound to Asn73. The
hydroxyl group of Ser115 interacts with the amino group of
Lys205, and the oxyanion hole is filled with a conserved water
molecule.
Structure of the OXA-10 W154A Mutant in Complex

with Benzylpenicillin. The structure of the W154A-PenG
complex was determined at a 2.85 Å resolution. Lys70 is not
carboxylated, and a clear density is observed for the benzylpe-
nicillin molecules which acylated Ser67 in both monomers. The
overall position of the antibiotic is similar to the one usually
observed in β-lactamase complexes (Figure 5). The carbonyl
oxygen of the former β-lactam ring is in the oxyanion hole, and
the phenyl of the 6β side chain is oriented toward the bottom of
the active site between Ala98 and Met99 on the left and Phe208
and Gly210 on the right. The thiazolidine ring is located in the
upper part of the active site, and two orientations differing by
a 15� rotation are found in the two monomers. In monomer B,

FIGURE 3: Evolution of the residual activity of the WT enzyme (red curve) and the W154A (blue points), W154G (brown points), W154F (cyan
curve), andW154H (green curve) mutants in a CO2-free gloveboxwith 200 μMnitrocefin or 1mMbenzylpenicillin substrates in degassed 50mM
phosphate buffer, pH 7.5, with increasing concentrations of sodiumbicarbonate as source of carbon dioxide. The different scale used for the inset
highlights the measurements performed at low CO2 concentrations.
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the carboxyl group attached to the thiazolidine ring interacts
solely with the Arg250 side chain while in monomer A it is also
involved in a hydrogen bond with the Thr206 side chain. In this

conformation, Arg250 is pushed 0.5 Å backward, which is
correlated with a 0.75 Å displacement of the C-terminal helix
and a 180� rotation of the Trp28 side chain that induces

FIGURE 4: Structures of the Trp154mutants ofOXA-10. (A), (C), and (E) are ribbon representations of theW154A (cyan),W154G (yellow), and
W154H (magenta) mutants superimposed onto the wild-type OXA-10 structure (light gray). Characteristic residues of the three conservedmotifs
(SXXK,SXV, andKTG) appear asorange spheres. (B), (D), and (F) are stereographic views of the corresponding superimposedactive sites.Omit
maps calculated in the absence of the Lys70 residues are shown in green at a 3σ level.

FIGURE 5: Ribbon representation of the superposed structures of theW154-PenG complex (orange) and theW154Amutant at pH 6 (gray). The
benzylpenicillinmolecule acylated to Ser67 is shown as green sticks, and an omitmap calculated in the absence of substrate molecules is displayed
in blue at a 2.5σ level.
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a subsequent 1.5 Å shift of the N-terminal helix (Figure 5). The
structure of the W154A mutant at pH 6 obtained in the same
conditions displays none of these changes. They are therefore
clearly due to the presence of the benzylpenicillin, but their
magnitude has to be taken carefully because of the relatively low
resolution.

Acylation of Ser67 of monomer A also leads to a disordered
Ω-loop (residues 144-153 are missing in the structure) and a
slightly different conformation of the loop following the third
conserved motif.

DISCUSSION

Different studies have demonstrated that reactions of CO2

with R- and ε-amino groups are not rare and that unprotonated
amino groups may appear carboxylated in equilibrium with
free amino acids and CO2 (46). NMR studies have shown that
about 2% of the internal lysine residue is carboxylated in insulin
at pH 8.2 in the presence of a physiological concentration of
sodium carbonate (47). In the case of the class C β-lactamase of
Enterobacter cloacae P99, the carboxylation of the amine group
of some β-lactam antibiotics in bicarbonate containing buffer
was also shown to promote a nucleophilic attack of the acyl-
enzyme by the formed carbamate, providing an example of an
enzymatic catalysis assisted by substrate carboxylation (48).
Carboxylation of an amine group is pH dependent and will
always be a compromise between its deprotonation, favored
by high pH, and the concentration of dissolved CO2, favored by
low pH.

In most X-ray structures where a carboxylated lysine has been
observed, the modified residue is one of the ligands of a catalytic
divalent metal ion. There are only two exceptions, the alanine
racemase (35) and the class D β-lactamase where the carboxy-
lated lysine is directly involved in the catalytic activity of the
enzyme. In the case of alanine racemase, an arginine residue
(Arg136) has a role in maintaining the structural integrity of the
carboxylate binding site. Its precise positioning is thus of
importance in both substrate binding and catalysis (35).
Arg136 is supposed to promote the deprotonation of the lysine
residue (Lys129) which lies in its vicinity. When carboxylated,
Lys129 is stabilized by interactions with the side chain atoms of
Arg136, the backbone amide and carbonyl of Leu137, and two
water molecules. Those interactions determine precisely the
position of Arg136. In the case of the OXA-10 β-lactamase, the
vicinity of hydrophobic residues (Met99, Trp102, Val117,
Leu155, Trp154, and Phe208) is supposed to promote the
deprotonation of Lys70, which appears fully carboxylated at
high pH in the WT structures. The role of Trp154 is clearly to
stabilize the carboxylated Lys70, in a manner similar to the way
Arg136 stabilizes the carboxylated Lys129 in alanine racemase.

InOXA-10, the carboxylated Lys70 interacts strongly with the
hydroxyl side chain of Ser67 and a water molecule. In the
W154G/A mutant structures, when the hydrophobic side chain
is absent and the possibility of an interaction with the side chain
Nε atom is lost, Lys70 appears as noncarboxylated in both
monomers of the biological dimer. The side chain Nζ atom
of Lys70 still interacts with a water molecule, but its interaction
with Ser67-Oγ seems less strong. It is observed in both mutants,
but especially in W154G, that the side chain hydroxyl of Ser67 is
not fixed anymore. We may correlate this inefficient positioning
of the active serine with the drastic global loss of catalytic
efficacy.

The situation of the W154H mutant structure reflects a less
dramatic modification with a partially carboxylated Lys70 in
monomer A. In this case, the Nε2 nitrogen atom of the His154
imidazole ring is within hydrogen-bonding distance from an
oxygen atom of the modified lysine carboxyl group. The second
nitrogen of the His154 side chain (Nδ1) cannot get close enough
to the carboxylated Lys70 to play a similar role because of the
geometry observed in this structure. Therefore, this histidine has
to be protonated for the Nε2 nitrogen to act as a hydrogen bond
donor similar to that of the nitrogen atom of the indole group of
Trp154. So at pH 7, at least a low percentage of the active sites is
in a fully active conformation with a protonated His154, which is
in a good agreementwith the lesser impact of thismutation on the
catalytic activity and apparent CO2 dissociation constant KD

app

value. According to this structure, the shift of the optimum
catalytic constant (kcat) toward lower pH observed for the
W154H mutant when compared to the WT enzyme could be
explained by the progressive deprotonation of the histidine,
preventing the formation of the hydrogen bond stabilizing the
carboxylated Lys70.

On the other hand, the KD
app increased strongly for W154G/

A/F mutants compared to the wild-type enzyme. The substitu-
tion of Trp154 by a glycine, alanine, or phenylalanine still
maintains the hydrophobic character of the side chain but
abolishes any possible interaction with a carboxylated Lys70.
Those mutations are directly related to the absence or the
very poor carboxylation of Lys70 in natural or even in CO2-
supplemented media and to a drastic decrease of the catalytic
parameters. Moreover, the presence of a glycine or an alanine in
position 154 seems to increase the flexibility of the Ω-loop
according to the crystal structures and decrease the overall
stability of the enzymes according to the calorimetry experiments.

Globally the poorer substrates are cephaloridine and cepha-
lothin. This is observed for the WT enzyme in natural as well as
CO2-saturated media. This is also true for all mutants with the
exception of the W154F mutant which reveals a more peculiar
behavior. On the other hand, nitrocefin, a cephalosporin with a
bulkier group attached to the cephem ring as single difference, is
the most rapidly hydrolyzed antibiotic. From the superposition
of a nitrocefin molecule to the W154A-PenG complex we can
propose that this 1000-fold activity improvement could be the
result of favorable interactions between the hydrogen bond
acceptor of the nitrocefin dinitrophenyl group and the Arg250,
Lys251, and/or Gln101 side chains present in its vicinity.

The kcat and kcat/KM for the W154A and W154G mutants
decrease drastically for all tested substrates, and we observe a
poor increase of catalytic efficiencies with addition of sodium
bicarbonate in the medium. In the case of theW154Fmutant, an
inactivation is observed in natural medium, which is reversed at
high concentration of bicarbonate. In this case, the catalytic
efficiencies are enhanced in the same way for all tested substrates
with no exception.

In the absence of sodium bicarbonate, biphasic kinetics prevail
for all substrates, with the exceptions of benzylpenicillin and
cephalothin, for theWTenzyme as well as themutants. However,
monophasic kinetics are observed for the four mutants with all
substrates in the presence of high sodium bicarbonate concentra-
tion. In the case of the WT enzyme, the burst observed with
oxacillin and cloxacillin is always present even at high concen-
tration of bicarbonate (21). These observations are compatible
with the model proposed by Golemi et al. where carboxylated
fully active and noncarboxylated mostly inactive enzymes coexist
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in solution (21). The hydrolysis of the substrate would
somehow destabilize the Lys70 carboxylation and shift
the equilibrium between these two species toward the non-
carboxylated form, explaining the second slower phase of
the biphasic kinetics. In the contrary, addition of sodium
bicarbonate would prevent this shift and preserve an equi-
librium with most of the enzyme in the active carboxylated
form and lead to monophasic kinetics.

Interestingly, the OXA-28 β-lactamase differs from OXA-10
by only 10 amino acids, including a replacement of the trypto-
phan in position 154 by a glycine as the single mutation in close
proximity with the active site (49). OXA-28 is described as a
poorly stable and poorly active enzyme. Its catalytic efficiency
against nitrocefin (kcat/KM = 1.6 105 M-1 s-1) is close to that of
the single W154G mutant (kcat/KM = 4 104 M-1 s-1). Our data
supply a good explanation to the behavior of the OXA-28. The
presence of a glycine in position 154 decreases the enzyme
stability, increases the flexibility of the Ω-loop, and results in
poor activity due to the absence of carboxylation of Lys70.

X-ray structures and apparent CO2 dissociation constants of
the Trp154 mutants also supplied direct information about the
carboxylation state of Lys70, as stated above. From the W154A-
PenG complex we can conclude that this mutation is at least
critical for the deacylation step. Furthermore, the addition of
carbon dioxide increases the activity of the different mutants; we
can therefore deduce a direct role of the Lys70 carboxylation in
the deacylation step consistent with the results obtained for the
K70 mutation in OXA-1 (50). However, none of the mutants
regain the full activity of wild-type OXA-10 in conditions
inducing full carboxylation of this lysine including also the
W154H mutant which can mimic the stabilizing hydrogen bond
observed with Trp154. This means that Trp154 not only pro-
motes and stabilizes the carboxylated form of Lys70 but also
favors its optimum orientation which is critical for the position-
ing of the other catalytic elements in the active site. Indeed, in the
absence of Trp154 and the lysine carboxylation, the hydrogen
bond network of the active site was significantly altered.
The position of the Ω-loop containing Trp154 is therefore
also important as confirmed by the Asp66 mutation in OXA-1
where this residue is making a hydrogen bond stabilizing the
Ω-loop (29).

The fact that the shifts of the N- and C-terminal helices of
OXA-10 in the W154A-PenG complex are only observed in
monomer A indicates that the crystal packing influences the
observed structure. This difference however emphasizes the
potential plasticity undergone by the enzyme during the hydro-
lysis of the substrate.
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List of oligonucleotides used during this work (Table S1),
crystallographic data and refinement statistics for the W154A
mutant at pH 6 and 9 (Table S2), differential scanning calori-
metric thermograms of the WT OXA-10, W154G, W154A, and
W154F mutants (Figure S1), and pH dependence of the kinetic
parameters (kcat, KM, kcat/KM) of the W154H mutant and
WT enzyme with cephalothin in the presence of 870 μM CO2

(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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