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ABSTRACT. In an effort to better understand the structure and function of the metddiotamase from
Bacteroides fragilis spectroscopic and metal-binding studies were performed on the native, metal-
substituted, and mutant forms of the enzyme. Atomic absorption studies demonstrate that thB.native
fragilis enzyme tightly binds 2 mol of Zn(ll) and, along with mutagenesis studies, that the presence of
both metal ions is required for full catalytic activity. EPR spectroscopy was used to confirm that the
Co(ll)-substituteB-lactamase binds 2 mol of Co(ll) per mole of enzyme, that the two Co(ll)’s are high-
spin and probably uncoupled, with appargwialues of 6.5, 4.2, and 2.0, and that the coordination number

of the Co(ll) is 5 or 6. This number of ligands for the Co(ll)-substituted enzyme is confirmed by UV

Vis spectra, which demonstrate the presence of very weaktdansitions between 550 and 650 ne (

~ 30 M~1.cm!) and an intense feature at 320 nm~ 1570 M t-cm™%). The latter is assigned to a
cysteine sulfur to Co(ll) ligand-to-metal charge transfer band, and this assignment is confirmed by the
disappearance of this band in the BVis spectrum of a Co(ll)-substituted C168S mutafid NMR

studies on the Co(ll)-substituted enzyme suggest the presence of three histidine ligands bound to Co(ll).
Taken together, these studies support the sequence comparison study of Rasmussen et al., in which there
is a catalytic metal-binding site with three histidines and one cysteine (C168). The remaining ligands are
postulated to be water molecules involved in catalysis. Mutagenesis studies, in combination with activity
assays and metal-binding studies, have been used to identify Asp61, Asp90, Aspl52, and Aspl83 as
possible ligands to the second metal-binding site, with Asp90 and Asp152 having a pronounced effect on
kear These results are discussed in light of the recent crystal structure of the nietatitamase fronB.

cereus

Strains of antibiotic-resistant bacteria have arisen owing Scheme 1
to their possession gf-lactamases that catalyze the hydroly- = < R X
sis of the fused four-membered ring lactams found in B-Lactamase
penicillin and cephalosporin drugs (Scheme 1). The resulting o 7—> >
monocyclic product no longer inhibits a transpeptidase that 4 H,0 7 o
is necessary for bacterial cell wall synthesis (Knowles, 1985). Sor coy
Currently,5-lactamases are classified in four groups (Bush,
1989a,b; Bush et al., 1995): members of groups 1, 2, and 4
utilize an active-site serine for nucleophilic attack on the
p-lactam carbonyl (Knowles, 1985), while members of group
3 enzymes require metal ions for activity, are inhibited by
ethylenediaminetetraacetic acid (EDTA)ydrolyze all tested
penicillin- and cephalosporin-type antibiotics, and are un-

R

affected by clavulanic acid, a classigalactamase inactivator
(Bush, 1989b). Differences in the interaction of the enzymes
with substrates and/or inhibitors provide the basis for
subgrouping the seringdactamases. Within group 3, there
are at least 10 bacterial sources of the enzymacillus
cereugSabath & Abraham, 1966Xanthomonas maltophilia
(Saino et al., 1982)Bacillus licheniformis(Mezes et al.,
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The most thoroughly characterized enzymes in group 3 1 p1e 1: List of Mutagenic Primers (5~ 3)
p-lactamases are fromBacillus cereus although theB.
fragilis and Aeromonas hydrophilizenzymes have been
studied using steady-state kinetics (Yang et al., 1992; Felici PUCMSZFor  CTATGCGGCATCAGAGCAGATT

primer sequence

et al, 1993). A low-resolution crystal structure of tBe '\D/Iég’\lj,:e(\)'r gé}é@%ﬁéggfé%féﬁgée ATCAAT
cereusenzyme revealed 1 mol of Zn(ll) in the active site  psgvRev ATTGATCGGTCTGACCAGCAACGCTGC
bound by three histidines (His86, His88, and His210) and D61VFor ACACCGATCAATGTCGCACAAACGGAA
one cysteine (Cys168) (Sutton et al., 1987). A second metal- BS&ES:’ g;‘égg‘é&&%?&“%ﬁgﬁéﬁ%%%ngA
binding site that utilizes two aspartic acids as Ilgands (A§p81 DYOVRey TCOGCCAATACAAC GCCGTGCCAGTG
and Asp90) was also identified. The two sites differ pis52vFor GGACATGCGACGTCAATATCGTGGTT
markedly in their affinity for the metal ion; for the first, the  D152VRev AACCACGATATTGACGGTCGCATGTCC
Kp is ca. 1 uM, while for the second, th&p is ca. 24 mM C168SFor CCTTTTTGGCGGRCT ATGCTTAAAGACA
(Davies & Abraham, 1974; Baldwin et al., 1978). Using <168SRev TCTCTTIAAGCARGATCCCCCAAMAAGG

. D183VFor AACATCTCGSTCGCGGACGTGACGGCA
sequence comparisons, Rasmussen et al. (1990) and Walshp1g3vrev TGCCGTCACGTCCGGACCGAGATGTT

et al. (1994) subsequently reported that the metal-binding
ligands in the catalytic site of thB. cereusenzyme were
strictly conserved in theB. fragilis and X. maltophilia
enzymes with the exception in thé¢ maltophiliaenzyme
where Cys168 is replaced by a Ser. One of the two ligands
(Asp90) in the second metal-binding site of tBe cereus
enzyme is conserved in enzymes from the other two
sources.

Recently, a second crystal structure of tBe cereus
enzyme has been determined to 2.5 A (Carfi et al., 1995).

This structure differs from the earlier one; in particular, Site-Directed Mutagenesis.The expression plasmid

Cys168 is not a ligand to Zn(ll), and His149 rather than : .

; : : . oo T7CcrANDEO2 (Yang et al., 1992) was digested viNkthdl
His210 is a Ilgandr.] l\goreover, onlyba single rrr:etal-blndlng I gnd BanHl. and (the ?esulting 1 8) kl;ﬁ—lac?amase gene-
site is present. The discrepancies between the two crystal- A : o ; :

: : ' containing DNA fragment was gel-purified and ligated into
lographic studies were not addressed (Carfi et al., 1995). oUC19 t(? form thegcloning vegtorl.a Site-directe?j mutants
The rational design and preparation of a therapeutically \yare then constructed using the modified overlap and

useful inhibitor require a detailed understanding of the oy tension method (Ho et al., 1990). In brief, in the first
metallo-active site. We report here, that in contrast to the (5 ,nd of PCR. two DNA frag,ments (forward énd reverse)
B. cereuenzyme, the enzyme froB. fragilistightly binds  ¢ontaining the desired sequences were separately amplified,
2 mol of metal ions per mole of enzyme. Results from g4ch ysing one mutagenic primer (forward or reverse) and a
spectroscopic and mutagenesis studies confirm that one,niversal reverse (M13Rev) or forward (pUCMSZFor)
cysteine and three histidines do in fact serve as metal—bindingprimer' The resulting fragments were gel-purified and
ligands; one metal-binding site is probably identical to the subjected to a second round of PCR. The erftitactamase
catalytic site of theéB. cereusenzyme as initially described. gene was finally amplified using the above DNA fragments
Further investigation based on mutagenesis and metal-binding, g template and M13Rev and pUCMSZFor as primers
studies has been used to identify Asp61, Asp90, ASp152, jigested withNdd and BanHI, and ligated into pUC19 to
and Asp183 as possible metal-binding ligands in the secondgiye a4 new plasmid containing the desired mutation. The
site and Asp56 as a potentially important catalytic residue. q,tation was verified by sequencing the entire gene, and

Finally, our results are contrasted to the recent crystal i mytanp-lactamase gene was finally subcloned back into
structure ofB. cereus(Carfi et al., 1995). the original expression vector. The primers used in this work
are shown in Table 1.
Metal Content Measurementd he metal content of the

Enzyme Preparation.The -lactamase fronB. fragilis native, the metal-substituted, the mutant, and the apo
(Ccr) was produced from an overexpressifg coli fB-lactamases was ascertained using either a Perkin Elmer
BL21(DE3) clone kindly provided by Dr. Beth Rasmussen 730 atomic absorption spectrophotometer in the flame mode
at American Cyanamid Co. The protein was isolated as or & Perkin Elmer 1100B atomic absorption spectrophotom-
described previously (Yang et al., 1992) except that the cell eter in the graphite furnace mode. At least three standard
culture was made 0.01% in glucose to suppress catabolitesconcentrations were used for the calibration curve, and each
and grown at 30C to control uninduced protein production Sample was read in triplicate. All protein samples were
and to reduce cell lysis during growth. The obtained Subjected to 4 days of dialysis against metal-free 10 mM
inclusion bodies were washed in 10 mM HEPES, pH 7.4, HEPES, pH 7.4, buffer at 4C with multiple changes of
and dissolved in 8 M urea, 10 mM HEPES, 1 M NaCl, pH dialysis buffers. The metal content values reported for
7.4. The protein was then refolded by dialyzing against 10 enzyme samples are an average of readings from several
mM HEPES, 1 M NaCl, pH 7.4, at room temperature to yield preparations of the enzyme and corrected for the metal
more pure and active protein. The metal-substituted or apocontent of the final dialysis buffer.
forms of the enzyme were prepared either by inclusion of UV—Vis SpectroscopyUV—Vis spectra were collected
10—200 uM of the desired metal ion in the the refolding on a Cary 1 UV-Vis spectrophotometer at 2Z&. Differ-
buffer or by deletion of any metal ion from all the buffers, ence spectra were obtained by subtracting the—Wis

respectively. The purity of the resulting enzyme was
ascertained by SDSPAGE, and a single protein band at
ca. 26 kDa was obtained in all cases. The protein was
quantitated usingzsonm= 2.08 mL/(mgcm), and the activity
assays were conducted in 50 mM phosphate buffer, pH 7.0,
using nitrocefin (obtained from SmithKline Beecham) as
substrate; the formation of hydrolyzed nitrocefin was moni-
tored and quantitated usingigspm = 17 400 Mt-cm™!
(O’Callaghan et al., 1972).

EXPERIMENTAL PROCEDURES
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spectrum of the Zn(ll)-containing-lactamase from that of 100
the Co(ll)-substituted enzyme, after normalizing the spectra
for protein concentration. The UWis spectra of Co(ll)-
substituted carbonic anhydrase, prepared as described by
Lindskog et al. (1968), and of Co(ll)-substituted wild-type
and C168S mutarft-lactamases were also buffer-subtracted.
The buffer used in these spectra was 10 mM HEPES, pH
7.4.

Electron Paramagnetic Resonance SpectroscopPR
spectra were collected on a Bruker ESR 300E spectrometer
equipped with an Oxford ESR 900 continuous-flow cryostat
and an Oxford Model ITC4 temperature controller. Operat- 0l L
ing temperatures were read directly from the controller, 0.0 0.5
which was calibrated with a carbon glass sensor. The buffer- Zn(II) Content (mole Zn/mole protein)
subtracted EPR spectra were quantitated by double-integraFicure 1: Correlation between thg, value and Zn(ll) content of

tion of signal-averaged scans using a 200 CoCl, standard B. fragilis metallof-lactamase. Enzymes were purified with

in 10 mM HEPES, pH 7.4, buffer different refolding buffers containing 0, 5, 10, 50, and 1@
e N ’ . Zn(l1). The ks and Zn(ll) content measurements were carried out
The energy difference between the ground state and firstaccording to Experimental Procedures.

excited state levels was estimated by the temperature
dependence of the signal. Power saturation studies atin the weaker metal ion-binding site is retained. Given the
different temperatures yielddd, values which were plotted  sequence homology between tBe cereusand B. fragilis
using the equation IRy = —A/KT + In A (Pilbrow, 1990;  enzymes, we felt that it was important to focus on the issue
Yim et al., 1982). The valud is defined as the zero-field  of whether one or two metal-binding sites is a common and
splitting energy, and\ is a coefficient characteristic of the  possibly necessary characteristic of group-factamases.
spin system. _ The Zn(Il)-containingp-lactamase fronB. fragilis was
Nuclear Magnetic Resonance Spectroscopii NMR prepared by including zn(ll) in the refolding buffer at
spectra were acquired on a Bruker AMX-500 spectrometer concentrations as high as 2, followed by dialysis of
at 500 MHz at room temperature. A modified-DEFT pulse the refolded protein at %C for 4 days against several changes
sequence (D190°—7—180°—7—90°~AQ) was employed  of metal-free 10 mM HEPES, pH 7.4. Flame mode atomic
to suppress water and other resonances due to the proteiRpsorption measurements were then carried out to determine
backbone in the diamagnetic region (Hochman & Kellerhals, e Zn(ll) content of the protein samples, which depended
1980). The NMR chemical shift values are reported relative on the zn(ll) concentration in the refolding buffer. The
to the HO or HOD resonance at 4.8 ppm, with positive maximum metal content reached two Zn(ll) per protein
values indicating downfield shifts. molecule when greater than 108 Zn(Il) was included in
NMR samples were made by lyophilizing freshly-prepared the refolding buffer. The level of bound Zn(ll) correlates
Co(ll)-substituted3-lactamase, followed by dissolving the |inearly with thek.s value of the enzyme (Figure 1 and Table
freeze-dried sample in 50 mM phosphate buffer, pH 7.0, 3), suggesting that both Zn(ll) ions participate in catalysis
containing 10% RO, to give a protein concentration ofl and are required for maximizing the enzymatic activity. No
mM. The DO sample was prepared similarly except that other metal ion was detected in significant amounts within
the freeze-dried sample was dissolved in 50 mM phosphate,the enzyme (Table 2). When metal ions were excluded from
pD 7.4. The Co(ll) complexes, Co(Me-IaQl,, Co(Im)- the refolding media, the enzyme contained no appreciable

Clz and Co(4-Me-Im)Cl,, were synthesized using previously amount of any metal ion and was inactive in the hydrolysis
published procedures (Davis & Smith, 1971; Goodgame et of nitrocefin (Figure 1 and Table 2).

al., 1969a,b; Dash & Pujari, 1977) and used to determine e K, values for metal ion binding were not obtained

the chemical shift range for tf¢—H protons on imidazoles  py flyorescence titration of the apoenzyme since the protein,
bound to Co(ll). after refolding from inclusion bodies, does not appear to bind
metal ions reversibly (Stewart et al., 1994; Crowder et al.,
RESULTS AND DISCUSSION 1995). The addition of metal ion to the apo-protein does
Metal Content. Evidence from early crystallographic and notyield an active enzyme. Since the two metal ion-binding
spectroscopic studies indicates that group-actamase  Sites can be saturated by 1@81 Zn(ll) in the refolding
from B. cereuscontains two metal-binding sites with vastly ~ buffer, theKp of bothmetal-binding sites has an upper limit
different metal-binding affinities (Sutton et al., 1987; Baldwin 0f =10uM for Zn(ll). The fact that the metal ion to protein
et al., 1978). The tighter binding metal ion was postulated Stoichiometry remains at 2:1 after successive dialyses versus
to be within the catalytic site with no role for the second Mmetal-free buffer suggests that the ackigis are much lower
metal ion offered. Given the close proximity of these two than 104M. This result reveals an important difference
metal ion-binding sites, both metal ions may be involved in between thes-lactamases fron. fragilis and B. cereus
the catalytic cycle of thé®. cereusenzyme. In contrast, a where the metal ion binding at the second site is very weak.
recent X-ray diffraction study of Carfi et al. (1995) identified Presently, there is no available information on metal stoi-

80
60

sl

Enzyme Activity (%)

1.0 1.5 2.0

only one Zn(Il)-binding site in thd. cereusenzyme. All  chiometries of the other group/8lactamases.
ligands comprising the high-affinity metal-binding site inthe  Electron Paramagnetic Resonance Spectroscophe
B. cereusenzyme are strictly conserved in tiBe fragilis substitution of Co(ll) for Zn(ll) in Zn(Il)-containing proteins

enzyme (Rasmussen et al., 1990), but only one of two ligandshas been a very successful way to characterize Zn(ll)-binding



Metal-Binding Sites ofs-Lactamase

Biochemistry, Vol. 35, No. 37, 19962129

Table 2: Metal to Enzyme Stoichiometries Bf fragilis f-Lactamase

sample Zn(11) Co(ll) Cu(ll) Fe(In/(1m Ni(ll) Mn(Il)
Zn(ll)-enzyme 2.0£0.3 <0.005 <0.005 0.045 0.005 <0.005
Co(ll)-enzyme <0.005 2.1+ 0.4 0.009 <0.005 <0.005 <0.005
apoenzyme <0.005 <0.005 0.009 <0.005 <0.005 <0.005
Table 3: Metal Content and Kinetic Parameters Borfragilis i 5
p-Lactamase Mutants ¢ g
mutant metal content Ky («M) keat (S73) i ¥
[
Zn(I)-wild type 2.0+ 0.3 5.9+1.4 154.3+2.8 % ]
Co(ll)-wild type 2.1+ 0.4 15.2+ 2.6 46.3+ 2.3 z |
Zn(I1)-C168S 1.94+0.3 30.4+ 4.7 0.014+ 0.001 3
Co(ll)-C168S 1.9£0.2 65.8+17.0 0.19+ 0.02 5 s
Zn(Il)-D56V 21402 42405 0.15+ 0.01 g o
Zn(Il)-D61V 0.93+£0.10 55+ 04 56.5+ 3.3 ‘g i
Zn(11)-D90V 0.43+£0.09 31.0+2.0 0.024+ 0.06 2
Zn(Il)-D152v 0.67+0.11 48+ 0.4 0.019+ 0.001 g
Zn(11)-D183V 0.54+ 0.08 20.8+ 3.1 339+ 1.5 w
sites structurally (Bertini et al., 1982; Horrocks et al., 1980; 1
Kiefer et al., 1993). By including Co(I1)X100xM) in the 500 1000 1500 2000 2500 3000 3500
refolding buffer during th¢-lactamase purification, a Co(ll)- G

substituted enzyme containing two Co(ll) ions per protein
molecule was obtained (Table 2). Since the Co(ll)-
substituted enzyme was catalytically active wittk.a ca.
30% of that of the Zn(ll)-containing protein (Table 3), the
spectral properties of the Co(ll)-substituted enzyme might
offer valuable information about the metal-binding environ-
ment.

The low-temperature EPR spectrum of the Co(ll)-
substituteds-lactamase is shown in Figure 2 and is charac-
terized by a broad signal with apparewalues of 6.5, 4.2,
and 2.0. Using CoGlas a standard, the EPR signal is
integrated to 1.9 mol of Co(ll) per mole of enzyme, which
is in excellent agreement with the atomic absorption meas-
urements (Table 2). The spectrum is also very similar in
shape andy values to that of the Co(ll)-substitutetilac-
tamase fromB. cereus(Bicknell et al., 1986), suggesting
that the two Co(ll) ions in th@. fragilis enzyme are high-

spin and not coupled. The fact that the signal is temperature-

dependent and disappears at temperatures greater than 30

Ficure 2: EPR spectrum of 410M Co(ll)-substitutedB. fragilis
metallof-lactamase. Operating parameters were as follows: re-
ceiver gain, 3.2< 10% modulation frequency, 100 kHz; modulation
amplitude, 9.9 G; field center, 2000 G; sweep width, 3500 G;
microwave frequency, 9.45 GHz; microwave power, 10 mW;
number of scans, 5; temperature, 11 K.
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RiGURE 3: Plot of InPy; vs 1/T. Py,'s were evaluated by plotting

(M. W. Crowder, unpublished results) supports the presenceg\/P vs logP. The line was drawn using a linear least-squares fit.

of two distinct, high-spin Co(ll)-binding sites. Experiments
to evaluate the metal iefmetal ion interatomic distance are
currently underway.

and 650 nmd{ ~ 30 M~-cm™) (Figure 4, solid line). The
former feature is characteristic of one S-to-Co(ll) ligand to
metal charge transfer (LMCT) transition (Alexander et al.,

The quantitation of the temperature-dependent EPR spectral 993), implicating a cysteine as a metal-binding ligand in

of the Co(ll)-substituted enzyme also provided information
on the metal coordination. Analysis of the power saturation
properties at different temperatures, i%/P vs logP plots
(Yim et al., 1982), furnished graphs of 1, vs 1/T leading

to the evaluation of the zero-field splitting energs)(
Values ofA have been correlated with coordination numbers
of high-spin Co(ll) complexes:A = <15 cmt (four-
coordinate); 15< A < 50 cnt1? (five-coordinate), and\ >

50 cnt? (six-coordinate) (Pilbrow, 1990). ThA value
calculated for the Co(ll)-substitutdgl fragilis enzyme was
44 £ 2 cnv ! (Figure 3), suggesting that one or both Co(ll)’s
are five/six-coordinated.

UV—Vis SpectroscopyThe UV—Vis difference spectrum
[spectrum of Co(ll)-substituted wild-type enzyme minus the
spectrum of the Zn(ll)-containing wild-type enzyme] is
characterized by an intense absorption at 320 eim 1570
M~t-cm™1) and several broad weak features between 550

one of the sites. This result favors the pattern of metal
ligands observed in the initial X-ray crystal structure for the
B. cereusenzyme (Sutton et al., 1987), but not in the later
structure solved by Carfi et al. (1995). It is possible that the
slightly larger radius of Co(ll) [as compared to Zn(Il)] and
the symbiotic nature of the Co(H)S ligation (soft acie-

soft base) may have resulted in a chance-Gyg(ll) linkage

that is not present in the Zn(ll) protein. However, this
scenario is unprecedented in the literature and probably not
a valid explanation for the discrepancy.

To confirm that Cys168, which is conserved in four of
the five metallog-lactamase sequences (Rasmussen et al.,
1990; Carfi et al., 1995), is a metal-binding ligand in e
fragilis enzyme, site-directed mutagenesis on Cys168 was
carried out. The UV-Vis difference spectrum of the Co(ll)-
substituted C168S mutant demonstrates that the S-to-Co(ll)
LMCT, observed in the wild-type Co(ll)-substituted enzyme,
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FIGURe 5: (a) d—d region of 50uM Co(ll)-substituted carbonic
anhydrase and (b) enlargement of the 4300 nm region of the
Co(ll)-substitutedB. fragilis metallof-lactamase difference spec-
trum from Figure 4. Operating conditions were the same as
described in Figure 4.
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Ficure 6: Downfield region of theH NMR spectrum of 1 mM

- - Co(ll)-substitutedB. fragilis metallof3-lactamase at pH 7.4 with
FiGURe 4: Solid line: UV-Vis difference spectrum of 200M the three solvent-exchangeable signals marked with asterisks. The
Co(ll)-substitutedB. fragilis metallof-lactamase. Dashed line:  gpectra were collected at 26 on a Bruker AMX-500. Acquisition
UV—Vis difference spectrum of 200M Co(ll)-substituted C168S  narameters were the following: acquisition time, 65.5 ms; sweep
mutant of the enzyme. Difference spectra were achieved by time, 125 kHz; number of scans, 400 000. A line broadening of 50
subtracting the spectrum of 2@® Zn(Il) enzyme from the spectra {4, was used to process the spectra.

of the Co(ll)-substituted enzymes. The spectra were collected at

25° 1 UWVi h . . . .. . .
5°ConaCary 1 U¥Vis spectrophotometer of six-coordinate Co(ll) e-d transitions (Bertini & Luchinat,

has disappeared (Figure 4, dashed line). This observation1984; Lever, 1984), the molar absorptivity of the-d
substantiates that Cys168 is actually bound to one of thetransition in the Co(ll)-substituted wild-type enzyme must
metal ions in the Co(ll)-substituted enzyme. The metal have been enhanced by the cysteine sulfur ligation to the
stoichiometry of the Co(ll)-substituted and Zn(ll)-containing Metal ion. The Cys ligand is presumbly replaced by a Ser
C168S mutants is similar to that of the wild-type enzyme; in the C168S mutant; thus, it is very likely that the molar
however, there is a $610%-fold decrease irksy: and a absorptivity of the é-d transitions is diminished to a value
significant increase irKy values for the mutant proteins not readily observable in the UWis spectrum.
(Table 3), suggesting that Cys168 plays an important role Nuclear Magnetic Resonance Spectroscofijie above
in substrate binding and hydrolysis. sequence comparison also implies thatBhé&agilis enzyme
The weak features in Figure 4 between 550 and 650 nm might contain three histidine metal-binding ligands in the
are Laporte-forbidden Co(ll)-€ld transitions (Lever, 1984;  catalytic site. Since the paramagnetic Co(ll) substitutes for
Garmer & Krauss, 1993). The intensities ofd transitions the naturally-occurring Zn(ll) in th&. fragilis -lactamase
can be correlated with Co(Il) coordination numbers (Elgren to produce an active, viable enzyme, we used proton NMR
et al., 1994; Lever, 1984): in a four-coordinate Co(ll) site, spectroscopy to ascertain whether histidine ligands might
the extinction coefficient of the -dd transition is 300  serve as metal-binding ligands. Specifically, we examined
M~L.cm, as observed in Co(ll)-substituted carbonic anhy- the paramagnetically-shifted resonances of the Co(ll)-
drase (Figure 5a); in a five-coordinate Co(ll) site, the substituted enzyme to establish whether any of them

extinction coefficient is 115 Mtcm™; and in a six- originated from the N-H protons of the bound histidine
coordinate Co(ll) site, the extinction coefficient is-80 residues.
M~1-cm™L The intensitiesdsso~ 30 M~1-cm™?) of the d-d The proton NMR spectrum of the Co(ll)-substituted

transitions in the Co(ll)-substitute. fragilis g-lactamase  enzyme between 20 and 90 ppm is shown in Figure 6. There
(Figure 5b) suggest, as predicted by the temperature-are several possible paramagnetically-shifted resonances
dependent EPR experiments, that both Co(ll)-binding sites present in this chemical shift region; however, all of the
are six-coordinate. This result marks another major differ- observed peaks are very broad, probably due to an observed
ence between thB. fragilis and B. cereusenzymes since  aggregation of the protein above 1 mM. Aggregation
the catalytic Zn(ll) of theB. cereusenzyme was reported to  increases the effective size of the protein, decreases the
be five-coordinate by Waley and co-workers using MCD and rotational correlation time of the resonating nuclei, and, thus,
X-ray structural studies (Bicknell et al., 1986; Sutton et al., increases the observed line widths of the NMR signals
1987) and four-coordinate by Carfi et al. (1995). However, (Bertini & Luchinat, 1986). Several experiments (ionic
these same-dd transitions were not readily observed in the strength changes, adding detergents, and changing pH, etc.)
Co(ll)-substituted C168S mutant (Figure 4). As sulfur donor to alleviate this aggregation were attempted, but all were
ligands have been shown to enhance the molar absorptivityunsuccessful.
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Nonetheless, there were at least three proton NMR signals Position 152 contains an aspartic acid conserved in four
at 46, 49, and 54 ppm that disappeared when switching theof the five known sequences of grougdactamases (Carfi
protein sample into BD buffer; thus, they arise from solvent- et al., 1995). The D152V mutant, much like the D90V
exchangeable protons in the protein. The proton NMR mutant, has a metal stoichiometry of less than 1 mol of Zn(ll)
spectra of Co(Me-ImLl,, Co(Im)Cl,, and Co(4-Me-Imy per mole of enzyme (Table 3), indicating that the metal-
Cl, model complexes have established that the exchangeabldinding sites have also been perturbed due to the mutation.
N—H protons of imidazoles are shifted into the chemical The D152V mutant has k. 8100-fold smaller than wild
shift region of 45-65 ppm by high-spin Co(ll) (Bertini et  type, suggesting that this aspartic acid residue is important
al., 1981). Therefore, the three proton NMR signals at 46, catalytically and might be a metal-binding ligand. However,
49, and 54 ppm observed in the NMR spectrum (Figure 6) this mutation probably does not result in a large structural
are very likely due to the NH protons of the imidazole = change since itKy, indicative of substrate binding, is
rings of the histidine ligands bound to the Co(ll) ion(s) in unchanged (Table 3).
the enzyme, providing direct evidence that there are three The other aspartic acid residue which is conserved in four
histidine ligands in the metal-binding sites of the Co(ll)- of the five known sequences of group/3lactamases is
substituteds-lactamase fronB. fragilis. The NMR char- Asp56 (Carfi et al., 1995). The conversion of Asp56 to a
acteristics of Co(ll)-substitutei-lactamase are also very Vvaline does not change the metahzyme stoichiometry and
similar to those of Co(ll)-substituted carbonic anhydrase at Ku, but decreases the relatig: by ca. 1000-fold. There-
neutral pH (Bertini et al., 1993). By analogy to the results fore, Asp56 is probably not involved in metal-binding, but
obtained for theB. cereusenzyme (Bicknell et al., 1986; might play an important role in catalysis.

Sutton et al., 1987; Carfi et al., 1995), we conclude that the  Finally, Asp61 and Asp183, which are conserved in the
metallof-lactamase fromB. fragilis has three histidine  group 3f-lactamases fronB. cereusandB. fragilis, were
ligands (His86, -88, and -149 or -210) in its metal-binding Mutated to valines; in these cases, no more than one Zn(ll)

sites and the three His residues are bound to the same metadtom was bound, and th&v and ke were marginally
ion. changed (Table 3). The decreasekin of the D61V and

D183V mutants closely approximates the expected decrease
able to identify three His ligands and one Cys ligand, but in catalytic activity forg-lactamases with this Zn(lIl) content

more ligands are needed to complete the coordination shells(':Igure 1 and Table 3). Thus, the_lo_ss O.f a single Zn(ll) is
of the two metal-binding sites oB. fragilis metallof- not catastrophic fof-lactamase activity, since the effect of

. ) a second metal is to increakg; by only a factor of 2.
lactamase. Carboxylate ligands to Co(ll) or Zn(ll) are very : ; : X .
common in metalloproteins and metalloenzymes, but they The interpretation qf t_he mutagenesis data Is co_mphcgted
are very difficult to detect using common Spectroscopic by the fact that Zn(ll) is incorporated into the protein during

) . : the procedures for resolubilization of the inclusion bodies
techniques such as EPR and YVis spectroscopies. The . : :
. : through a denaturatiefrenaturation cycle. The changes in
broadness of the paramagnetically-shifted proton NMR .
resonances we obtained on the enzyme (Figure 6) recludec?n(”) content found for the mutant proteins may reflect
oo : y 9 pre influence by the mutation in the kinetic competition between
the possibility of observing resonances of carboxylate ligands

[for example,—CH,— resonances were expected between refolding and metal ion binding. Presuming that is not the
l_ 2_ H
30 and 60 ppm in a Co(ll) protein (Bertini et al., 1993)] case, then only Asp61 and Asp183 retain Zn(ll) at a content

Theref it ted 1o di iol boxvlat that correlates with a predictable loss in enzyme activity and
 herefore, we attempted 1o discern possible carboxylale 4re ligands important in the binding of Zn(ll) but not in its
ligands in the. metgl-bl_ndlng sites &. frag!lls mgtalloﬂ- active-site placement. Mutant proteins D90V and D152V
lactamase usc;nglsne—dlrectedd mutggene&s. Since there are.eal multiple effects since the decreastginfar exceeds

no conserved glutamic acid residues present in group Sthe expected 7680% reduction itk for a 5-lactamase with
pB-lactamases (Rasmussen et al., 1990; Carfi et al., 1995) P ° b B

. ) ; ) . this Zn content. Their exact role is not clear at present; a
aspartic acid residues were chosen for study in this work. working hypothesis views Asp90 and Aspl52 as essential

Comparison of the sequences of tBe fragilis andB. for the optimal positioning of the residual Zn(ll) ion for
cereusenzymes suggested that one of the aspartic acidcatalysis possibly achieved through their bridging of both
residues (Asp90) in the weaker metal-binding site ofBhe  metal sites. However, this hypothesis is not supported by
cereus enzyme is conserved in thB. fragilis enzyme  the data from the EPR studies of the Co(ll)-substituted
(Rasmussen et al., 1990). Actually, Asp90 is the only enzyme, although the latter may differ subtly from the Zn(ll)
aspartic acid residue retained in all five reported sequenceswild-type enzyme. Asp56 is not a ligand to either Zn(ll)
of the group 3p-lactamases (Carfi et al., 1995). The jon.
substitution of Asp90 with valine resulted in a D90V mutant  All the observations from this work suggest that the group
that binds 0.43 mol of Zn(ll) per mole of enzyme, exhibits 3 g-lactamase fronB. fragilis has two metal-binding sites.

a 5-fold decrease in substrate affinity, and hdg,a6400- EPR and UV~ Vis studies with the Co(ll)-substituted enzyme
fold less than the wild-type (Table 3). Apparently, Asp90 are consistent with a five/six-coordinated site for both metal
is a ligand to Zn(ll), and removal of this ligand disrupts the ions. We postulate that one site contains three histidine and
binding affinity for both metal ions. Since another aspartic one cysteine ligand to the metal ion, reminiscent of the
acid residue (Asp81) in the weaker metal-binding site of the solvent-accessible catalytic site in tBe cereusenzyme. It

B. cereusenzyme (Sutton et al., 1987) is not conserved in is possible that the remaining ligand(s) in this site may be
the B. fragilis enzyme, site-directed mutations were made water molecule(s), one of which may serve as a nucleophile
of other conserved aspartic acid residues [the complete X-rayduring the catalysis (Scheme 1). For the second metal ion,
crystallographic structure at 2.5 A (Carfi et al., 1995) is not Asp61, Asp90, Asp152, and Asp183 are possible ligands.
available to view at present]. At present, we cannot rule out the possibility of other amino

Site-Directed Mutagenesis StudieSo far, we have been
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acids (such as serine, threonine, and lysine) as@ &tting Bertini, I., Turano, P., & Vila, A. J. (1993Chem. Re. 93,2833.

as ligands in addition to the aspartic acid carboxylates at Bicknell, R., Schaffer, A., Waley, S. G., & Auld, D. S. (1986)
this site. Biochemistry 257208.

Bush, K. (1989a)pntimicrob. Agents Chemother. 3364.
Bush, K. (1989b)Antimicrob. Agents Chemother. 3371.
Bush, K., Jacoby, G. A., & Medeiros, A. A. (1998ntimicrob.

Atomic absorption studies on the native, Zn(ll)-containing _ Agents Chemother. 39211. _
Carfi, A., Pares, S., Duee, E., Galleni, M., Duez, C., Frere, J.-M.,

protein and on the Co(ll)-substituted protein, coupled with & Dideberg, O. (1995EMBO J. 14,4914

spin integration of the EPR signal of the latter, are consistentCrowdery M. \’N.,.Stewart, J. D.,'Roberts,.v. A.. Bender, C. J.,
with the -lactamase fronB. fragilis containing 2 mol of Tevelrakh, E., Peisach, J., Getzoff, E. D., Gaffney, B. J., &
tightly bound metal ions per mole of enzyme. The EPR  Benkovic, S. J. (1995]. Am. Chem. Soc. 113627.

studies of the Co(ll) enzyme demonstrated that the two metalCuchural, G. J., Jr., Malamy, M. H., & Tally, F. P. (1986)
ions are not spin-coupled and that both metal ions are Da’izt'”lz'céOb&Agjjgﬁ %h‘?gc’?t%erl-n?‘éa’\lucl Chem. 32167
proba.bly flve/3|x—coo.rd|n.ated, whlqh is confirmed by the Daviés, R B & Abréham, E. P. (197Bjochem. J. 143129,
magnitude of the extinction coefficients of the Co(lh-d Davis, W. J., & Smith, J. (1971). Chem. Soc. A317.

transition bands in the U¥Vis spectrum of the Co(ll)-  Egren, T. E., Ming, L. J., & Que, L., Jr. (1994)0rg. Chem. 33
substituted enzyme. UWVis studies also revealed the 891.

presence of a S-to-Co(ll) LMCT transition, suggesting that

CONCLUSIONS

Felici, A., Amicosante, G., Oratore, A., Strom, R., Ledent, P., Joris,
a cysteine residue, presumably Cys168, serves as a ligand B-» Fanuel, L., & Frere, J.-M. (1998iochem. J. 291151.
to one of the metal ions. This is supported by the results FUli T, Sato, K., Miyata, K., Inoue, M., & Mitsuhashi, S (1986)

. Antimicrob. Agents Chemother. 2825.
obtained from the C168S mutant of the enzyme. Proton ,mer D. R. & Krauss. M. (1993) Am. Chem. Soc. 1150247.
NMR studies revealed that there are three histidine residuesgoodgame, D. M. L., Goodgame, M., & Rayner-Canham, G. W.

presumably His86, -88, and -149 or -210, as metal ligands. (1969a)inorg. Chim. Acta 3399.

All these results indicate that tifelactamase fronB. fragilis Goodgame, D. M. L., Goodgame, M., & Rayner-Canham, G. W.
has one metal-binding site similar to the catalytic site of the
enzyme fromB. cereus Site-directed mutagenesis studies

(1969b)Inorg. Chim. Acta 3406.
Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K., & Pease, L.
R. (1989)Gene 77 51-59.

identified Asp61, Asp90, Aspl52, and Aspl83 as possible Hochmann, J., & Kellerhals, H. (1980) Magn. Reson. 383
ligands to the metal ion at the second site. The loss of Asp90 30.

and Aspl152 also decreakg; 6400-8100-fold, far in excess

of the expected loss of the enzyme activity due to the loss

of the Zn(Il) content, suggesting important roles for these
carboxylates in the catalytic cycle.
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