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ABSTRACT. The zinc metalloenzymg-lactamase 11 LII) from Bacillus cereushas been overexpressed

in Escherichia colias a fusion protein with glutathior@transferase, and the metal binding properties of
recombinanpLIl toward Zn(Il) and Co(ll) have been studied by fluorescence and activity measurements.
The apoenzyme is able to bind two metal ion equivalents, which confgt.brits maximum enzymatic
efficiency. The enzyme is partially active with one metal ion equivalent. The diCo(ll) and a mixed
Zn(I)Co(ll) derivative of SLII were obtained and probed by electronic and paramagnetic NMR
spectroscopy. In the high-affinity site, the metal is bound to three His residues and a solvent molecule,
adopting a tetrahedral geometry. A Cys, a His, and an Asp residue are coordinated to the low-affinity
metal site, together with two or three solvent molecules. This coordination polyhedron resembles the
binuclear metal site of thBacteroides fragiliss-lactamase [Concha, N., Rasmussen, B. A., Bush, K.,
and Herzberg, O. (199@&tructure 4 823—-836; Carfi, A., Due, E., Paul-Soto, R., Galleni, M., Feg J.

M., and Dideberg, O. (1998cta Crystallogr. D54 47—57] but differs from that resulting from the
X-ray study ofgLIl [Carfi, A., Pares, S., DUe, E., Galleni, M., Duez, C., Fre, J. M., and Dideberg, O.
(1995)EMBO J. 14 4914-4921]. These results suggest that this binuclear metal site may be a general
feature of metallgd-lactamases.

pB-lactamases are bacterial enzymes that have developeaxperiments were useful in defining the involvement of His
the ability to hydrolyze thég-lactam ring of several antibiot-  residues in the metal binding si{&, 9). Substitution of the
ics. Most of the bacterial resistance to antibiotics arises from native Zn(ll) by Co(ll) gave rise to a characteristic Cys
the production of these enzymes. Prototypfddctamases  Co(ll) LMCT at 348 nm, thus indicating a probable kQ@ys
are serine-active enzymes, classified into different categoriescoordination polyhedror(7, 10, 11) The recently solved
having distinct hydrolytic mechanisms as well as different X-ray structure offLIlI revealed an active site containing
substrate specificitie€l—3). The so-called class B-lac- one Zn(ll) ion coordinated to three histidine residues (His
tamases are an exception, since their activity depends on th&6, His 88, and His 149) and to a solvent molecule in a
presence of a divalent metal ion, naturally zinc(ll). Metallo- tetrahedral fashiorf12) (Figure 1A), in conflict with the
pB-lactamases represent only 7% of the universg-ti#fcta- spectroscopic studies in Co(ll)-substitugd! (7, 10, 11)
mases, but they stand as the major group of carbapenem-This discrepancy could be attributed in principle to differ-
hydrolyzing enzymeg4). The interest on expanding the ences in the coordination spheres between the Zn(ll) and
current knowledge on these enzymes has been stimulatedCo(ll) enzymes. However, the subsequent elucidation of the
by the diffusion of metallg3-lactamases to pathogenic 3D structure of the metal-dependefitlactamase from
species and the inefficacy of commercial inhibitors against Bacteroides fragiligorovided more intriguing clues to this
their hydrolytic action4, 5). A thorough understanding of  subject(13—15). This enzyme possesses an active site with
the metallog-lactamases’ structure and the mechanism of two Zn(ll) ions (13—16). one of them (Zg exhibits a
the reactions they catalyze may provide the background for coordination polyhedron superimposable with the only Zn(ll)

rational drug design. ion found in SLII (Figure 1B). The second one (Zn
B-lactamase 11 §LI1)* from Bacillus cereusvas the first displays a trigonal bipyramidal coordination geometry, with
enzyme of this class to be report¢é, 7). Early NMR a solvent molecule as bridging ligand between the two ions

(Figure 1B). Zn is also coordinated to an Asp, a Cys, a
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Ficure 1: Schematic view of the metal sites of ()LIl, from 20.1-
Carfi et al.(12); and (B) Bacteroides fragiliss-lactamase, from 144

Concha et al(13). The pictures were rendered with RasMol v2.6 ) )
(R. Sayle, 1994, Greenford, Middlesex, U.K.). The amino acid FIGURE 2: Vector construction and expression of the GSLII

numbering given in parentheses for the picture of Bnhdragilis fusion protein. (A) Construction of the pETBLII vector. The
enzyme indicate the corresponding numberinglin. sequence at the top indicates the oligonucleotide used to introduce

a BanHl site and a sequence codifying a thrombin recognition

. . . cleavage site (indicated with an arrow). The solid areas within
"Qar!ds are ponserved re&duesﬂhll (17), and previous . recombinant plasmids and in spare fragments represent DNA coding
_b'nd!ng studies support th_e existence of a second met'?" SIt€for SLII; the stippled areas, cDNA of GST; and the open areas,
in this enzymg7, 10) the finding of only one metal ion in  plasmid DNA. (B) Electrophoretic analysis of the proteinsugt

BLII has been attributed to a lower metal affinity. One of of purified GST-ALII fusion protein (lane 1), 4ug of the

the major issues stemming from these data is whether theséi'.rg%’zsgz r’i}‘iz‘é“é%_g"’(‘giezzi)}a\?er%fS%‘gigcet‘igh')' S(y'él‘&% /032; A"’g‘g

enzymes indeed display different catalytic mechanisms o ¢5joed by staining with Coomassie Brilliant Blue. The positions
not. corresponding to the molecular weight markers are indicated at the

Metal substitution is a well-established protocol for I(_aft margin_. The positions of the protein bands are indicated at the
probing metal sites in proteind8—24), being particularly ~ ight margin.

useful in zinc enzymes since the Zn(ll) ion is silent to most . . .
; : ; 150 mM NacCl, pH 7.3. The Tris-Zn buffer is 100 mM Tris-
spectroscopic techniques. This strategy has also been applie Cland 1 mM ZnSG, pH 7.0.

to studygLIl (7, 10, 11)and theB. fragilis 5-lactamasél5, . ;
; ; : Plasmid Construction.cDNA clones forfSLIl from B.

16). In the former case, the dlscrepanue_s _W|th the X—rgy cereus569/H (PRWHO12)17) were kindi rﬁovided by Dr
structure have cast some doubt on the validity of extendmgA Carli Rp h T bi %/pl id I%ITBLII
the spectroscopic data on the Co(ll) derivative to the native (#igu?glg%)( cgﬁtg{s thee gﬁg?emségir;ngeasorplmagﬂm
enzyme. However, Co(ll) has been recognized as a superq. ; . . .

; : - : inked in frame to the 3end ofSchistosoma japonicUsST
probe since C-O(”)TSUbStItUtEd Zinc enzymes retain mostly gene. This plasmid was constructed as féllgws: a 522 bp
the native active-site geometry and activigs—30). We fragment containing the Niterminal region offLIl was

have studied the binding of both Zn(ll) and Co(ll) to apo- o . X . 2

ALII by using different spectroscopic techniques. Due to égﬂgfg%gﬁfﬁégﬁ_fg&%&g;”mgrgngggﬁgﬁﬁ
the large quantities of enzyme needed for these studies, Ve A GCCTOCAACTAAAAT.S -Than ) lified A ‘
have overexpresseflLll in Escherichia colias a fusion e € ampiified fragmen

protein with GST contains aBanHI restriction site as well as a sequence

In the present paper we will address the following issues: encoding a cleavage recognition site of thrombin (Figure 2A,
How many metal sites are there for Zn(Il) and Co(ll) binding top). This fragment was dlgested WB_anHI anc_JPsIl. The
in ALII? Do the conserved amino acids in the putative product of 336 bp was purified and ligated with a 1050 bp
second. metal-binding site $LII lead to a binuclear Eenter Pst —Hindlll fragment containing the COOH-terminal frag-
e 19 i ment of the originaBLIl cDNA and introduced irBanH|—
similar to the one in theB. fragilis enzyme? Are there

S . Hindlll sites of a pETGEX-CT vectof31, 32)(Figure 2A).
E\ijStaPEﬁlsdgir?C,e)s 3ewze2;ﬁﬁ Zn(ll)uagtﬁl] CO(:‘I)dﬁg:\é?& The sequence coding for the recognition site of thrombin is
mstZIo ite corr)élateé to gn |(1)1at'c gf?g'(;nl?: ,)Cy 0 then located immediately %o the cloning site ofLIl. This

sltes zymati iciency: construction was verified by DNA sequencing.

Protein Expression and PurificationLIl from B. cereus

EXPERIMENTAL PROCEDURES 569/H was obtained as described by Davies et(2B).
All chemicals used in this work were purchased com- RecombinaniLIl from E. coli was obtained as follows:
mercially and were of the highest quality available. The BL21 (DE3) E. coli cells transformed with the plasmid
MTPBS buffer is 16 mM NgHPO,, 4 mM NaHPO,, and pETBLII were grown in 13-L cultures in a Microferm unit



Bimetallic Metallof-lactamase Biochemistry, Vol. 37, No. 28, 19980175

(New Brunswick) from an overnight inoculum, in LB out using rabbit antisera raised against GST gl (38).
medium supplemented with 15@/mL ampicillin. Cells N-Terminal protein sequencing was performed by the
were grown 4-5 h at 37°C until ODggo = 0.8 was reached.  Protein/Peptide Micro Analytical Laboratory at the California
IPTG was added, and the culture was further incubated atlnstitute of Technology (Pasadena, CA).
30 °C for an additiona 2 h period. All subsequent Metal Derivatives. The apoprotein was prepared by
purification steps were performed at@. E. colicells were dialyzing a 0.1 mM solution of5LIlI twice against 100
collected by centrifugation at 8090for 5 min and then volumes of 10 mM EDTA in 20 mM sodium succinate/1
resuspended in lysis buffer (MTPBS with 1 mM Zn&and M, pH 6 at 4°C; and then against at least two times with
1 mM PMSF) and lysed in a French press at 1200 psi. Cell 100 volumes of 20 mM sodium succinate/1 M NacCl, pH 6
debris were separated after ultracentrifugation at 10§000 at 4 °C (8, 9). All these procedures were performed in
for 1 h. DNase (2:.g/mL) was added to the clear supernatant Chelex-treated solutions. Plasticware was washed with
liquid, which was loaded into a glutathionagarose resin  Chelex-treated water prior to use. The integrity of the
(sulfur linkage, Sigma) equilibrated with MTPBS buffer. The apoprotein was checked in all cases by the recovery of the
solution was passed several times overnight in order to ensure3-lactamase activity upon addition of 10 mM Zn(ll). The
maximum binding of the fusion protein. The column was Co(ll) derivative was prepared by addition of cobalt chloride
thoroughly washed with MPTBS buffer and 50 mM Tris- to a buffered solution of apoprotein at room temperature. A
HCI buffer at pH 8. The GS¥FpLII fusion protein was standard cobalt solution (Titrisol, Merck) was used for this
eluted with 10 mM GSH in 50 mM Tris-HCl at pH 8. The purpose.
pure fractions were treated with bovine plasma thrombin  Spectroscopic Measurementall spectra were collected
(Sigma) with a 8:500 ratio in 150 mM NaCl/2.5 mM CaCl at 25°C, except when indicated. The electronic spectra were
at 26°C during 1 h under gentle agitation. The proteolysis recorded in Gilford Response I, Beckman DU 620, and
mixture was diluted to 1:3 with buffer and later passed Ultraspec Il LKB spectrometers. Spectrophotometric titra-
through a Sephadex CM-50 column equilibrated with Tris- tions were performed by stepwise addition of standard
Zn buffer. The resin was washed until no absorption at 280 solutions of Co(ll) and Zn(ll) chloride to a 10 mm path
nm and no GST activity were detected in the eluate. Pure length cuvette containing 028 mM apo#LIl in metal-free
PBLII was finally eluted with Tris-Zn buffer containing 400  buffer. After a 5-min equilibration, spectra were recorded.
mM NacCl. The read value remained unchanged after the equilibration
Activity and Protein Measurementgi-Lactamase activity ~ time. The reported spectra were obtained by subtracting the
was monitored by using cephalosporin C, penicillin G, or spectrum of the starting apoenzyme or the excess Co(ll)
nitrocefin as substrates. The reaction medium was 50 mM (when appropriate). In all cases, the spectra were corrected
MOPS, pH 7; 20 mM sodium succinate/1 M NaCl, pH 6.0; for dilution. The protein concentration in the cuvette was
or 20 mM sodium cacodylate/0.5 M NaCl, pH 6.0. In each determined fromezg, = 22 000 Mt cm.,
case, the final concentration of Zn(Il) was 10 mM, except  Metal binding was followed by fluorescence measurements
during the titrations. The kinetic parameters were determined using a Jasco FP-700 fluorometer. Tryptophan fluorescence
with nitrocefin as substrate by following the product forma- was recorded with the excitation wavelength at 286 nm (10-
tion by the increase of Ahg (Aesgz= 15000 Mt cm™Y) nm slit) and emission at 335 nm (10-nm slit). In a typical
(34) by initial rate measurements. One unit®factamase  experiment, apg@Lll was added to a final concentration of
activity is defined as the amount that hydrolyzegrhol/ 0.2-2 uM to 2—3 mL of a metal-free buffer in the
min of substrate/min at 3TC in 20 mM sodium cacodylate/  fluorometer cuvette. Aliquots of a metal ion solution were
0.5 M NaCl, pH 6.0, in the presence of 10 mM ZpClin added, and after a 5-min equilibration, the fluorescence was
the titrations followed by activity measurements, the apoen- read. Usually, 810 data points spanning the sensitive range
zyme was added to the reaction mixture containing the of the binding curve(s) were collected. The fraction of
substrate and the metal ion at the corresponding concentraformed Co(Il)fLII was determined by the fluorescence drop
tion. Preincubation of the apoenzyme with the metal ion, at each point. The measured fluorescence data were cor-
followed by addition to the reaction mixture containing the rected for dilution and inner filter effects. EDTA was added
substrate yielded comparable values. In all cases, theafter the titrations in order to check the reversibility of metal
stability of the substrate in the presence of Zn(ll) or Co(ll) binding and the absence of protein denaturation during the
in the corresponding buffer was tested before each assayexperiment. The measured fluorescence after addition of
GST activity was monitored at 30C by using the EDTA usually amounted to 8890% of the value corre-
transferase-mediated reaction between GSH and C(3§B sponding to the apoenzyme. The corrected fluorescence data
The reaction course was followed by the increase ofssbs  were fit to a hyperbolic equation using a nonlinear least-
in a mixture containing 1 mM GSH and 1 mM CDNB in  squares regression.
100 mM sodium phosphate buffer at pH 6.5. NMR spectra were recorded on Bruker ACE 200 and MSL
Total protein concentrations were estimated by Lowry’s 300 spectrometers operating at proton frequencies of 200.13
method (36). Protein samples were analyzed by SBDS and 300.13 MHz, respectively. The concentrated samples
PAGE followed by Coomassie blue staining or by inmuno- for NMR experiments were obtained by using Centricon-10
blotting. Samples were denatured by incubation in 10 mM (Amicon) concentrator units up to final concentrations of
Tris-HCI, pH 7, 2 mM EDTA, 0.5%5-mercaptoethanol, 10% 2—5 mM. DO solutions were prepared by dissolving the
(v/v) glycerol, and 2% SDS for 5 min in a boiling water lyophilized protein in deuterium oxide. The reported pH
bath and then separated by SEISAGE in a 12% ge(37). values measured inJD solutions are not corrected for the
After electrophoresis the samples were transferred to nitro-isotopic effect. All chemical shifts were referenced to the
cellulose membrane and inmunoblot analysis were carried chemical shift of water at the appropriate temperature, which
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Table 1: Kinetic Parameters Determined for Nitrocefin Hydrolysis

B. cereussLll recombinantfLIl  GST—pLII
Kwm (M) 20.2+0.9 14.3£ 0.1 17.7£ 0.2
Vimax(IU x 1073 10+ 0.8 8.2+ 0.2 8.5+ 0.1

in turn was calibrated against internal DSS. One-dimensional
experiments were performed using the superWEFT pulse
sequence (186-7—90°) (39). Different delays<) were used

in the superWEFT pulse sequence to optimize the detection
of the fastest relaxing signals. The chemical shift values
reported in the text were taken at 298 K. Nonseleciive
values were determined by means of an inversi@tovery
experiment. Thd; values were calculated from the initial
slope of the semilogarithmic plots of the fractional deviation
of the zmagnetization from the equilibrium vs the intermedi-
ate delayr (40). The NMR data were processed on a PC-
compatible computer using WinNMR software (Bruker).

RESULTS

Protein Expression and PurificationThe strategy fol-
lowed to construct the pETBLII expression vector for the
production ofB. cereusfLIl in E. coli is summarized in
Figure 2A. ABanHl site was introduced in the 1 position
by amplifying the cDNA of SLII (see Figure 2A and
Experimental Procedures). The cDNA was ligated in phase
with the 3-end of the cDNA sequence for GST in a
PETGEXCT plasmid(32). The new plasmid (pETBLII)
contains a sequence coding for a recognition site for thrombin
cleavage between the GST gfid| sequences (Figure 2A).

The fusion protein GST/LII accumulated to high yields
in the host bacteria. The cell lysate was loaded onto a
glutathione-agarose affinity column, which was thoroughly
washed. Upon elution with glutathione, a single fraction
could be recovered that was identified as a single band
corresponding to a protein of molecular mass 51 kDa by
SDS-PAGE (Figure 2B). This molecular mass agrees with
that expected for the fusion protein from GST (26 kDa) and
BLII (25 kDa). This protein was also recognized with
antibodies specifically raised against both GST #&hdl,
and it exhibited GST and-lactamase activity tested against
nitrocefin, penicillin G and cephalosporin. This activity is
inhibited when EDTA is added to the reaction mixture.

The purified fusion protein was treated with thrombin.
The reported conditions for protease incubation correspond
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Ficure 3: Zn(ll) and Co(ll) binding to apgLll. (A) Semiloga-
rithmic plot showing the recovery of th®lactamase activity upon
titration of apogLIl with Zn(ll) (O) and Co(ll) @). The metal ion
concentration is in micromolar units. (B) Fluorescence quenching
upon addition of Co(ll) to 0..xM apo{LII until complete uptake

of the first metal equivalent. (C) Fluorescence enhancement by
addition of Zn(ll) to 0.3uM mono-Co(ll)ALIl. (D) Fluorescence
quenching upon addition of Co(ll) to 08V mono-Zn#LII until
complete uptake of the second metal equivalEptepresents the
initial fluorescence, andr is the read value for each point. The
continuous lines represent least-squares fits. The corresponding
calculatedKp values are given in Table 2. These titrations were
performed at pH 6.0 and 2% in 20 mM sodium succinate/1 M
NaCl.

40

1). Amino acid sequencing of the N-terminal region
indicated the sequence GSQKVEKTVIKNE, which corre-
sponds to the first 10 amino acids of mat@ecereussLI|

(17) preceded by a Gly, as results from the introduction of
the specific cleavage site for thrombin (Figure 2A), thus
confirming the success of the chosen strategy.

Metal Binding StudiesThe apoenzyme is able to recover
the activity of SLII by reincorporating Zn(ll) (7). The
stepwise addition of zinc chloride allowed us to evaluate the
dependence of thg-lactamase activity on the presence of
increasing amounts of this metal ion. The data summarized
in Figure 3A clearly show two inflection points. This
situation is also met when Co(ll) is added to gfidt (Figure

to the optimal situation in which disappearance of the band 3A). Fitting of these curves to a hyperbolic equation yielded
corresponding to the fusion protein is observed, and no affinity constants of the apoenzyme for the two metal ions
truncated products are obtained. The proteolysis mixture, at both pH 6.0 and 7.0 (Table 2). These data somehow differ

when analyzed by SDSPAGE, showed only one broad band
of ~26 kDa (Figure 2B). Isoelectrofocusing analysis

from others already reportéd, 10, 41). According to those
figures, it has been suggested that the observation of only

demonstrated that this band corresponded to two proteinsone Zn(ll) ion in the X-ray structure g¢fLIl would be due

with pl values of 6.1 and 8.3, which correspond to the
reported values for GST ariLIl, respectively (not shown)
(33). This protein mixture was purified by ion-exchange
chromatography on Sephadex CM-50. Two major fractions
were characterized. The first one was identified as GST,
whereas the second one was characteriz¢il Asiccording
to activity profile, SDS-PAGE migration pattern, and
inmunoblotting analysis.

RecombinangLII exhibited kinetic properties comparable
with those of the native protein frold. cereus(see Table

to the looser binding to the second i1, 14) We decided
to use other methods that provide structural information on
the metal uptake.

Trp 59 and 189 are located at ca. 10 A fromy Zm SLII
(12). If the fluorescence of these residues is affected by
metal binding to the apoenzyme, this technique could provide
a simple means to measure metal affinities independently
of the activity of the metal site$42). The fluorescence
emission spectrum of ap@kIl upon excitation at 286 nm
yielded a maximum at 335 nm. Addition of saturating
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Table 2: Thermodynamic Dissociation Constantgbfi for Zn(ll) 1000 - A
and Co(ll) As Determined from Fluorescence and Activity
Measurements
800
metal pH method| Kpvalues —
Zn(lly 6.0 A Kol =6+ 14M 5 600+
Kp2 =760+ 100uM 2

Zn(lly B Kp!= 0.8+ 0.1uM 400 -

Kp? = 2.5+ 0.2 mMP

Zn(lly 7.0 A Kol = 90+ 10uM 200 -
B

Kp?=14+0.1 mM

Zn(ll) Kp! =120+ 10uM 0
Kp? <2 mM ’ ‘ *
300 400 500 600 700
Co(ll) 6.0 A Kp! =954 10uM A (nm)
Kp2= 14+ 3 mM
Co(ll) B Kp!= 110+ 10uM 50
Kp?=11.0+ 1 mM° 1000 | B
Co(ll) 7.0 A Kpl=714 15uM L 40
Kp? < 14 mM %00 ~
Co(ll) B Kol =954 5uM ° e
Kp2=3.7+0.5mM B ~30 2
S 600 - s
aMethod A, activity; method B, fluorescence (see text for details). e w
b Measured by addition of Co(ll) to the mono-zhdl enzyme. 400 - 20
¢Measured by addition of Co(ll) to the di-Zn(ll)-substituted enzyme.
200 - 10
amounts of Zn(ll) to the apoenzyme quenched only 13% of .
the fluorescence, as expected due to the diamagnetic nature 0 . l =7 0
of Zn(ll). Efficient fluorescence quenching due to Zn(ll) 300 400 500 600 700
binding has only been observed in cases where severe A (nm)
conformational changes ta_lke.place in the environment of the g, .z 4: Electronic spectra of (A) CoCALIl and (B) ZnCo-
fluorophore upon metal bindin@#2, 43) BLIL In panel A, the enzyme concentration was 0.38 mM, and the

Co(ll) did efficiently quench the fluorescence of the total Co(ll) concentration was 9 mM. The spectrum of the
apoenzyme t@a.one-third of its value. In this way, Co(ll) ~ apoenzyme was subtracted. In panel B, the ZCh-species was

i ; ; " obtained by addition of Co(ll) to the mono-Zit:1l adduct. The
binding can be monitored by this method. Addition of excess solid trace (at the left) corresponds to a sample of 0.15 mM enzyme

Zn(ll) to Co(ll)-ALII restores the fluorescence tra. 80— reconstituted with 20 mM Co(ll). The spectrum of mono-ZoH
90% of the value observed for hofi-ll, indicating a was subtracted in the 36@L00 nm region. The dotted trace (at the
common interaction site. Hence, we could follow Zn(ll) right) is the spectrum of 8 mM enzyme with 9 mM added Co(ll).
binding hrough the luorescence recovery upon displacing 11, ST 15 21 Sl o e st
Co(ll) by .back-tltratlon. The metal th‘?‘ke was shown fo due to the h?ghpprotein concentration. All the spectra v%ere recordeg
be reversible after Co(ll) and Zn(ll) binding by recovery of 5t hi4'6.0 in 20 mM sodium succinate/l M NaCl.
most of the fluorescence of ayftdl upon treatment with
EDTA. Representative binding curves are reported in Figure proves to be useful for measuring metal binding affinities
3B—D, and the calculated dissociation constants are sum-in SLII under conditions in which metal uptake cannot be
marized in Table 2. monitored through hydrolytic activity.

The titrations of ap@LIl against Co(ll) at pH 6.0 and Electronic Spectroscopy of Co(lBkll. The electronic
7.0 show two clear inflection points, in agreement with those spectrum of recombinagLIl upon addition of excess Co(ll)
followed by activity measurements. A neat plateau is is reported in Figure 4A, and it is identical to the reported
observed upon uptake of the first Co(ll) equivalent (Figure spectrum of Co(Il)SLII from B. cereus (7, 10, 11) An
3B), thus allowing us to measure the affinity of the first site intense absorption is observed at 348 nm, being characteristic
toward Zn(ll) by metal displacement on the mono-Co(ll)- of a Cys— Co(ll) LMCT band. Less intense features are
ALII (Figure 3C). observed in the visible region at 530, 551, 614, and 637 nm,

To selectively titrate the low-affinity site, we took attributed to ligand field transition&, 10, 11) However,
advantage of the distind{p values for the different metal these spectral features have not been assigned to each one
ions (Table 2). Dialysis gfLIl against a buffer solution at  of the metalloci. We then recorded electronic spectra
pH 6.0 containing 5@&M Zn(ll) ensures an almost complete  obtained by titrating ap@LIl with Co(ll) (Figure 5A). As
Zn(ll) uptake at the first metal site, with the second one being can be seen, different absorption spectra can be distinguished
empty. Addition of Co(ll) to the mono-ZiBLII enzyme during the course of the titration. The CysCo(ll) LMCT
yields the hybrid ZnCgLII species, without displacing the  band is formed early in the titration (i.e., at low metal/protein
Zn(Il) ion from the first site (Figure 3D). The calculated ratios), simultaneously with a broad feature centered at 600
Ko value agrees with the one retrieved from the second nm. The latter band disappears upon further addition of
inflection in the direct titration of ap@LIl. The affinity of Co(ll), giving rise to the four ligand field bands observed in
the second binding site toward Zn(ll) was calculated by the final adduct. The advent of these signals is concomitant
titrating ZrnpLIl in excess Zn(ll) (10 mM) vs Co(ll) (not  with a substantial increase of the intensity of the 348 nm
shown). Again, the calculated values parallel those deter-absorption (Figure 5). These spectral changes strongly
mined through activity measurements. This methodology suggest formation of a metal-protein adduct at low Co(ll)
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Absorbance

od* pd

= 200 150 100 50 0 50
0.00 : | T & (ppm)

300 400 500 600 700 FiIGURE 6: 'H NMR spectra of (A) CoCgLll, and (B) ZnCo-
PLIL. Signals marked with an asterisk are absent when the spectra
— are recorded in _ED. The spectra were recorded in@® at 200
6 - B . ST MHz and 298 K in 20 mM sodium succinate/1 M NaCl at pH 6.0.
14 / since it is able to reveal the identity of unknown metal ligands
12 4 / (44—46). The'H NMR spectra of the CoCgLII and ZnCo-
/ PALII adducts were recorded in conditions suitable for the
107 / detection of paramagnetically shifted signals. A number of
08 / hyperfine shifted signals spanning from 240+®0 ppm
# [ e were observed in both metal derivatives (Figure 6), attribut-
able to protons belonging either to Co(ll) ligands or to
residues in the near environment of the paramagnetic ion
(44—46). The observed shifts and relaxivity features are
typical of paramagnetic Co(ll) metalloprotei(é4—46). In
0.00 * ' { * { particular, signals AK are well shifted and display short
o 200 400[@(116)?0 800 1000 T, values, indicating that they correspond to protons belong-
i _ _ ing to Co(ll) ligands, experiencing nonnull contact shifts.
Ficure 5: Evolution of the electronic spectra of apgbil in the All the hyperfine resonances broaden at higher magnetic

presence of increasing Co(ll) concentrations at pH 6.0. Panel A . L . . .
shows the recorded spectra corrected for dilution. The initial fi€lds, thus indicating the existence of a Curie relaxation

concentration of ap@LIl is 0.3 mM. The spectra correspond to mechanisn(47). For this reason, it was more appropriate
added [Co(ll)] of 0, 190, 285, 320, 380, 570, and 4000. The to study the hyperfine shifted resonances at 200 MHz.
inset shows the vertical expansion of the visible region of two points 5 comparative analysis of the spectra shows that a number

in the titration upon addition of 328M Co(ll) (dotted line) and X
5704M Co(ll) (solid line). Panel B shows the plot of the intensity ©f résonances are absent in the Zn@dk spectrum, as

of the different the electronic transitions vs [Co(Il)] in micromolar ~€xpected. They can be readily assigned as corresponding
units. The lines display the behavior of the 348 rim),(530 nm to the metal ligands of the high-affinity site. The remaining

Absorbance

(O) and 551 nm 4) bands. resonances exhibit slightly different shifts in the two species
concentrations that later rearranges to form the final end- (except signals A and B) and may be tentatively correlated
point complex at higher Co(ll) concentrations. according to their chemical shifts (Figure 6). Resonances

The precedent titration, however, did not allow us to C, D, E, and K are absent in spectra of Cold} recorded
clearly differentiate the individual spectra of the first and in D20, thus indicating that they correspond to solvent-
second metal binding sites. We therefore obtained the mono-exchangeable protons. This fact and their shifts allow us to
Zn-BLII enzyme (as already described), which was titrated assign them to imidazolic NH His protons. Only one of these
with Co(ll), in an attempt to obtain the ZnQai-Il adduct. resonances is present in the spectrum of ZgCi-(C or
Saturation of the second metal site with Co(ll) yielded a D), thus confirming the presence of one His ligand in the
spectrum with the LMCT band but without the four-band low-affinity site. These observations concur with the His
ligand field pattern present in the Co@ail enzyme (Figure ligands observed in the crystal structure of Befragilis
4B). This spectrum allows us to ascribe the LMCT band to enzyme (Figure 1Bj13—15).
the low-affinity binding site. The detection of ligand field The large chemical shifts, very shdrt values, and broad
bands was obscured by the absorption of excess free Co(ll)line widths of signals A and B are characteristic of the
at 512 nm. Titrations performed on concentrated samples-CH,s of a Co(ll)-bound Cyg22, 47-51), now clearly
(8 mM) of mono-ZnpLIlI revealed a weak, broad absorption identified as a ligand of the low-affinity site, in agreement
centered at 520 nm, which we assign as arising frend d  with the electronic spectra. According to their spectral
transitions of this species (Figure 4B). A calculation of the features, resonances F, G, and H correspond to a metal ligand

amount of bound Co(ll) according to the determin€sgl of the low-affinity site. Finally, the remaining signals display
values (Table 2) allowed us to estimate a value of 20 smaller chemical shifts and longer, values and are
M~ cm? for this composite band. attributed to nonbound residues located in the neighborhood

NMR Study of Co(lIpLII. Paramagnetic NMR is auseful of the metal site. The thorough assignment of these
spectroscopic tool for characterizing metal sites in proteins, resonances was attempted through NOE experiments, which
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proved unsuccessful in all cases due to the low signal-to-

Biochemistry, Vol. 37, No. 28, 19980179

ligands, this may be explained by assuming that two

noise ratio of the 1D spectra and to the signal broadening nonbridging water molecules are coordinating GojLII.

attributable to protein aggregatigh6).

DISCUSSION

The present results clearly demonstrate that lpb4s
able to bind competitively two metal ion equivalents of both
Zn(Il) and Co(Il). RecombinangLll is identical to theB.
cereusenzyme according to all the reported data, thus
allowing us to extrapolate the structural information here
discussed. Zn(ll) binds more tightly than Co(ll) to both sites.
However, Co(ll) is able to compete more efficiently in
binding to the second site. Co(ll) uptake monitored by

electronic spectroscopy revealed the formation of a tetrahe-
dral adduct, which later rearranges to yield the resting state
conformation (Figure 5A). This spectrum resembles the one

of an enzymesubstrate intermediate detected in low-
temperature kinetic studies of Co(jf)=Il (11). This ob-
servation suggests a certain degree of flexibility in the metal
site, which may be of functional relevance.

The spectrum of Co(lIpLIl in the visible region is
remarkably similar to that of Co(ll)-carbonic anhydrase at
alkaline pH, as already noted1). The intensity of the
ligand field bands in Co(ll)-substituted enzymes can be
analyzed as a fingerprint of the metal-site geometry, and
similar spectra are expected to reflect similar coordination
environments(18, 19) The only metal site found in the
crystal structure ofiLIl and the Zn site in theB. fragilis
enzyme are almost superimposable with the Zn(ll) site in
carbonic anhydrasg€52), i.e., a HigZnOH polyhedron.
These intense-dd bands can then be attributed to a Co(ll)
ion coordinated to three His and a water/hydroxyl molecule
with a tetrahedral geometry, which corresponds to the high-
affinity metal site ingLII. This assertion is validated by
the finding that incorporation of Co(ll) when the first site is
occupied by Zn(Il) does not give rise to these bands (cf. the
spectrum of the ZnCgLIl adduct, Figure 4B). The visible

spectrum of alkaline Co(ll)-carbonic anhydrase has been
interpreted as arising from a distorted tetrahedral environment

(53). This distortion is dictated by a strong hydrogen bond

between the metal-bound solvent molecule and a Thr residu€

(52), which confers on the active hydroxyl the right orienta-
tion for the nucleophilic attacks4). This distortion is also
present in Co(ll)5LII, as apparent from the spectral data,

and may also obey functional requirements. The electronic

spectrum of the CoCg-lactamase fronB. fragilis displays
less-resolved and weaket-d transitions in the visible region
without evidence of a tetrahedral Co(ll) sit&6).

The low-affinity site is characterized by a Cys and a His
ligand, as clearly identified from the spectral data. A third
protein ligand has been identified through NMR (signals G,

F, and H), and taking into account the resemblance of this

site to the one of th&. fragilis enzyme, it may well be an
Asp residue. These signals display shifts in the range
corresponding to th8-CH, anda-CH protons of a Co(ll)-
bound Asp(50, 55-57). The observation of weak ligand
field bands in the visible spectrum corresponding to the low-
affinity binding site (Figure 4B) may be indicative of an
octahedral coordination for Co(llj18, 19) Taking into
account that Zxis pentacoordinated in ttig fragilis enzyme
and that we have not found evidence of additional protein

An additional solvent ligand has been observed in Co(ll)
thermolysin with respect to the Zn(ll) enzyr(@5). On the
other hand, theoretical calculations have claimed that in some
cases pentacoordinated Co(ll) may give rise to low-intensity
ligand field band$53), resembling the spectra of octahedral
species, so that this possibility cannot be discarded.

By and large, this overall picture resembles the binuclear
metal site of theB. fragilis -lactamase (Figure 1B)L3—
15). Thus, we feel confident to extrapolate this conclusion
to the dizn(ll)5LIl. This structural similarity explains why
Co(ll)-ALIl is able to mimic the native enzyme activity. It
is surprising to note that the X-ray structure of the Zn(ll)
enzyme fromB. fragilis agrees more with the structure
arising from the spectral features of CoBbH than with
the ones coming from its own Co(ll) derivatiy&6).

CONCLUDING REMARKS

We have taken advantage of the distinct affinities of the
two metal sites iffLIl and succeeded in obtaining individual
structural pictures of both of them. The binding of the first
metal equivalent yields an active enzyme, which is even more
efficient upon binding of the second metal ion. The metal
ion could display a 2-fold functional role: (1) to “lock” the
bridging hydroxyl into an orientation appropriate for the
nucleophilic attack to thes-lactam ring (like Thr199 in
carbonic anhydrase) and (2) to enhance the nucleophilicity
of this hydroxyl group. Such an enhancement has recently
been observed in a binuclear Co(lll) model comp{68).
Under this hypothesis, this bridging hydroxide is expected
to be the active nucleophile, as proposed for the dizinc
enzyme leucine aminopeptidag®9, 60) The solvent
molecule bound to Zninstead may act as a proton donor.
This mechanism could stand for both tBecereusand the
B. fragilis enzymes, and the differences revealed by the
crystal structures may only reflect different metal affinities,
as already note(l3). In this way, the presence of a second
metal binding site inSLII may not be fortuitous.

The present results allow us to plagell in particular
and metallgs-lactamases in general in the family of dizinc
hydrolaseq61). The j-lactamase fronAeromonas hydro-
phila (which exhibits only carbapenemase activity) is also
able to bind two metal ions but displays a distinct behavior,
since the second equivalent acts as an inhib{i®2).
Curiously, the three enzymes display a high degree of
homology in their putative active sites. Further studies on
this family of enzymes could reveal particulars on the fine-
tuning of the metallgg-lactamase activity via point mutations
on the active-site environment.
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