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ABSTRACT. The factors influencing the oligomerization state of OXA-10 and OXA-14 clagddztamases

in solution have been investigated. Both enzymes were found to exist as an equilibrium mixture of a
monomer and dimer, with ld4 close to 4Q:M. The dimeric form was stabilized by divalent metal cations.

The ability of different metal ions to stabilize the dimer was in the following order?*Cd Cw*™ >

Zn?t > Co*t > Ni2t > Mn?t > Ca&" > Mg?*. The apparenKgs describing the binding of Zn and

Cd?t cations to the OXA-10 dimer were 7.8 and ¥, respectively. The metal ions had a profound
effect on the thermal stability of the protein complex observed by differential scanning calorimetry. The
enzyme showed a sharp transition witfi,aof 58.7°C in the absence of divalent cations, and an equally
sharp transition with &, of 78.4°C in the presence of a saturating concentration of the divalent cation.
The thermal transition observed at intermediate concentrations of divalent metal ions was rather broad
and lies between these two extremes of temperature. The equilibrium between the monomer and dimer is
dependent on pH, and the optimum for the formation of the dimer shifted from pH 6.0 in the absence of
divalent cations to pH 7.5 at saturating concentrations. fFfeetamase activity increased approximately
2-fold in the presence of saturating concentrations of zinc and cadmium ions. Reactightladtams
caused a shift in the equilibrium toward monomer formation, and thus an apparent inactivation, but the
divalent cations protected against this effect.

p-Lactams have been the most heavily used antibiotics s-lactams 6—10). Thus, there has been considerable interest
for the past 50 yearsl]. Many mechanisms of resistance in elucidating the molecular mechanisms of these enzymes
have been developed by bacteria during this period, includingto facilitate the design of mechanism-based inhibitors that
efflux pumps, decreased levels of expression of porins, andcould be used to rescue the susceptible antibiofids (

modification of the PBF’s(_pe_:ni_ciIIin binding proteins, the Among the seringg-lactamases, the class A and class C
targets of the-lactam antibiotics), but the most prevalent  enzymes have been extensively studied, whereas relatively
mechanism is the expression fflactamases?). These |ile is known about the class D enzymds(12). The first
enzymes inactivate the antibiotics by hydrolyzing fhkac- structure of a class D enzyme, OXA-10 (PSE3aactamase,

tam ring, rendering the antibiotic inactive against PBPs. Four jj4¢ only recently been determiné,(14). Unlike the known
molecular classes gi-lactamases exi;t, AD (3—5). The ~ enzymes from classes A and C, OXA-Bdactamase was
class A, C, and [¥-lactamases are serine hydrolyses, while ¢ nd to be a dimer, both in the crystal structure and in

the class B enzymes are metalloenzymes. The number Ofgqytion (L4). The monomer subunit of OXA-10 is organized
known f8-lactamases has increased rapidly in the past few e the other classes of serifidactamases comprising two
years with an evolution in the spectrum of activity (penicil- 4omains lying on either side offsheet that forms the core
linase, extended-spectryfHactamase, and carbapenemase) ¢ the molecule. The OXA-10 enzyme differs significantly
that has kept pace with the introduction of new classes of ¢, either class A or class C enzymes in théoop region,

close to the active site. In OXA-10, this loop runs in the
* To whom correspondence should be addressed. Phodd:-61- opposite direction, and is more compact and shorter than in
6880537. Fax:+41-61-6882729. E-mail: franck.danel@roche.com. the class A enzymes. Also, this loop does not contain any

* F. Hoffmann-La Roche Ltd. Current address: Basilea Pharmaceu- , i 4 ; ;
tica Ltd., Postfach 3255, CH-4002 Basel, Switzerland. acidic residue, equivalent to glutamate 166 of the class A

$ University of British Columbia. enzymes, that would act as a general ba}se to act.ivate a water
1 Abbreviations: PBPs, penicillin binding proteirdpgs, observed molecule for attack on the acyenzyme intermediate. The
molar massMy, molar mass of the monomé¥]p, molar mass of the primary Sequence Showed tha‘[ two e|ements (S_X_X_K and

dimer; Mapp, apparent molar mas&p, enzyme concentration in the . Lo . . Lo
dimeric form (micromolar)Ey, enzyme concentration in the monomeric K/R-T/S-G) of the three identified in the active site in the

form (micromolar);Eror, total concentration of enzyme (micromolar); ~ class D enzyme were also a common motif among all other
DSC, differential scanning calorimetryf,,, temperature with the serine 3-lactamases. The third element (S-X-V) lacks the

maximum heat capacity change; ITC, isothermal titration calorimetry; ; ; ia hi ;
DHopr, pH Optimum: fa, acid s pke basic [Ke EDTA, ethyl- polar asparagine residue that is highly conserved in class A

enediaminetetraacetic acid disodium: Tris, tris(hydroxymethylyami- (15) and e$sentia| for the activity of class flactamases
nomethane hydrochloride. (16). The differences between the class D enzyme and the
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WAT 146D dimer model and that 2t is the ion most likely to promote
OH, the association under physiological conditions.

EXPERIMENTAL PROCEDURES

Materials. OXA-10 and -143-lactamases were purified
by anion and cation exchange as previously descriti8d (
20, 21). Antimicrobials that were tested included ceftazidime
(Glaxo-Wellcome, Stevenage, Hertfordshire, U.K.), ceftri-

2'18% OE2 Glu 171A
! 0

OE2 \"‘"OH axone (Roche, Basel, Switzerland), ampicillin sodium, car-
E2N 2 - e . . .- . .
N WAT 148D benicillin disodium, cephaloridine, cephalothin, cloxacillin,
> methicillin, oxacillin, and penicillin G (Sigma, St. Louis,
ﬁ MO), aztreonam (Bristol-Myers Squibb AG, Baar, Switzer-
His 1848 land), and Meropenem (Zeneca, Basiglio, Italy).

Lo Analytical Centrifugation and Size-Exclusion Chromatog-
FIGURE 1: One C@" binding site from the OXA-1(B-lactamase . : P .
dimer interface. Residues in the first OXA-10 molecule are labeled raphy. Sedimentation equilibrium experiments were per-

A, and those in the second molecule are labeled B. Water moleculesformed in 0.1 M phosphate buffer (pH 7.0) using a Beckman
contributing to the dimer interface are labeled D. Two molecules Optima XL-A analytical ultracentrifuge with radial scanning

of Co?* bind per dimer in symmetrical, identical sites. The ligand at 280 nm. The experimental conditions and data interpreta-
distances are in angstroms. tion were as previously describeii4j.

. , . Size-exclusion chromatography was performed using a
enzymes from other classes mdu;ate the different origin of Superdex 200 PC 3.2/30 or Superdex 75 PC 3.2/30 gel
this class and suggest that this class operates a NeWjation column (Pharmacia, Dubendorf, Switzerland) con-
mechanism for hydrolysis of th&lactam ring {4). Kinetic nected to a HPLC system (Jasco-Omnilab, Mettmenstetten
analysis, site-directed mutagenesis, and further crystal-gyi;eriand) at room temperature. The column was equili-
lographic analysis of complexes with inhibitors or substra?e brated by running at least 3 times the column volume of
analogues are needed to be able to propose a mechanisny e through the system prior to loading. Five microliters

OXA-10 f-lactamase is closely related to several ESBL f the protein solution was injected onto the column, and
variants that only differ by one or two amino acids, €.9., the sample was eluted at a flow rate of 0.1 mL/min. The
OXA-11 (Asn143Ser and Gly157Asp), OXA-14 (Gly157Asp), protein elution was monitored by fluorescence at 330 nm
OXA-16 (Alal24Thr and Glyl57Asp), and OXA-17 = after excitation at 280 nm (Jasco FP920 intelligent fluores-
(Asn75Ser) {7—21). A single amino acid change is sufficient  opce detector) and by absorption at 280 nm (MD 1510,
to give significant differences in properties. For example, jasco). The size-exclusion chromatography columns were
the time course of hydrolysis of sonfelactams by OXA- cajiprated using molar mass standards (Bio-Rad, Hercules,
10 p-lactamase follows a typical progress curve with many ca) The fluorescence and the absorption were calibrated
p-lactams, but some show more complex curves starting with against known concentrations of OXA-16-lactamase
a hyperstoichiometric burst of hydrolysis that decays t0 @ getermined by quantitative amino acid analysis. The value
slower steady-state rate. In contrast, the OXA-14 enzyme of the maximum absorption or fluorescence of the peak was
has exhibited such complex kinetics with evehyactam ~ seq for the determination of enzyme concentration and
tested so farg, 23). It has been suggested that the burst reiention volume 5).
kinetics could be due to interconversion between monomer \ye assume that the change in the molar mass with enzyme
and dimer forms that have different specific activities, -gncentration is due to a monomatimer equilibrium:
possibly stimulated by reaction wiftlactams 24). In this
context, the observation that two cobalt ions were located at 2, = E,
the interface between the two monomers in the crystal
structure {4) suggested that divalent cations might also play The observed molar masblggs) corresponds to the molar
a role in the kinetics of these enzymes. The cobalt ions aremass intermediate between the molar mass of the monomer
bound by the side chains of one glutamate and one histidine(My) and that of the dimerMp) depending of the ratio of
from one of the subunits and by the side chain of one the concentration of the enzyme in the dimerig) and
glutamate from the other molecule. Two water molecules monomeric Ey) form to the total concentration of the
are also involved in the binding in such a way that the cation enzyme Ero7):
has 6-fold coordination in octahedral geometry (Figure 1).

The involvement of ionizable residues in the binding of the Mogs = [Mu(En) + Mp(Ep)l/ Eror (1)
cations that appear to be important for dimer formation _ .

clearly suggests that the pH will also be an important factor Eror = By + Bp and sokp, = Eyor — By @)
in determining the overall activity of the enzyme.

In this study, we have investigated the factors affecting By incorporation ofEp from eq 2 into eq 1

the interconversion between the monomer and dimer forms M = [M(E.) + Ma(Exrne — EE.
of OXA-10 and OXA-14. This is important for the proper oss = [Mu(Ew) o(Eror wl/Eror
interpretation of the kinetic studies of these enzymes because =[(My — Mp)(Ew)/(Eron)] + Mp 3

the kinetic properties depend strongly on the state of the
enzyme. We show that the complex kinetics observed with The equilibrium dissociation constalt can be defined as
both enzymes are entirely consistent with the monemer Ep/En?
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By incorporation ofEp from eq 2 intoKy and rearrange-
ment of this equation as a quadratic below:

Kd(EM)2 +Ey — Eror=0

This equation possesses only one possible solufign>
0):

Ey = [—1+ (1 + 4K Eron) " V(2K) (4)

By incorporation of eq 4 into eq 3

Mogs= (My — Mp)[—1 + (1 + 4KdETOT)O.5.|/
(2K4Eror) + Mp (5)

eq 5 was used for fitting the results withy,, Mp, andKq as
variables using the Grafit prograr2g). We assumed that
Mogs corresponds to the apparent molar madéapf)
determined by the calibrated gel filtration column. We also
assumed that the spp of the dimer deduced from eq 5 should
not be obviously twice the one of the monomer, so both
molar masses were considered as separate variables. Th
percentage of dimer was calculated as follows from eq 6:

(6)

Calorimetry. The enzyme for differential scanning calo-
rimetry (DSC) was dialyzed against the appropriate buffer
and filtered through a 0.2m pore filter. All sample and

% of dimer= [(Mpp — My, )/(Mp — M,,)] x 100

Danel et al.

enzyme activity of the crude extract and that of the purified
enzyme were compared using 1 mM ampicillin in 0.1 mM
Tris-H,SQ, (pH 7.0). The hydrolyzeg-lactam was followed

by spectrophotometry at 235 nrh7). The crude extract and
the purifiedf-lactamase showed hydrolysis rates of 0.04 and
0.03 AODyss/min, respectively, for 0.L of enzyme. The
crude extract (250 mL) corresponded to 96 g of wet cells
from a 10 L fermenter. The concentration of cells in the
fermenter is estimated to be °10ells/mL. Pseudomonas
aeruginosais a rod (2um x 0.6 um) with an approximate
volume of 2.3x 1072 mL (29). Using this value leads to
an estimated OXA-1(B-lactamase concentration of Qi

in the cell. The periplasmic space is estimated to represent
between 5 and 20% of the cell volume and so to a
concentration of OXA-1@-lactamase corresponding te-8

uM (30—33).

RESULTS

Dependence of the Apparent Molar Mass on Protein
Concentration.Analytical centrifugation with protein con-
centrations between 1 and 2M showed that OXA-10 and
®XA-14 have a molar mass of 57 kDa, corresponding to
the predicted molar mass of a dimer. Concentrations of
enzyme lower than &AM were below the detection limit for
the photometer on the analytical centrifuge.

Lower protein concentrations were investigated using size-
exclusion chromatography with detection by fluorescence.
The protein molar mass determined by this last method is

reference solutions were degassed for 15 min under vacuun@n apparent molar masi£er). It corresponds to the actual

prior to loading. The thermal unfolding was performed using
a VP-DSC microcalorimeter (MicroCal, Inc., Northampton,
MA). The scanning rate was IC/min from 18 to 100°C
with equilibration for 20 min at 18°C. The unfolding
parameters were characterized using the program Origin
supplied by MicroCal.T, was defined as the temperature
with the maximum heat capacity change.

Isothermal titration calorimetry (ITC) was performed with
a MCS titration calorimeter (MicroCal) at 2&. The enzyme
was first dialyzed overnight, against 500 times its volume
of 0.1 M Tris-H,SO, (pH 7.0) and 0.1 M KSQ, with 2 mM
EDTA. The enzyme was then dialyzed extensively against
0.1 M Tris-H;SQ; (pH 7.0) and 0.1 M KSQ, (four changes
against 500 times the enzyme volume) to eliminate the
EDTA. The sample was filtered (0.2m pore filter) and
degassed for 15 min prior to starting the experiment. During
the titration experiment, the enzyme was stirred at 400 rpm
ina 1.4 mL cell at 25C, and an injection series (£ 2 uL
and 49x 5 uL) of a 1 mM metal salt solution was carried
out using a 250uL syringe with 260 s between each

protein molar mass if the protein has a shape similar to that
of the molecules used for calibration and if absorption to
the column matrix does not contribute to the behavior during
chromatography. The retention times of OXA-10 and OXA-
14 enzymes, and so theapp, depended on the enzyme
concentration (see Figure 2A). TMxpp of the enzyme was
intermediate between that of the dimer and monomer, which
reflects the changes in abundance of each spe2@sThis
behavior depends on the rate of conversion between the
dimer and monomer and the constant of dissociatky). (
Without salt, the observed molar masses were between 11
and 28 kDa, depending on the protein concentration (between
3 and 1000 nM) for OXA-10 and -14. These values were
close to half the value expected for the monomer and the
dimer from amino acid sequence, but the lower value was
close to arMapp (12 kDa) described before the sequence of
the enzyme was known34). These experiments were
repeated in 0.1 M phosphate buffer (pH 7.0) and 0.1 M Tris-
H>SO;, (pH 7.0) containing 0.3 M KSO, to supress interac-
tions between the column and the protein. Under these

injection. Control titrations of the metal salt solution into conditions, the observed molar mass range was increased to

buffer were also performed to correct the data for the heat 26—50 kDa according tqS-lactamase concentration (see
of dilution of the metal salt solution. The data were analyzed Figure 2B). The molar masses at low and high concentrations
using MicroCal Origin Software with a single- and double- Were close to those expected from the amino acid sequence
binding site model 27, 29). for the monomer (27.5 kDa) and the dimer (55 kDa),
B-Lactamase Actities. The concentrated OXA-10 was respectively. ThéMapp for each concentration and conditions
added to the buffer, and incubated at room temperature forwas fitted to eq 5 (see Figure 2B).
20 min. The reaction was started by the addition of nitrocefin ~ The effects of different concentrations of metal salts on
(0.1 mM final concentration), and the change in absorbancethe Mapp were studied using size-exclusion chromatography
was monitored at 490 nm using a microplate reader (model (Figure 3). Thef-lactamase concentration of 6 nM was
3550 plate recorder, Bio-Rad, Cambridge, MA). For the chosen because both enzymes are mainly in the monomeric
quantification of OXA-10 in the periplasmic space, the form at this concentration and the fluorescence signal is still
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Ficure 2: (A) Elution volume for different concentrations of OXA-

10 g-lactamase on gel filtration chromatography. The enzyme is
diluted in 100 mM Tris-HSO, (pH 7.0) containing 0.3 M KSO,

and chromatographed on a Superdex 75 column equilibrated with
the same buffer. The solid lines correspond to the left scale, and
the dotted lines correspond to the right scale. The intensity is taken
to be proportional to the enzyme concentration. (B) OXAMGp

as a function of enzyme concentration in 0.1 M TrigSi@, (pH

7.0) containing 0.3 M KSQO,. The data were fitted with eq 5. The
Kgs of 47+ 10 and 43+ 13 uM were found for OXA-10 and -14,
respectively. TheMapps of the monomer and dimer were 231

and 47+ 1 kDa for OXA-10 and 26+ 1 and 51+ 1 kDa for
OXA-14, respectively.

Table 1: Effect of the Enzyme Concentration andZan the Ka,
pKaz, and pH Optimurh

[enzyme] no Zn 0.1 mM Zn
(nM)  pHopr  pKar PKaz  pHopt  PKar pKaz
6 6.0 56+04 6604 75 7.3:02 7.7+0.2
15 6.0 5.1+0.2 6.6+02 75 6.6:£0.2 82+0.2
30 65 57+01 7.2+01 75 6.2£0.1 85+0.2
60 6.5 55+02 75+02 75 5802 87+0.2

2 The buffer was 50 mM BisTris-p$0O, (pH 7.0, 6.5, 6.0, and 5.5),
50 mM acetate (pH 5.5, 5.0, and 4.5), 100 mM TrisSE, (pH 9.0,
8.5, 8.0, 7.5, and 7.0), or 50 mM Pipes (pH 7.0). In all these buffers,
0.3 M Kz;SOs was added. pH optimum (pddr) with a standard error
of + 0.2. Ka and K4, correspond to the acid and basikpof the
bell-shaped curve, respectively (Figure 4).

easy to detect (Figure 2). €4 Co**, Ni2t, C&*, Mn?*, or
Zn?* (chloride or sulfate) at 10 mM in the running buffer
gave arMapp corresponding to the dimer for both enzymes.
At this concentration, MY or EDTA gave anMapp
corresponding to the monomer, whereasCereated ag-
gregates. At 0.5 mM metal ion, only €y CcPt, and Zi#*
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still gave the dimeMapp and at 0.05 mM only Cd and
Zn?*. NaCl at 5, 50, 100, or 250 mM did not affect thgpp

of the enzymes. OXA-10 and -14 responded similarly to all
metal salts, and EDTA.

To evaluate in more detail the potential of pCcf,
and Zr#" to stabilize the dimer, the previous experiment was
repeated at different concentrations of metal salts to deter-
mine the concentration giving half the enzyme as the dimeric
form and the other half as the monomeric form. The
concentration of metals needed to stabilize 3 nM enzyme at
50% dimeric form was 9t 1, 15+ 1, and 390+ 21 uM
for Cd?t, Zr?*, and Cd*, respectively, for OXA-10 and 7
+ 1, 124+ 1, and 330+ 25 uM for Cd?*, Zn?**, and CG&",
respectively, for OXA-14. Co was much less effective than
the other two metals. For a higher concentration of enzyme
(6 nM), the concentration of Cb needed to stabilize at 50%
dimeric was lower, 28@ 36 and 250+ 34 uM for OXA-
10 and OXA-14, respectively.

Effect of the pH on the Mp of OXA-104-Lactamase.
The crystal structurel@) showed that histidine and glutamate
are involved in the binding of the metal ions (Figure 1), so
the pH might be expected to play a critical role in the binding.
Dimerization of OXA-10 yielded a bell-shaped titration curve
(Figure 4). In the absence of divalent cations, the maximum
level of dimer formation occurred around pH 6.0 for enzyme
concentrations up to %M and at pH 6.5 for enzyme
concentrations of10 uM. The shift in the pH optimum
was caused by a change in an apparéqtaf the alkaline
arm with enzyme concentration (Table 1). We estimate on
the basis of théMapp that ~20% of the protein was present
as a dimer at the pH optimum. In the presence of 0.1 mM
ZnCl,, the maximum level of dimer formation occurred at
pH 7.5. The pH optimum was independent of the enzyme
concentration, but the acidp decreased and the alkaline
pKaincreased with enzyme concentration (Figure 4 and Table
1).

Characterization of ZnGland CdC} Binding to Dimeric
OXA-10p5-LactamaseTheKq for Zn?t and Cd* binding to
OXA-10 in the dimeric form was determined in 0.1 M Tris-
H.SO, (pH 7.0) and 0.1 M KSQ, at 25°C using isothermal
titration calorimetry. This method allowed the titration of
the enzyme with the metal salts while the heat change due
to the ligand binding was being monitored (Figure 5, top
panel). The integrated area of each peak represents the heat
generated on binding for each injection (Figure 5, bottom
panel) after subtraction of the heat of dilution of the ligand.
The heat generated (size of the peak) decreased during
titration as the enzyme became saturated by the metal ions.
When the enzyme is fully saturated, only a small peak due
to the heat of dilution is observed. Using the enthalpy of
binding, the number of binding sites akdcould be deduced
(Table 2) by fitting the heat generated during the titration
using a one-binding site model (Figure 5, bottom panel).
Fitting the data with a two-site model gave a larger error in
the thermodynamic parameters, so this model was rejected.
The number of binding sites was very close to 1 for both
metals, so only one ion binds per monomer (or two metal
ions per dimer). Thé, values obtained for Cd and Zri#*
were very similar (5.7 and 7.&M, respectively). The
enthalpy was more favorable for &dthan for Zri#*, but
the entropy compensates, giving a simite@.
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Effect of the Metal lons on the Thermal Stability of OXA- o v 2 M3| R4t_ S8 7
10 B-Lactamase.The thermogram of OXA-10 in 0.1 M olar Ratio
phosphate buffer (pH 6.5) with 0.1 MJBQ, gave a sharp ~ FIGURE 5. Thermogram from an ITC experiment for the binding
peak corresponding to the unfolding, wittTa of 58.8°C. of ZnCl, to OXA-10 S-lactamase in 0.1 M Tris-$BQ, (pH 7.0)

. . - . and 0.1 M KSO, at 25°C. The top panel shows the raw data with
The same experiments in 0.1 M Tris$0, (pH 7.0) with the integrated baseline corresponding to 50 injections of 1 mM

0.1 M K;SQq, gave aly, of 57.4°C. The pH of the last buffer  znCl, to 33 uM OXA-10 g-lactamase. The bottom panel shows
is more sensitive to the temperature than phosphate buffer the integrated area for each injection, after subtracting the control
decreasing nearly 1 pH unit with the increase of the experiment for the heat of dilution of ZnCto buffer for each
temperature from 20 to 5C (35). The difference in stability injection. The SQ|Id line is the best fitted curve obtained with the

. - single-binding site model.
may thus only reflect the instability of the enzyme at low
pH. The addition of 1 mM EDTA to the enzyme did not on the thermal stability of the enzyme showed that the
modify this value, whereas the addition the 0.5 mM ZnCl enzyme has three different unfolding states depending of the
greatly increased the stabilityig = 71.2 °C). Performing concentration of metal ions. The effect ofZron OXA-10
the experiment in 50 mM PIPES (pH 7.8) with 0.1 M-K  (Figure 6) represents a typical behavior observed for this
SO, gave aTny of 58.7°C, and the addition of metal salts enzyme with the different metals. At low concentrations, or
also increased the stability (see Table 3). The effect of metalswithout added metal salt, a sharp peak (type A) with.a
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Table 2: Thermodynamic Parameters for Metals Binding to
OXA-10 p-Lactamase in 0.1 M Tris-p$0O, (pH 7.0) and 0.3 M
K2SOy at 25°C

Zn?t CcP*
N2 (mol/mol of monomer) 1.%0.1 1.2+ 0.1
Ky (uM) 7.8+1.8 5.7+ 1.1
AH (kcal/mol) —-2.6+0.2 —-45+0.5
AG (kcal/molp -7.0 -7.1
—TAS (kcal/moly —4.4 —2.6

2N corresponds to the stoichiometry of the ligand and enzyme.
b These values are calculated frdfaand AH using the equatiohG
= RTIn(Kg = AH — TAS

Table 3: Effect of Metals and EDTA on the Stability of 4/M
OXA-10 f-Lactamase in 50 mM PIPES (pH 7.8) and 0.1 MSK,

metal concentration (mM) T2 (°C) peak shage
- - 58.7 A
EDTANg& 1.0 58.3 A
MgCl, 0.1 58.8 A
0.5 58.8 A
MnCl, 0.5 59.5 A
NiCl; 0.1 60.2 A
0.5 69.7 B
5.0 75.0 B
CoCh 0.1 60.7 A
0.5 75.5 B
25 78.8 C
CdCh 0.1 62.3 B
0.5 79.5 C
ZnCl, 0.1 64.0 B
0.5 78.4 C
K2SOy 300 61.3 A
NaCk 0.5 58.4 A
20 58.4 A
100 58.7 A
1000 62.5 A

aThe Ty value is withind 0.3 °C. ® Peak shape A corresponds to a
sharp peak observed up to 8, B to a large unfolding peak observed
between 60 and 75C, and C to an unfolding peak observed at high
temperatures (Figure 6).

close to 58.7°C was obtained. At high concentrations, a
sharp peak (type C) was again observed around7e85
°C that corresponded to an increasd jnof close to 20°C
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Ficure 6: DSC scans of 4.56M OXA-10 S-lactamase in 50 mM
PIPES (pH 7.8) and 0.1 M 480, with 0, 0.1, and 0.5 mM ZnGl
(from left to right). These DSC endotherms show the nonreversible
unfolding of the enzyme witfi,, values of 58.7, 64.0, and 78:€

for 0, 0.1, and 0.5 mM ZnG] respectively. Curve A corresponds
to the typical sharp peak observed up to°€lfor the enzyme by
itself and with some metals such as 0.1 mM?Cand NP (see
Table 3). DSC curve B corresponds to a typical large unfolding
peak observed for the transition between 60 an8Z#hen metals
are added (for example, 0.1 mM &dand Zri#*, and 0.5 mM C&").
Endotherm C represents a typical unfolding peak observed at high
temperatures for the high concentration ofZnCc?*, and Ca+.

enzymes, the carbapenem Meropenem was the most potent
in converting the dimeric form of the enzyme to the mono-
meric form. TheMapp of OXA-14 was more affected by
ceftazidime than by the penicillins that were tested, whereas
OXA-10 was strongly affected by the two penicillins.

The Mape at low concentrations of OXA-14 stabilized in
dimeric form by Z@* (6 nM enzyme in 0.1 M Tris-bBO,
with 0.3 M K;SO, with 0.1 mM ZnSQ) was not significantly
affected by any of the3-lactams. With OXA-10, only
Meropenem and carbenicillin evolved significant reaction
under these conditions (Table 4).

Effect of Dvalent Cations orf-Lactamase Actity. Figure
7 shows the effect of some divalent cations on the hydrolysis
of nitrocefin by OXA-10 and -14. Cd, Zr?", and N?* have
the most potent effect and increase the activity 2-fold. These

in comparison to peak A. At intermediate concentrations, a metals reached their maximum effect between 0.2 and 1 mM.

broad peak was always observed in the temperature rangel Neré was some loss of activity at higher concentrations.
between 60 and 75C. This featureless peak (type B) with Co*" increased the activity to a similar level, but the

a T, at a temperature higher than that observed with the maiimum effect was obtained at only 2 mM. EDTA, kg
enzyme alone seems to correspond to a transition orC& ' and K" did not show any effect in comparison to the

equilibrium between the type A and type C conformations.
At pH 6.5, 7.0, or 7.8, the transition peak did not appear

reference. Loss of activity was observed for KCI or NaCl at
concentrations o4 mM. OXA-14 responded in the same

during a second scan after the solution was heated to justV@y @ OXA-10 to the presence of metal ions.

after the end of the first transition. These results indicate

that the unfolding transition was not reversible. NaCl did
not show any effect up to 0.1 M; however, an increase in
stability is observed for a concentration of 1 M, and this is
also observed with a high concentration ofSQ, (Table
3).

Effect of3-Lactams on the Apparent Molar Massmpi-

DISCUSSION

Changes in oligomerization state with protein concentra-
tion similar to those observed with OXA-10 and -14
p-lactamase have been reported several times, for example,
for hemoglobin and phag@29 protein p6 25, 36). In the
case of OXA-10, the dimer X-ray structure showed two metal

cillin, carbenicillin, ceftazidime, and Meropenem caused a ion binding sites formed at the interface between each

decrease in th#¥lapp at a high concentration of OXA-10 or
-14 B-lactamase (1.Z2M in 0.1 M Tris-H,SO, with 0.3 M
K,SQy) in the absence of divalent cations in the elution buffer
(see Table 4). We interpret this as a shift in the monemer
dimer equilibrium toward the monomer. OXA-14 was
generally less affected than OXA-10 fylactams. For both

monomer (see Figure 1). The results confirm that the dimeric
enzyme is stabilized by metal ions in solution. The ability
of different metal ions to stabilize the dimer did not show
any correlation with the cationic radius of the metal ion. All
the ions that were studied can bind ligands via octahedral
coordination as observed for cobalt in the crystal structure
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Table 4: Effect of-Lactams in the Running Buffer on théapp of 1.2 uM and 6 nM OXA-10 and -14-Lactamase in Tris-t8O, (pH 7.0)
and 0.3 M kSO#

1.2uM f-lacatamase without 2h 6 nM g-lactamase with 0.1 mM 2
OXA-10 OXA-14 OXA-10 OXA-14

B-lactam Mapp (kDa) % dimer Mapp (kDa) % dimer Mapp (kDa) % dimer Mapp (kDa) % dimer
ampicillin® 335 42 41.8 77 38.7 64 40.7 72
carbenecillin 32.8 39 40.2 70 36.6 55 41.6 76
ceftazidime 38.7 64 39.6 68 41.4 75 40.0 69
Meropenem 335 42 37.0 57 31.7 34 335 72
none 46.2 96 45.7 94 40.2 70 41.1 74

aThe concentration of-lactams in the running buffer was 1 mM for ampicillin, carbenicillin, Meropenem, and ceftazidime.

AG) are close to each other, while the enthalpiésl) are
quite different. This suggests that entropy drives the binding
for Zr?*, whereas binding of Cd is enthalpy-driven. This
results can be perhaps explained by the chemical properties
of the metals: Z#" is less polarizable than €dand so
organizes more water molecules around itself.
The pH dependence of the dimenonomer equilibrium
is very suggestive of the ionization of the amino acids
observed at the dimer interface in the crystal structure. The
acid arm (jiK,7) could be due to the protonation of glutamate
[e.g., glutamate 208 and 171 (Figure 1)]. The basic atfap
= 6.6—7.5) can be attributed to deprotonation of the histidine
(pKa = 6.0) at high pH [e.g., histidine 184 (Figure 1)]. At
0 02 0.4 06 08 1 the extremes of the pH range, the salt bridge between
Metate (D glutamate 171 of one monomer and histidine 204 from the
FIGURE 7: Activity of OXA-10 f-lactamase vs nitrocefin in 0.1  gther monomer that is necessary for dimer stabilization will

mM Tris-H,SO, (pH 7.0) and 0.3 M KSO, with different ; ; ;
concentrations of metals or EDTATI] CdCh, (®) CoCh, (v) be lost due to protonation and deprotonation, respectively,

% of activity

CUCh, (a) EDTANa, (O) KCI, (2) MgCly, (&) MnCl,, (M) NiCl,, of these two residues. Binding of a metal ion clearly perturbs
and () ZnCk. The concentration of KCl is 10 times higher than the ionization reactions. The gk of formation of dimer
the one written in the graph. (pHopt 7.5) in the presence of Zh was higher than that

without (pHopt 6.0—6.5). At lower pH, the metals did not

(Figure 1). Cé" can use this coordination but in a distorted bind and the proportion of dimer is the same as observed
structure, which might explain the problems with enzyme with the apoenzyme. This is because the histidine atpt5
stability observed in the presence of this ion. The metals is mainly positively charged and so not able to bind metal
can be classified as forming hard or soft acid cations in termsijons. At higher pH, the histidine loses its positive charge,
of Lewis-base theoryd7). Hard acid metal cations tend to  and thus weakens the dimerization of the apoenzyme, but
be small, with high positive charge, and do not easily possessthis favors the binding of a divalent cation and, thus,
unshared valence electrons. Soft acid metal cations tend toformation of the more stable dimemetal ion complex. If
be large, with low positive charge, and readily polarizable the pH becomes too high, the metal ions are precipitated as
with unshared electrons that are easily removed or are intheir hydroxides and the dimer again is like that formed from
orbitals that are readily distorted. The hard acid metal cationsthe apoenzyme.
are usually held by electrostatic forces with oxygen as the Differential scanning calorimetry showed that the metal
preferred ligand. Soft acid metal cations bind by forming jon has a profound effect on the thermal stability of the
partially covalent bonds (e.gz bonds) with nitrogen or  dimer. As the equilibrium between the monomer and dimer
sulfur, forming a strong complex. €3 Mg*", and Mrifare  seems to be quite rapidly reversible, it is quite possible that
typical hard acid cations; Ri, Co**, Ci**, and Z#* are  the dimer could be dissociated into monomers and that these
borderline, and Ct is a typical soft acid metal cation.  will denature individually. If the monomer is less stable than
Clearly, OXA-10 has a preference for soft, or borderline, the dimer, the equilibrium will be displaced toward the
acid metal cations in comparison to the hard acid cations. monomer. This mechanism can explain why a singids

The Ky observed for the dimeric form of the OXA-10 observed for the apoenzyme and that the concentration of
enzyme at pH 7.0 for Cd and Zr#* is lower than theK, of enzyme has no effect on tfig, Following this hypothesis,
the dimer-monomer equilibrium. The concentration of these we can stipulate that the peak withla of 58.7 °C would
two metals needed to stabilize the dimeric form is thus correspond to the monomer. The highest peak wilh, &f
mainly determined by the affinity of the metal for the dimer, ~78 °C corresponds to the dimer stabilized by the metal
and not theKy of the dimer-monomer equilibrium. These ion. The broad peak (B) observed with intermediate con-
observations contrasted with the data obtained fof"Co centrations of metal reflects a mixed population comprised
where theKq for binding is higher than thi, of the dimer- of monomers, metal-free dimers, and dimers complexed with
monomer equilibrium. In such a case, the position of this cations.
dimerization equilibrium will strongly influence the binding Divalent metals such as €q C#t, Zn?™, Ni?*, and M+
of cation. Interestingly, th&gs of Zr** and Cd* (and so increased the activity of OXA-10 and -14 against nitrocefin
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~2-fold. A very good correlation was observed between the artifact of the experimental design. The kineticgdactam
ability of the cations to stabilize the dimer at low concentra- hydrolysis are complicated, and a detailed study of the kinetic
tions and the ones that were able to keep the high activity. properties of these enzymes taking into account all the
The higher activity for OXA-10 and OXA-14-lactamase  various species (monomer, monomenetal, dimer, and
can be explained by the fact that the dimer was more active dimer—metal, with and withoup-lactam) is in progress. The
against nitrocefin than the monomer. OXA-10 has previously kinetic properties of the monomeric enzyme with or without
been reported to give burst kinetics for sopfidactams metals can be easily determined, but this is not the relevant
(including ampicillin, cephaloridine, carbenicillin, oxacillin, enzyme species formed in the cell, where the enzyme is
and cloxacillin), while for OXA-14, all 175-lactams that expected to be in the dimeric form. The kinetic properties
were tested gave biphasic curvé$,(22). The burst kinetics  of the dimeric enzyme are more complex. For the dimer in
have been attributed to interconversion between a more activethe absence of divalent metal cations, they will be more
dimer and a less active monomer. We are able to confirm difficult to study because the OXA-10 and OXA-14 dimers
that the (metal-complexed) dimer is the more active species.are destabilized bypg-lactam. Nevertheless, the results
Further, we have shown that reaction witHactams does  presented herein give a framework within which the data
indeed have a strong effect on the monordimer equi- can be analyzed.
librium (Table 4), in particular, shifting the position toward The reversible equilibrium between the monomer and
the less active monomer. It remains to be seen whetherdimer should be expected for enzymes closely related to
dimer—monomer interconversion is an integral part of the OXA-10 and -14 that possess the histidine and two glutamates
catalytic mechanism or only a consequence of conformational at the correct position (e.g., OXA-5, -7, -11, -13, -16, -17,
changes accompanying some of the reaction steps. -19, and -28). No other class Plactamases described up
OXA-10 g-lactamase is found predominatelyRn aerugi- to now possess this feature. The OXA-2, -3, -15, and -21
nosa (34, 38), only once appearing in Enterobacteriaceae enzymes have glutamate 171 and histidine 184 replaced with
(39). P. aeruginosas found in hospitals but also in drain  aspartate and arginine, respectively. The large size and fixed
and sewage water where the concentration of metals can bepositive charge at physiological pH of arginine exclude the
high. In humansP. aeruginosaan cause serious infections  possibility of any cation binding, but the dimerization can
in burns, wounds, eyes, skin, and the respiratory and urinaryprobably still occur using a direct salt bridge between these
tracts. The septicemia occur through the overspill from other two residues. This could explain the highdgpr described
loci or after surgery, and the mortality rate is high. With its for OXA-2 and also the reported dimerization of OXA-3
periplasmic location, th@-lactamase will be situated at a S-lactamase44).
metal ion concentration similar that of its environment. In
this context, the concentration of metals in the plasma can ACKNOWLEDGMENT
be taken as an example, but the concentration of metals in
the human body can vary with the environment and in some
cases with age. The concentrations of divalent metal ions
such as Mg, Ca*, Zr?*, Ci#t, Mn2t, Co*t, Cd?*, and N#*
in plasma are 1000, 3000, 20, 15, 2, 0.8, 0.02, afd05 REFERENCES
uM, respectively 40—42). The only metals that have the
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