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ABSTRACT. Metallo3-lactamases are native zinc enzymes that catalyze the hydrolysiactm antibiotics

but are also able to function with cobalt (II) and require one or two metal ions for catalytic activity. The
kinetics of the hydrolysis of benzylpenicillin catalyzed by cobalt substitgtéatctamase fronBacillus
cereugBcll) are biphasic. The dependence of enzyme activity on pH and metal-ion concentration indicates
that only the di-cobalt enzyme is catalytically active. A mono-cobalt enzyme species is formed during the
catalytic cycle, which is virtually inactive and requires the association of another cobalt ion for turnover.
Two intermediates with different metal to enzyme stoichiometries are formed on a branched reaction
pathway. The di-cobalt enzyme intermediate is responsible for the direct catalytic route, which is pH-
independent between 5.5 and 9.5 but is also able to slowly lose one bound cobalt ion via the branching
route to give the mono-cobalt inactive enzyme intermediate. This inactivation pathway of metal-ion
dissociation occurs by both an acid catalyzed and a pH-independent reaction, which is dependent on the
presence of an enzyme residue ¢f;p= 8.9 + 0.1 in its protonated form and shows a large kinetic
solvent isotope effect (#D/D,0) of 5.2 4+ 0.5, indicative of a rate-limiting proton transfer. The pseudo
first-order rate constant to regenerate the di-cqbddictamase from the mono-cobalt enzyme intermediate
has a first-order dependence on cobalt-ion concentration in the pH rang®.5.5 he second-order rate
constant for metal-ion association is dependent on two groupk.08.32+ 0.1 and 7.4 0.1 being in

their deprotonated basic forms and one groupkf .48 + 0.1 being in its protonated form.

The major bacterial defense mechanism agdirlsictam Scheme 1

antibiotics consists of producing a class of enzymes, the rconn RCONH
fp-lactamases, which catalyze the hydrolysis of #Hactam S B-lactamase :(>—r5
ring, rendering the drugs inactive (Scheme 1). From a N\)< —’Hzo o= HN\)<
mechanistic point of view-lactamases are divided into two 0 ”’CO ) 0 a’co
2 2"

classes: sering-lactamases, (classes A, C, angsBacta-

mases), which use an active site serine residue for hydrolysis, _ .
and metallgg-lactamases, (MBLS, (class Bf-lactamases), Bactermdes fragilig6—9), IMP-1 from Pseudo.monas aerug-
which require one or two zinc ions for catalytic activity. n0Sa(10-12), and BlaB fromCryseobacterium meningo-

MBLs have no sequence or structural homology with serine S€Pticum(13). These enzymes efficiently hydrolyze a wide

pB-lactamases and exhibit a broad spectrum substrate profile[ange of substrates, including penicillins, cephalosporins, and
including some mechanism based inhibitors of class A carbapenemslg). o
pB-lactamasesl). MBLs have been further divided into three _ 1he evidence for two zinc binding sites on the enzymes
subclasses, B1, B2, and B2){ on the basis of their amino IS Well established2-4, 6, 12, 13), but the zinc ligands in
acid sequences, substrate profile, and metal-ion requirementtn€ two sites are not the same and are not fully conserved
The largest group is B1 and contains four well-studied between t_he different MBLs. In subclass_Bl_enz_ymes such
S-lactamases: Bcll fromBacillus cereug3—5), CcrA from as theBacillus cereusenzyme, Bcll, the zinc in site 1 (the
histidine site or Hig site) is tetracoordinated by the imida-

T This research was supported by the European Union researchzoles of three histidine residues (116, 118, and 196) and a

network on metallgs-lactamases within the Training and Mobility of  water molecule, Wat Zinc is pentacoordinated in site 2 by

Researchers (TMR) Program, contract number HPRN-CT-2002-00264 . ;
and the University of Huddersfield. His263, Asp120, Cys221, and one water molecule; the fifth

*To whom correspondence should be addressed. Pherigt84 ligand at site 2 is carbonatd§) or water, Wat (3, 6, 16,
472169. Fax:+1484 472182. E-mail: m.i.page@hud.ac.uk. 17). In one crystal structurelf), Wat is missing and also
" Abbreviations: MBL, metallgs-lactamases; BelBacillus cereus i stryctures with inhibitors bound ). The distance between

fp-lactamase; CcrABacteroides fragilis3-lactamase; NMR, nuclear - - -
magnetic resonance; EPR, electron paramagnetic resonance; PACFWO metal ions varies from 3.4 to 4.4 A in different structures

perturbed angular correlation; LMCT, ligand to metal charge transfer; Of the Bcll and CcrA enzymes3( 6, 15-17). Several
MCD, magnetic circular dichroism; MES, Nfmorpholinolethane-  structures of the CcrA enzyme show a bridging water ligand

sulfonic acid; MOPS, 3-N-morpholino]propanesulfonic acid; TAPS, i ; ;
N-tris[hydroxymethyllmethyl-3-aminopropanesulfonic acid; CHESN2-[ between the two metals, which is thought to exist as a

cyclohexylamino]ethanesulfonic acid; EDTA, ethylenediaminetetraace- Nydroxide ion 6, 17). Also, in a structure of Bcll containing
tic acid. two zinc ions determined at pH 7.5, there is a similar bridging
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water molecule18), but in structures of this enzyme at lower Scheme 2

pH, this solvent molecule is strongly associated with the zinc K,

in site 1 ). A BES =EESIT= B4R
The binding affinities and the dependence of the catalytic lks

activity of MBLs on the two zinc ions are different. Bcll ES? N Eep

has very different dissociation constants for the two metal

binding sites, which for the loss of the metal ion from the B E+S ES| —2 o pap

mono-zinc enzymeKmono 1S 6.2 x 1071° M, whereas that = K,

from di-zinc MBL, Kg;, is 1.5x 107%M (19). In the presence "4““3

of imipenem as substratié,on, decreases significantly, from ES?

nM to pM, whereasKy decreased only 2-fold2(). This
suggests that the mono-zinc enzyme is responsible for theand subsequently five-coordinated in £She authors
catalytic activity under physiological conditions, where the concluded that ESand ES are noncovalent enzyme
concentration of free Zi1 is in the pM region. In contrast,  substrate complexes, interconvertible by a reversible con-
class B1 CcrA fronBacteroides fragiliinds both zincions  formational change. These studies were performed at satu-
very tightly (21), and in early kinetic studies of CcrA, itwas  rating concentrations of cobalt ion. However, more recent
proposed that both the mono- and the di-zinc forms of the studies 85) have shown that the activity of ZnBcll is metal-
enzyme were catalytically active, with slightly different jon concentration dependent at low pH, and we suspected
activities (7). However, later studies have shown that only that the biphasic kinetics may be due to the relationship
the di-zinc species is active and that the previously observedpetween the enzyme and the metal ion, rather than due to a
mono-zinc CcrA was a mixture of the di-zinc and the apo conformational change. We therefore studied the pH rate
(metal free) enzyme2@). The mechanisms of action of  profiles for CoBcll at different cobalt-ion concentrations in
metallohydrolases that require two metal ions to catalyze theorder to elucidate the nature of the intermediates. Cobalt has
hydrolysis of amides and esters of carboxylic and phosphoric about 100 fold less affinity than zinc for the two binding
acids have been recently review&B). The main function  sjtes of Bcll, which makes it more convenient from an
of the metal ions are to activate aqua’/hydroxo bridging or experimental point of view for studying the differences
terminal ligands for nucleophilic attack and to act as Lewis between the catalytic properties of the enzyme with one and
acids to stabilize the negative charge developed on thetwo metal ions. Furthermore, the microscopic rate constants
substrate in the transition state. for the association of the first and the second cobalt ions to
The exchange of the spectroscopically silent zinc with Bcll are 50- and 20-fold, respectively, less than those for
probes, such as cobalt, copper, and cadmium, enables theinc binding (9). Herein, we report some unusual kinetic
study of the interactions of the metal ion in the enzyme active properties of CoBcll as a result of a complex catalytic
site with ligands, substrates, and inhibitors, using tech- pathway that results in the loss of a metal ion during catalytic
niques such as U¥Vis, NMR, EPR, and PAC spectroscopy turnover, leading to the formation of an inactive enzyme
(24—26). The zinc of metallgg-lactamases can be exchanged species.
with cadmium, cobalt, and manganese to give catalytically
active enzymes7—29). The use of a combination of NMR  EXPERIMENTAL PROCEDURES
and PAC spectroscopy to study cadmium bindingazillus
cereusMBL has revealed a rapid intramolecular exchange ~ Materials. The reagents used in all kinetic experiments
of the metal between the two sites in the mono-cadmium Were analytical or of an equivalent grade. Buffers, benzyl-
enzyme and negative cooperativity in metal bindigg)(  Penicillin, Chelex 100, and Cogl(99.9999%) were pur-
The enzyme inhibitor R)-thiomandelate induces a very chased from Sigma. D, NaOD, and DCI were obtained
strong positive cooperativity for binding the second cadmium from Goss Scientific, Ltd. Deionized ultrapure water (18 M
cation B0). The UV—Vis spectra of the di-cobalt substituted £ ¢m) was used for the preparation of buffers and other
class B1 metallgi-lactamases CcrA fromBacteroidis fragilis ~ @dueous solutions. The buffers used were acetig475),
(21, 31) and Bcll from Bacillus cereus(4, 32) show an ~ MES (K, 6.15), MOPS (K, 7.20), TAPS (i 8.40), and
intense sulfur to Co(ll), ligand to metal, charge transfer CHES (iKa 9.2). Buffer solutions were prepared just prior
(LMCT) band. to the experiment, and their ionic strength was kept constant
Bicknell and Waley 83) observed that the progress curves By means of potassium chloride. Special care was taken to
for the cobalt substituted Bcll catalyzed hydrolysis of €nsure metal-free condition§)( buffers were stirred over-
benzylpenicillin are biphasic, with an initial burst followed hight with 2 g of Chelex 100 per 100 mL buffer solution.
by a steady-state rate. The size of the burst was greater than The metallog-lactamase (Bcll fromBacillus cereus
the concentration of enzyme, which led the authors to 569/H/9) was supplied as an aqueous suspension in a 10 mM
propose a branched kinetic hydrolysis scheme with two MES buffer by Dr. Christian Damblon (University of
kinetically indistinguishable pathways (Scheme 2). Two Leicester, U.K.). The ap8acillus cereus69/H/9 enzyme
enzyme-substrate intermediates, £E8nd ES, were char- (metal-free Bcll) was prepared by the following procedure:

acterized on the basis of their BWis (33) and MCD @4) ZnBcll was dialyzed, while stirring, against two changes of
spectra. ESshowed a large increase in the Cys-Co LMCT 0.015 M MES at pH 6.5, containing 0.1 M NaCl and 0.02M
compared with that of both the free enzyme and.B®e EDTA over a 12 h period; EDTA was removed from the

MCD spectra suggested a change in the coordination numberesulting apoenzyme solution by four dialysis steps against
of the active site metal during the reaction, that is, from five- the same buffer containinl M NaCl and Chelex 100 and
coordinated in the free enzyme to four-coordinated it ES finally two dialysis steps against 0.015 M MES at pH 6.5
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containing 0.1 M NaCl and Chelex 100. The resulting
apoenzyme contained less than 3% Zras determined by

atomic absorption spectroscopy, and less than 10% free

EDTA, as shown byH NMR. The apoenzyme concentration
was determined using the reported extinction coefficiess,
= 30500 M* 571 (19). Addition of zinc to the apoenzyme
restored 90% of the initial enzymatic activity.
EquipmentpH Measurements were made using4® pH
meter (Beckman, Fullerton, U.S.A.) with a calomel glass
electrode (Beckman). A two point calibration of the pH meter
was taken at 30C prior to use, with a pH 7 phosphate green
buffer (Beckman) and a pH 4 or pH 10 calibration buffer
(BDH, Poole, U.K.). The pD values were taken as pH meter
readings of+0.40.
UV spectrometry was carried out on a Cary 1E YUV
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Ficure 1: Progress curve of CoBcll catalyzed hydrolysis of
benzylpenicillin (1x 10-3 M) in 0.025 M MES ( = 0.25 M at pH
7, at 5°C) (in the assay cell, [Co] = 2 x 104 M, [apoBcll] =
x 107% M). Upper line: reaction started by adding a solution of
CoBcll and excess Cog{20uL) to a solution of benzylpenicillin

in buffer (2 mL); lower line: reaction started by adding apoBcll
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visible spectrometer equipped with a twelve compartment (20 4L) to a solution of benzylpenicillin and Cogin buffer

cell block thermostated by using a peltier system (Varian, (2 mL).

Australia). Rate constants were estimated using the Cary Win ] )

UV kinetics application, version 02.0@6). measured values fdg were found to vary with cobalt-ion
The residual zinc content of apoBcll was determined by concentration:k; = K [Co*']; the second-order rate con-

atomic absorption spectroscopy on a Perkin-Elmer Analyst Stant,k', was determined from the plot of the first-order

100 Atomic absorption Spectrometer. The hollow cathode rate constantks, against cobalt-ion concentration «3

lamp wavelength was set at 213.9 nm, with a current of 7 different cobalt-ion concentrations were used for each

mA, and a slit wave of 0.7 nm. Zinc sulfate solutions of PH/pD).

different concentrations were used as standards. RESULTS AND DISSCUSION

Pre-Steady-State KineticShe pre-steady-state kinetic
studies were performed at’®. Unless otherwise specified, The hydrolysis of benzylpenicillin (1) by cobalt substituted
the reaction was started by adding a solution—<20 uL) Bcll was followed at 5°C, by monitoring the decrease in
containing CoBcll and excess CeQfinal concentrations UV absorbance at 235 nm corresponding to the depletion of
in the assay cell [CO] = 7.5 x 105 x 103 M and substrate. When the reaction is started by adding a mixture
[apoBcll] = 1.25x 107—6 x 10°® M) to a buffer solution of CoBcll and excess Cb ([apoBcll] =3 x 106 M, CoCh
= 2 x 10 M) to a solution of benzylpenicillin (Ix 102

(2 mL) containing benzylpenicillin (2.5 104-1 x 1073
M) in buffer at pH= 6.7, there is an initial burst (510 s),

M). Cobalt substituted Bcll containing excess Cp@as

prepared by incubating apo-Bcll (2:610 -6 x 104 M) followed by a transition to a steady-state rate (Figure 1, upper
and CoC} (105-10"* M) in 10 mM MES at pH 6.5 for 5 line), in agreement with the previous observations of Bicknell
min at room temperature, prior to each experiment. The rateand Waley 83). A similar hydrolysis profile is obtained when
of hydrolysis was followed by monitoring the decrease in the reaction is started by adding benzylpenicillin110-3
absorbance at 235 nmh¢é = 820 cm?) and was recorded M) to a solution of apoBcll (3x 10°® M) and CoC} (2 x
approximatef 3 s after the injection of metalloenzyme and 104 M), previously incubated for 1 min in buffer. However,
excess metal-ion salt. The resulting biphasic progress curvesf the reaction is started by adding apoBcll ¥310¢ M) to
were fitted to eq 1, using SCIENTIST software, wheris a solution of CoGJI (2 x 10~4 M) and benzylpenicillin (1x

the concentration of product at timeR is the observed first- 1073 M) in buffer or by adding CoGI(2 x 104 M) to a
order rate constant characterizing the transigig,the burst, solution of apoBcll (3x 106 M) and benzylpenicillin (1x

Vs the final steady-state ratg@3), andt, is the time elapsed 1073 M) in buffer, there is no apparent burst but a short lag
from the beginning of the reaction to the moment it is in the first few seconds of the reaction, followed by a steady-
recorded. state rate, which is equal to the steady-state rate following

The microscopic rate constarks ks, andk, of Scheme 2 the burst in the previous cases (Figure 1, lower line). This
were calculated from th&, B, andV parameters for both  appears to suggest that metal-ion binding to the enzyme limits
potential pathways of Scheme 2, A and B, as describedthe rate in some way and is indicative of a kinetically and
previously 33). thermodynamically controlled partitioning between the apo,
mono- and di-cobalt forms of the enzyme.

Because there was no observable change in absorbance at
235 nm on mixing the apoenzyme with cobalt chloride and
the size of the burst was about 100 fold larger than the
enzyme concentration, it follows then that the absorbance
change is due to product formation and not the accumulation
of an enzyme-substrate intermediate. The initial faster rate
followed by a slower one after about 25% conversion of the
substrate indicates the generation of a less active but more

p=V(t+1t) + Bl — e ") €Y
It can be shown that under the assumption thEs] >
(k2 andks), (whereKs = k-1/ky), for both pathwayk, = (V
+ RB)/ey and ks + ks = R, and for mechanism Ak, is
calculated from the equatida? — (k. + R)ks + RV/ep = 0,
whereas for mechanism B, = RV/(k.ep), whereg; is the
total metalloenzyme concentration used.
The derived values of, and ks for each pH/pD are the  stable catalyst.
average of at least six experiments performed at different The burst is only apparent when the reaction is started
metal-ion and different apoenzyme concentrations. The with cobalt enzyme (apoenzyme previously incubated with
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Ficure 2: Progress curves of CoBcll catalyzed hydrolysis of
benzylpenicillin (163 M) in 0.025 M MES ( = 0.25 M at pH
5.92, at 5°C) (in the assay cell, [apoBcli 6 x 105 M and
various C8* concentrations (aF 2.5 x 104 M, (b) =5 x 10

M, (c) =1 x 103 M, (d) =2 x 1073 M).

CoCl), suggesting that the cobalt enzyme species responsibl
for the initial fast rate is not formed, or is forming slowly,
under the conditions of the experiment initiated by adding
apoenzyme to a solution of cobalt chloride and substrate.
Benzylpenicillin does not measurably bind to the apoenzyme
(36), and thus, it is unlikely to hinder cobalt association. The
binding of the first cobalt ion to the apoenzyme is expected
to be completed in the dead time of the experiment,
approximately 3 s, because the calculated half-life is 0.013
s (the estimated pseudo first-order rate constant for the
binding of the first cobalt ionkeps is 56 s, for 2 x 104
M [Co?*] at pH 7.0 at 25°C, using the reported second-
order rate constantl@)). Because the association of the
second cobalt ion is at least 10-fold slower than that of the
first cobalt ion (9), it is likely that the relatively slow
formation of the di-cobalt enzyme is causing the absence of
the burst in the experiment started with apoenzyme, implying
that the di-cobalt Bcll species is responsible for the initial
fast rate observed when the reaction was initiated with the
cobalt enzyme and excess cobalt ion.

The fact that adding benzylpenicillin to a solution of
CoBcll and excess Co in buffer gives the same initial burst
of hydrolysis as that seen when the reaction is initiated by
adding a mixture of CoBcll and excess<do a solution
of benzylpenicillin in buffer suggests that at equilibrium (at
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Ficure 3: Plot of the calculated first-order rate constlnagainst
cobalt-ion concentration for the CoBcll catalyzed hydrolysis of
benzylpenicillin (163 M) in 0.025 M MES ( = 0.25 M at pH
6.30, at 5°C) (in the assay cell, [apoBcli 6 x 1076 M).

ible (33, 34). ES' was considered to be the most reactive
form of the enzyme and ESo be less reactive. The direct
route via ES, with rate constarit,, corresponds to the burst,
and subsequently, the rate decreases as a result of the

Sormation of ES via the branching pathway, with rate

constantks.

The biphasic progress curve for the CoBcll catalyzed
hydrolysis of benzylpenicillin at 8C was studied at different
metal-ion, apoenzyme, and substrate concentrations, over the
pH range 5.4-9.8, in O and BO. In all cases, the reaction
was initiated by adding CoBcll and excess Co@ a
solution of benzylpenicillin in buffer. The microscopic rate
constantsk,, ks, and k; (Scheme 2) were calculated as
described in the Experimental Procedures section, and the
values found were similar for the two mechanisms consid-
ered. Also, they were found to be independent of apoenzyme
and substrate concentrations and, excepkfpof external
cobalt-ion concentration for a given pH (pD). Varying the
buffer concentration from 0.025 to 0.1 M while keeping the
pH and the ionic strength (0.25 M) constant had no effect
on the magnitude ok,, ks, and k. The first-order rate
constantk, was found to be proportional to the cobalt-ion
concentration (Figure 3) for all pH (pD) values studied. The
slope of this plot gives the apparent second-order rate
constantk’ , which is 37.7 Mtstat pH 6.3.

A background hydrolysis rate of benzylpenicillin in the
presence of apoenzyme was determined for every pH and
was insignificant. Also, both the burst and the steady-state
rates B and V) were directly proportional to the enzyme

pH 6.7 and 5°C) and for the metal and apoenzyme .,ncentration used, indicating that the contribution of any
concentrations used, most of the enzyme is present in itScopaitzinc heteroenzyme species (whose concentration

most active form, that is, the di-cobalt form. The previous
study of CoBcll catalyzed hydrolysis of benzylpenicillin at
low temperatures used a single concentration of T3
M), for which maximum catalytic activity is achieve83).

To see if the interconversion of mono-cobalt and di-cobalt

would be limited by the concentration of residual zinc) to
the observed rate of hydrolysis is negligible, and therefore,
the measured catalytic activity corresponds to that of the
holo-cobalt Bcll enzyme.

(i) Rate Constant ¥ The microscopic first-order rate

enzyme species was responsible for the unusual kineticconstantk, is independent of metal-ion concentration even
behavior, we compared the biphasic progress curves ofat the lowest pH studied and essentially pH-independent

CoBcll catalyzed hydrolysis of benzylpenicillin at different
metal-ion concentrations. At pH 5.9, it is clear that both the
magnitude and the rate of the initial burst are independent

of the external cobalt-ion concentration, whereas the steady-

state rate varies proportionally to the metal-ion concentration
(Figure 2).

Bicknell and Waley accounted for the branched kinetics
by the kinetically undistinguishable pathways A and B
(Scheme 2), which differ by the fact that in A, both'&&d
ES species yield product, whereas in B, only!Bfelds

between pH 5.4 and 9.9, with a value of 45,salthough
there is an apparent increase of less than 2-fold at higher
pH. Similar behavior is seen in D, wherek; is pD
independent from pD 5.4 to 8.5 with an average value of 32
s™1, but it increases slightly, again less than 2-fold, at more
basic pH. The solvent kinetic isotope effdet20/k.PL is
1.4+ 0.1

(i) Rate Constantk The pH-dependence of the branching
first-order rate constatg, which gives the less reactive form
of the enzyme, is more complex (Figure 4) and shows a

product, and the presumed conformational change is reverssigmoidal dependence as well as an apparent acid catalyzed
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19 pH/pD 8 and 9 of 1.22« 16 M1 s1 in H,O and 1.26x
17 1 M~1stin D,O (Table 1).
o 1.5 1 On the acidic limb, the rate decreases with a slope of 2,
= 137 indicating that the deprotonation of two ionisable groups is
% :]';i i required for maximum catalytic activity, as illustrated in
‘_g? 07| Scheme 4. The experimental data were fitted to eq 3, where
05 | ¥ L) pKa2 and [K,i correspond to the groups required in their
031 deprotonated forms for activity, andgs corresponds to the
01 ‘ , . ‘ group required in its protonated form for activity, and the
5.3 6.3 73 8.3 9.3 values found are shown in Table 1. Because the pseudo first-
pHpD order rate constark, shows a first-order dependence on
FicURE 4. Plot of log ks against pHll)/pD(x) for CoBcll cata- cobalt-ion concentration, the corresponding second-order rate
lyzed hydrolysis of benzylpenicillin (1 1073 M) in 0.025 M constankk’  (1.22 x 10* M1 s at the pH maximum, at
buffer (| = 0.25 M, at 5°C) (in the assay cell, [apoBelf}: 1.25 5 °C) coufd represent the rate of association of the metal

107—1.2 x 105 M, [C0?*] = 7.5 x 10-5—1 x 102 M); the solid

lines are the calculated values using eq 2 and the parameters show'H)n to the ES enzyme species. This is about 25-fold smaller

in Table 1. than the reported rate of association of the second cobalt
ion to the mono-cobalt enzyme,x3 10* Mt s%, at 25°C
Scheme 3 (9.
0
ES' —HK‘ EHS 2 > phg: K
lIH*lkl; k, = dmax 3)

ST HT K
EH,S* 1+ + +
KaKar  Kar [H+]

reaction. The former indicates the importance of an ionisable
group of apparent i, 8.88, which is active in its acidic

protonated form, EHS(Scheme 3). It appears that the Considering the findings above, the original pathways

ionising group in EHS responsible for the decreaseksn proposed by Bicknell and Waleyg, 34) (Scheme 2) can

on the alkaline part of the pH-rate profile, may be also pe reformulated as shown in Scheme 5, on the basis of the
responsible for a slight increase ka with increasing pH. following.

The increase itz below pH 7 (Figure 4) could be explained () ES' Is a Di-Cobalt Bell-Substrate Complex (EGS).

by an extension of mechanisms A or B (Scheme 2), with . . . ;

the inclusion of the EHSspecies and a possible acid ECoS gives a hydr_oly3|s product with a catalytic rate

catalyzed conversion of the monoprotonated EitSthe COBStIaF“‘Z that IS pH-|nde[)|eqde|r|1t. EG® can also lose org)el
; > : cobalt ion to give a catalytically unreactive mono-cobalt

diprotonated EbE* species (Scheme 3), species, ECoS, with a branching rate conskatiiat shows

The transformation of ESto ES occurs through the q d both acid trati q onisabl
monoprotonated species EH&a a pH independent and also a dependence on both acld concentration and on an lonisable
group in its acidic form (Scheme 6).

an acid catalyzed degradation of EH@th the correspond- - )
(il) ES? Is a Mono-Cobalt Enzyme Species (ECoS or ECo).

ing first-order (<g) and second—orderkZ) rate constants, .
respectively. The experimental data for both pH and pD 'he fact that the rate constamt shows a first-order
dependence on metal-ion concentration over all of the pH

ks profiles were fitted to eq 2, which quantifies the mech- i )
anism in Scheme 3, and the parameters obtained are show@%g%?ezt“d'ed suggests that*H$ a mono-cobalt enzyme

in Table 1.
It makes chemical sense that if the reactive {E®d less ECoS is most likely formed by the slow release of one
reactive (E® forms of the enzyme correspond to the di- bound cobalt ion from the di-cobalt species E&.dThe very
and mono-cobalt species, respectively, then the conversionlarge solvent kinetic isotope effect of 5.2 of the pH-
of ES' to ES occurs by a protonation step, presumably independenks rate constant suggests that the loss of cobalt
involving the protonation of a ligand required for the binding ion occurs through a rate-limiting step involving proton

Proposed Mechanism

of the second cobalt ion. transfer and possibly more than one proton in-fligB)(
(iii) ES? Requires the Association of Another Cobalt lon
k3 -+ K5[H™] to Become Catalytically Aate. ES? may be the mono-cobalt
s T TRk (2) Bcll—substrate complex ECoS, which is probably unable to
a turnover, but can accept a second cobalt ion either to yield
[H+] back the ES(ECqS) complex (Scheme 5, (B)), or to give

a different di-cobalt BcH-substrate complex EIECo,S)
(iii) Rate Constant k The first-order rate constakt shows (Scheme 5, (A)). There is no UV evidence for the formation

a first-order dependence on cobalt-ion concentration, which of ES* (ECoS) (33, 34), and if mechanism B occurs, EE
suggests that the second cobalt ion is required for turnover,would, therefore, have to turnover very fakt & (ks and
probably by association to the mono-cobalt?E$izyme k4)). Another possibility is that E9s the free mono-cobalt
species. The pH/pD dependence of the second-order rateenzyme, ECo, generated from the fast turnover of ECoS. In
constant,k’A, measured as described in Experimental Pro- this case, the metal dependent stgpcorresponds to the
cedures, is bell-shaped (Figure 5), with a maximum between association of the second metal ion to the free mono-cobalt
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Table 1: Calculated Parameters of the Rate and lonization Constants from Schemes 3 and 4

H
N
Zand
o N\)<
o :
COH
(1)
ks Kq
solvent Ka (Y kH(M~ts™) pPKaz pKa1 pPKas Kimax(M™1s™1)
H,0 8.88+£0.12 0.23+0.03 (1.7£0.5) x 10° 6.32+ 0.13 7.47+0.1 9.48+ 0.1 (1.22+0.11) x 1¢®
DO 9.57+ 0.07 (4.4£0.2)x 102 (1.29+£0.09)x 10° 6.37+0.14 8.07+ 0.1 9.38+ 0.2 (1.26+ 0.24) x 1¢°
HO/D,O 0.7+0.2 5.2+ 05 1.3+ 0.2 —0.05+0.27 0.6+0.2 —-0.1+£0.3 1.0+ 0.2
(A pKa)
3.5 Scheme 6
3 ECo,+S ECo,$ k,
=25 s
JE” 9 K| g ECo, + P
g 15 k,
g 1 EHCo,S
05 +11.H '
ol Tk [H*]k3 K [Colk,
5 6 7 8 9 10 K
PHiPD EH,CoS === EH,CoS EHCoS === ECoS
Ficure 5: Plot of log k’ against pHME)/pD(x) for CoBcll (J:f s &2
02 +

catalyzed hydrolysis of benzylpenlcnlln (£ 103M)in 0.025 M
buffer (| = 0.25 M, at 5°C) (in the assay cell [apoBclH§ 1.25 x
107-6 x 107% M, [Co?"] = 7.5 x 1064 x 1073 M); the solid

independently to be 7.85 (on basis of the measurement of

lines are the calculated values using eq 3 and the parameters showghe pH dependence of its alkylation rate with iodoacetamide)

in Table 1.
Scheme 4
EH,S? EH,S? EHS? = — ES
(inactive) H™  (inactive) , (inactive)
k4max
ESY(ES?)
Scheme 5
K
A ECo, +S K ECo,S 2 ECo, +P
s lk3 T K,
Kk, [Co]
ECoS —>ECo,8'
B ECo+S ECo,S ECo,+ P
k; [Col || K,
ECoS

(39).

Arguments in favor of ESbeing a di-cobalt enzyme
species (ECg£8) and ES$ being a mono-cobalt enzyme
species (ECoS) also come from previous spectroscopic
studies 84). On the basis of the MCD spectra of E&nd
ES and the analogy with model compounds, it has been
suggested that the cobalt ion coordination sphere is five-
like in ES and four-like in ES. Also, the Cys-Co charge-
transfer band becomes 7-fold more intense in thedp8cies
compared with that of the ESpecies 34), which may be
explained by the fact that in ESunlike in ES, the second
cobalt ion is bound in the Cys site.

The proposed branched pathways involving the mono- and
di-cobalt forms of the enzymesubstrate complex or inter-
mediate ECoS and EG® in their different protonation states
are given in Scheme 6. Under the conditions of adding
substrate to a solution of previously incubated enzyme and
excess cobalt ion, the initial step involves the di-cobalt form

enzyme. This model implies that ECo is unable to bind the of the enzyme binding the substrate to form the di-cobalt
substrate and that the substrate only binds to the di-cobaltBcll—substrate complex (Scheme 6). The reaction is very

enzyme.

fast, even at subzero temperaturéd)(and under saturating

As k' is pH-dependent, two groups on the mono-cobalt conditions, it can be assumed that at time zero, all of the

Bcell spemes (ECo0S) of b, 6.32 and 7.47 need to be

enzyme is present as E€ During turnover, ECS reacts

deprotonated before the uptake of the second cobalt ion. Theto give products via the fast rouke or can be converted to
groups are, possibly, ligands for the incoming second cobalt the mono-cobalt species, ECoS, with a rate congtaliVhen

ion. The existence of two protonation states of ESCoS)
species has been proposed bef@®4) On the basis of the
observation that the UV spectrum of £8t lower pH is

the regeneration of EG8 is much slower than branching
(ks < k3), at the steady-state, most of the enzyme will be in
the ECoS form, and the rate-limiting step will ke At higher

different from that at high pH, where the charge-transfer metal-ion concentrations, whéw>> ks, most of the enzyme

absorption corresponding to the CySo interaction is

will be in the EC@S form, and the product will form via

enhanced. Thus, it is possible that one of the two ionising the rate-limiting stegk.. Whenks and ks, are of the same

groups is Cys221, the K3 of which we have found

order of magnitude, the steady-state contains both,5Co
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Scheme 7

L\ L> L\ L)

ECoH,0 L — M—OH,

/ L) / ) EHCoOH
L B L L BH* L

-H*
[MIK,

S ) L
ECo,H,0 L7M_OH M—1, /> ECo,OH

> L— M— OH—Mm —L
L

[H*]K
o\

L

L

ll /M;P 1) - /M_FV\M\
AR DAY

and ECoS. At lower pH, wherk; is much greater thaky, this to occur, the interaction of the second cobalt ion with
the main species at steady-state is the mono-cobalt enzyméhe enzyme ligands and possibly the substrate must be
(ECo0S), whereas at higher pH, wheeedecreases ankl, reduced.
increases, the steady-state is given by a mixture of di-cobalt One chemically feasible possibility is that the branching
(EC@S) and mono-cobalt enzymes (ECoS). occurs in the step involving regeneration of the catalytic

The magnitude of the burst, that is, the amount of product metal-bridging hydroxide, which is consumed during turn-
hydrolyzed during the pre-steady-state regime, is given by over. For example, if product release occurs through
Eoko/ks, whenk, << ks, so that aks decreases at higher pH  displacement by water or if the water molecule bridging the
andk; is essentially constant, less enzyme is needed to gettwo metal ions in ECgH,0O is introduced in a separate step
the same size of burst. Although pathway B in Scheme 5 is following product release, deprotonation must occur to
the simplest pathway from a mathematical point of view to generate a catalytically active species (EQl) (Scheme
treat the experimental data, the biphasic character of the7). The deprotonation stef(;) may be in competition with
progress curves can also be explained by other moremetal-ion dissociationk§) so that after a number & J/ks
complicated but kinetically indistinguishable schemes. For turnovers, the rate-limiting step becomes the association of
example, a different intermediate, EfPoor a free enzyme  the metal ion to the mono-cobalt enzyme to give the
species, EHCg could be responsible for the branch. catalytically active di-cobalt enzyme (E@aH). This mech-

At the molecular level, Scheme 7 illustrates a possible anism explains the kinetic dependencies of the various
mechanism for the CoBcll catalyzed hydrolysis of benzyl- derived rate constants.
penicillin. The di-cobalt enzyme (EGOH) binds the sub- There are many potential mechanistic roles for the metal
strate and forms the Michaelis complex, followed by sev- ions ing-lactamases. It is commonly suggested that the metal
eral chemical steps before the product is formed. Any one ion lowers the [, of the coordinated water so that the metal-
of the di-cobalt metalloenzyme species on the catalytic bound hydroxide ion is a better nucleophile than water itself.
pathway is potentially able to lose one metal ion and give However, the lower thelf, of metal-bound water, the more
the catalytically less active (or inactive) mono-cobalt enzyme tightly bound and stabilized the resulting hydroxide ion,
species and, consequently, the observed decrease in rate. Favhich, although it becomes the dominant species even at
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low pH, corresponds to a more weakly nucleophilic hydrox-
ide ion. If a major role of the metal ion is to provide a better

nucleophile than water, then the net catalytic effect depends
on the relative importance of concentration and the depen-

dence of the rate upon nucleophilicity. If th&pis above
the desired pH range, then metal-coordinated water will be

the dominant species over the desired pH range, but

deprotonation will give a more nucleophilic metal-bound
hydroxide. How reactivity changes with changinkj,mnd

pH will depend on the susceptibility of the rate of reaction
to the basicity of the nucleophile, the hydroxide ion bound
to the metal, as indicated by the Bronsjgd. value. It is

likely that a water molecule bound to two metal ions will
have a lower K, than that bound to one. The other major

role for the metal ion is to act as a Lewis acid by coordination 17

to the g-lactam carbonyl oxygen giving a more electron
deficient carbonyl carbon that facilitates nucleophilic attack.

The metal ion, thus, stabilizes the negative charge developed 12. Concha, N. O, Janson, C. A., Rowling, P., Pearson, S., Cheever,

on the carbonyl oxygen of the tetrahedral intermediate anion.
Breakdown of the tetrahedral intermediate could also be
facilitated by Lewis acid catalysis involving direct coordina-
tion of the departing amine nitrogen to the metal ion. A low
pKaimplies a more electron deficient metal-ion center, which

would give a better Lewis acid to stabilize the negative 13.

charge developed on the oxyanion of the tetrahedral inter-
mediate. The di-cobafi-lactamase from Bcll, thus, presum-
ably requires the metal ions to adopt both of these important
catalytic roles.

In summary, we have shown that the biphasic kinetic
behavior observed in the hydrolysis of benzylpenicillin
catalyzed by cobalt substitutegilactamase fronBacillus
cereusis due to the loss of a metal ion from the active site
of the di-cobalt enzyme to generate a catalytically inactive
species. This is due to an intrinsic part of the mechanism,
which requires the bridging hydroxide ion to be consumed
during turnover. Hence, this catalytically important group

has to be replaced by water, and its absence as a ligand for

binding the metal ion gives the opportunity for competitive

metal-ion dissociation from the enzyme. Preliminary studies 18.
suggest that these pathways also operate for the native zinc

enzyme under certain conditions.
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