The EMBO Journal vol.14 no.20 pp.4914-4921, 1995

The 3-D structure of a zinc metallo-f-lactamase from
Bacillus cereus reveals a new type of protein fold
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The 3-D structure of Bacillus cereus (569/H/9)
B-lactamase (EC 3.5.2.6), which catalyses the hydrolysis
of nearly all B-lactams, has been solved at 2.5 A
resolution by the multiple isomorphous replacement
method, with density modification and phase combina-
tion, from crystals of the native protein and of a
specially designed mutant (T97C). The current model
includes 212 of the 227 amino acid residues, the zinc
ion and 10 water molecules. The protein is folded into
a PP sandwich with helices on each external face. To
our knowledge, this fold has never been observed. An
approximate internal molecular symmetry is found,
with a 2-fold axis passing roughly through the zinc ion
and suggesting a possible gene duplication. The active
site is located at one edge of the BP sandwich and
near the N-terminal end of a helix. The zinc ion is
coordinated by three histidine residues (86, 88 and
149) and a water molecule. A sequence comparison of
the relevant metallo-B-lactamases, based on this protein
structure, highlights a few well-conserved amino acid
residues. The structure shows that most of these
residues are in the active site. Among these, aspartic
acid 90 and histidine 210 participate in a proposed
catalytic mechanism for B-lactam hydrolysis.
Keywords: antibiotic/B-lactamase/metalloenzyme/penicillin
resistance/X-ray structure

Introduction

Only a few years ago, metallo-B-lactamases were con-
sidered as mere biochemical curiosities, compared with
their widespread active-site serine counterparts which
are responsible for the resistance of a large number of
pathogenic bacterial strains to penicillins and related
antibiotics. At that time, only innocuous strains of Bacillus
cereus were known to produce two very similar monomeric
metallo-B-lactamases. The discovery of a third metallo-B-
lactamase (Saino et al, 1982; Bicknell er al., 1985)
produced by Xanthomonas maltophilia, composed of four
subunits but devoid of allosteric properties, did not seem
to raise major concerns in the medical community.
However, the more recent finding that the resistance to
carbapenems of an increasing number of clinically noxious
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strains is caused by the synthesis of Zn?*-containing B-
lactamases is a cause of concern (Payne, 1993).

Two major factors are responsible for the re-evaluation
of the clinical importance of these enzymes. Firstly, they
generally hydrolyse carbapenems (e.g. imipenem) with a
high efficiency, while these compounds generally escape
the activity of the active-site serine enzymes. Secondly,
an identical or similar gene has been found in various
strains of Serratia, Pseudomonas and Enterobacter (Yang
et al., 1990). Because this gene is probably plasmid-borne,
and on the basis of previous experience, its spread to an
ever increasing population of pathogenic species is now
considered as a distinct threat to our ability to fight a
variety of infectious bacteria.

All the presently sequenced Zn?* B-lactamases (includ-
ing the X.maltophilia monomer) exhibit sequence similari-
ties (see below), and it is likely that they are homologous
and share a common catalytic mechanism. They appear
to form a unique family, distinct from the other metallo-
peptidases [e.g. thermolysin and carboxypeptidase A
(CPA) families].

Enzymes produced by two strains of B.cereus, S69/H/9
and 5/B/6, often referred to as B-lactamase II (BCII),
have already been studied extensively. The zinc BCII is
considered as ‘broad spectrum’ because it hydrolyses a
large number of penicillins and cephalosporins (Crompton
and Waley, 1986; Felici et al., 1993), and three histidine
residues have been identified as the Zn2* ligands (Baldwin
et al., 1978, 1979; Galdes et al., 1980) with the possible
participation of a cysteine residue (Davies and Abraham,
1974).

Preliminary crystallographic studies of the Cd?* deriva-
tive (Sutton et al., 1987) have confirmed these hypotheses,
but the rather low resolution (3.5 A) was not sufficient
for proposing a complete chain tracing of the protein
structure. Kinetic studies, sometimes performed at sub-
zero temperatures and mainly with the Co?* derivative,
suggested the presence of various intermediates on the
reaction pathway, none of them covalent (Bicknell et al.,
1986) but involving changes in the coordination sphere
of the metal during catalysis (Waley, 1992).

Here, we describe the crystal structure of the B.cereus
569/H/9 enzyme at 2.5 A resolution and propose a possible
catalytic mechanism.

Results and discussion

Crystallization

Despite the recent progress in protein crystallography,
some protein structures remain difficult to solve. Zn B-
lactamases seem ta belong to this group. For BCII,
problems arise mainly from the lack of isomorphism of
the heavy-atom derivatives to the native protein (Sutton
et al., 1987). To overcome this problem, recombinant
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DNA technology was used. A mutant protein (T97C) was
designed based on structural information from the low-
resolution X-ray analysis (Sutton et al., 1987). In principle,
one or two sites for Hg binding are potentially accessible
in the mutant protein depending on the size of the heavy-
atom compound (the zinc site and regions near the newly
introduced sulfydryl group).

Both proteins, the native and the T97C mutant, were
crystallized in the same crystal form, close to that already
published (Sutton et al., 1987).

Quality of the model

The structure was solved by the multiple isomorphous
replacement method, with density modification and phase
combination, using X-ray data collected from the native
protein and the T97C mutant derivative crystals. Refine-
ment statistics are summarized in Table I. The current
model consists of 212 of the 227 residues, one Zn?* ion
and 10 water molecules. The model has been refined to
an R-factor of 22% using 6683 reflections [IF1 > 26(F)]
in the resolution range 8.0-2.5 A. Two disordered chain

Table 1. Refinement data

Number of reflections R-factor®
1Al > 26 (%)
Resolution range 8.0-2.5 A 6683 22.0
Protein atoms 1646
Water molecules 10

R.m.s. deviation from ideality

Bond lengths (A) 0.016
Bond angles (°) 1.47

2R-factor = ZIF, — F_\/ZIF,|, where F, and F, are observed and
calculated structure factor amplitude, respectively.

B.cereus p-lactamase Il structure

segments could not be modelled: six residues (Ser1-Lys6)
at the N-terminus and eight residues (Gly32-Val39) located
between two [-strands.

All main-chain dihedral angles fall within the allowed
regions of a Ramachandran plot (Ramachandran et al.,
1963), except those for Thr13 and Asp56 which were
modelled with unfavourable dihedral angles of ¢ = 63.9°,
y = 140.8° and ¢ = 72.8°, y = 139.7°, respectively. The
first of these residues (Thr13) is located in a loop region
weakly defined in the electron density map; the second
(Asp56) is buried in the protein, making a salt bridge with
Arg91 in the groove of the enzymatic cavity.

Overall structure of the Zn metallo-f-lactamase

A ribbon view of the 3-D structure of BCII is shown in
Figure 1. BCII is a compact ofa protein of approximate
dimensions 32X30x28 A. The polypeptide chain is
divided into two domains. These domains comprise strands
and helices in the following order: B,B,B3B4Bs0; B0tz 7013
and BgBoPoB1: 0B 205 for the N- and C-terminal domains,
respectively (Figure 2). o, has a kink caused by glycine
residues 93 and 94. The core of the molecule is formed
by two tightly packed B-sheets and is surrounded by five
helices. Both B-sheets have the usual twist commonly
observed in many proteins. Large loop regions connect
some secondary structure elements. The two B-sheets can
be superimposed, (B, to B¢) corresponding to (Bg to B;,),
by a 2-fold rotation. The result of the superposition is
shown in Figure 3. The best fit of the two parts involves
a rotation of exactly 180° without translation. For 58
equivalent C, positions, we observed an r.m.s. deviation
of 1.29 A. Figure 3 shows many insertions and substantial
deviations in helix positions. However, each domain
contains the same set of topologically equivalent secondary
structure elements, namely a BBPPoPa motif. No signific-
ant sequence homology was found between the two motifs.

Zinc

30 B8

Fig. 1. Ribbon diagram of the molecular structure of B.cereus B-lactamase viewed roughly along the two B-sheets. The concave surfaces of the two
sheets are the location of many hydrophobic residues. The zinc ion (in orange) is located at the edge between the two B-sheets.
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The BCII structure has a BP sandwich fold which is
reminiscent of DNase I (Suck et al., 1984; Oefner and
Suck, 1986), the N-domain of glutamine 5-phosphoribosyl-
1-pyrophosphate aminotransferase (Smith et al., 1994),
the multifunctional DNA repair enzyme exonuclease I1I
(Mol et al., 1995) and the proteasome subunits (Lowe
et al., 1995). However, the secondary structure elements
forming the B-sheet are in a different order in BCII.

The observed offa fold has no similarity with any
known metalloprotein structure, including a D-alanine-D-
alanine carboxypeptidase (Dideberg et al., 1982) which
cleaves the peptide bond between two D-alanine residues
(the D-ala-D-ala moiety and penicillin are often considered
isosteric).

Comparison with other Zn B-lactamases
All sequences were searched for in the EMBL Data Bank
using FASTA (Lipman and Pearson, 1985) and aligned

Fig. 2. BCII polypeptide topology of the two B-sheets. The B-strands
are depicted as arrows, with the arrow heads indicating the direction
of the chain. a-Helices are shown as rectangles.

using the hydrophobic cluster analysis program (Gaboriaud
et al., 1987). Six sequences were considered first: B.cereus
(569/H/9 and 5/B/6), X.maltophilia, Bacteroides fragilis,
Serratia marcescens and Aeromonas hydrophila. Because
the two B.cereus sequences differ by only 24 amino acid
substitutions, only 569/H/9 was used for further analysis.
When B.cereus (569/H/9) was compared with the other
four sequences, sequence similarities ranged from 41
(B.fragilis) to 21% (X.maltophilia). While the other
enzymes are monomeric, the X.maltophilia enzyme is a
tetramer in the native state.

For alignment, the lengths of all secondary structure
elements of the BCII structure were retained for the four
other sequences. As seen in Figure 4, only a few deletions
or insertions are required to align all the sequences. As
expected, the main differences appear for X.maltophilia,
with two large insertions between secondary structures:
o3 and PBg (16 amino acids), and B,y and B;; (six amino
acids). Finally, only nine amino acid residues are strictly
conserved in the five sequences: Leu67, His88, Asp90,
Gly93, Leull4, His149, Gly179, Asn180 and His210.

Structure of the active site

The active site is located at the bottom of a groove running
between the two PB-sheets (Figure 1). The zinc ion is
bound (Zn2*--Ne or 8, ~2.2 A) to three protein ligands
(His86, His88 and His149). In the ligand sphere, a density
was observed in a (IF,| — |F,l) map which, as for all known
zinc metalloproteases, could be attributed to a water
molecule (Watl) or a hydroxyl ion. The four Zn?>* ligands
are arranged in a distorted tetrahedral shape. The region
of the (2IF,| — IF.l) electron density map around the zinc
ion is shown in Figure 5. Seven out of the nine strictly
conserved residues are located in the active site: His88,
Asp90, Leull4, His149, Glyl79, Asnl180 and His210.
Clearly, a hydrogen-bond network involving Zn?*, Watl,
Asp90 and Cys168 is important for enzymatic activity.

236 e

< = 31

42 40

Fig. 3. Stereoview of the superposition of the C,, atoms of the two domains of the B.cereus B-lactamase. The N-terminal domain (7-105) and the
C-terminal domain (126-226) are represented by continuous and dashed lines between C, atoms, respectively.
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Comparison of relevant sequences of metallo-f-lactamases
with the secondary structure of B.cereus (569/H/9)

B.cereus p-lactamase Il structure

1 49
STRUCTURE ........ 81 S....8288. ..... 838SS ...... «... S4SSSSSS..
FEATURES h h h h * hhh
569H SQKVEKTVIK NETGTISISQ LNKNVWVHTE LGSFNGEA.V PSNGLVLNTS
Xm ceccccncas oeses VDASW LQPMAPLQIA DHTWQIGT.E DLTALLVQTP
Bf «e+...AQKSVKISDDISITQ LSDKVYTYVS LAEIEGWGMV PSNGMIVINN
Sm A ESLPDLKIEK LDEGVYVHTS FEEVNGWGVV PKHGLVVLVN
Ah «e eeeee..AAG MSLTQVSGPV YVVEDNYY.V QENSMVYFGA
COnBeNsUS ------==== cc-cccccece ccmecccecs cmemeese—e mmee——ee—a
50 67 88 90 93 98
STRUCTURE .S5SSSS... H1HHHHHHHH HHHHHHH..S 6SSSS....H 2HHHHHHHHH
FEATURES h hh * h h h h 2Zhz * h
S69H KGLVLVDSSW DDKLTKELIE MVEKKFQK R VTDVIITHAH ADRIGGIKTL
Xm DGAVLLDGGM PQMASHLLDN MKARGVTPRD LRLILLSHAH ADHAGPVAEL
Bf HQAALLDTPI NDAQTEMLVN WVTDSLHA K VTTFIPNHWH GDCIGGLGYL
Sm AEAYLIDTPF TAKDTEKLVT WFVERGY..K IKGSISSHFH SDSTGGIEWL
Ah KGVTVVGATW TPDTARELHK LIKRVSRK P VLEVINTNYH TDRAGGNAYW
Consensug =-------=== —---e-- L-= ~--emeccee —eeo ~===-H -D--G-~~--
99 114 131
STRUCTURE HHH..S7SSS .H3HHHHHHH .......... cocococnes cees...888
FEATURES h * *h * * h h
569H KERG.IKAHS TALTAELAKK N......... .......GYE EPLGDLQTVT
Xm KRRTGAKVAA NAESAVLLAR G....GSDDL HFGDGITYPP ANADRIVMDG
Bf QRKG.VQSYA NQMTIDLAKE K..... tece ceccacs GLP VPEHGFTDSL
Sm NSRS.IPTYA SELTNELLKK D.......cc cceoonn GKV QATNSFS.GV
Ah KSIG.AKVVS TRQTRDLMKS DWAEIVAFTR KGLPEYPDLP LVLPNVVHDG
Consensusg -----===== ——---- L--- —=--e-ecee meceeeeeee cemceeeee-
132 149 168
STRUCTURE SSSS..S98S sSsS..... . ..8108S. .........8 118S........
FEATURES h h hh *Z ** bh h h hh *h *
S569H NLKFGNMKVE TFYPGKGH TEDNIVVWLP QY...... NI LVGGCLVKSTA
Xm EVITVGGIVF TAHFMAGH TPGSTAWTWT DTRNGKPVRI AYADSLSAPGY
Bf TVSLDGMPLQ CYYLGGGH ATDNIVVWLP TE...... NI LFGGCMLKDNA
Sm NYWLVKNKIE VFYPGPGH TPDNVVVWLP ER......KI LPGGCFIKPY
Ah DFTLQEGKVR AFYAGPAH TPDGIFVYFP DE...... QV LYGNCILK..
Consensusg ---==-==== —ceco~- ) B et L L T
180 210 222
STRUCTURE ......... . .H4HHHHHH HHHHHHHH.. .S12SSS... ...HSHHHHH
FEATURES * ** % *h h h h h hh * * h hh
569H KDLGNVAD. AYVNEWSTSI ENVLKRYRNI NAVVPGHGE. VGDKGLLLHT
Xm QLQGNPRYP HLIEDYRRSF ATVRAL..PC DVLLTPHPG. ASNWDYAAGA
Bf TSIGNISD. ADVTAWPKTL DKVKAKFPSA RYVVPGHGD. YGGTELIEHT
sSm .GLGNLGD. ANIEAWPKSA KLLKSKYGKA KLVVPSHSE. VGDASLLKLT
Ah EKLGNLSF. ADVKAYPQTL ERLKAMKLPI KTVIGGHDSP LHGPELIDHY
Consensus ---GN---- --c-ccccce ccccccccnen co-ee- H--> --cceeeee-
227
FEATURES h
569H LDLLK...ov coeecoccnce sooosaonoe oo
Xm RAGAKALTCK AYADAAEQKFD GQLAKETAGA R.
Bf KQIVNQYIES TSKP...c.oco cocecceses ..
Sm LEQAVKGLNE KKPSKPSN... ...cccveee oo
Ah EALTKAAPQS ..cccceeeee cococcconse .o
Congensus ~---------= mccccccccce c-ccccceae- --

Fig. 4. Comparison of relevant sequences of metallo-B-lactamases with the secondary structures of B.cereus (569/H/9). Residues in the active site,
zinc ion binding residues and conserved hydrophobic residues are marked with an **’, a ‘Z’ and an ‘h’, respectively. Structure codes: S, B-strand;
H, o-helix. Sequences are: S69H, B.cereus (569/H/9) (Ambler et al., 1985; Hussain er al., 1985; Kato et al., 1985); Xm, X.maltophilia (Walsh et al.,
1994); Bf, B.fragilis (Rasmussen et al., 1990; Thompson and Malamy, 1990); Sm, S.marcescens (Osano et al., 1994); Ah, A.hydrophila (Massida

et al., 1991).

NMR studies have suggested Cys168, which is replaced
by a serine in X.maltophilia, as a potential fourth Zn2*
ligand (Galdes et al., 1980), but the Zn?*-S distance is
4.4 A, too long for metal ion ligation. However, Cys168
interacts with Watl, which is held in a correct position
by three strong interactions: Zn2*--Watl (3.0 A),
Cys168SG---Watl (2.9 A) and Asp900D2---Watl (2.6 A).
Leul14 makes van der Waals contacts with Ala87, located
near two zinc ligands (His86 and His88). Finally, Gly179,
Asnl80 and His210 are too far from the active site to
participate directly in the enzymatic mechanism, but they
may be responsible for specific interactions with the B-
lactam substrate (see below).

Mechanism of catalysis

The catalytic mechanism of zinc peptidases has been
understood for some time. However, the exact role attribu-
ted to the Zn?* ion has been altered slightly after the
determination of the high-resolution structures of native
proteins or tightly bound complexes. Today, after the
pioneering work of Matthews (1988) on thermolysin and
of Lipscomb (1983) on CPA, two superfamilies have been
studied extensively: the thermolysin—metzincin family
(Stocker et al., 1993, 1995; Hooper, 1994; references to
the original work can be found in these three papers) and
the carboxypeptidase family (Hooper, 1994). However,
many other biochemical processes representing very
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Fig. 5. View of the final (2F, — F,) electron density map around the Zn?* ion, computed with calculated phases and contoured at 26 above the

mean.

diverse chemical reactions are also mediated by zinc
catalysis (e.g. carbonic anhydrase, various dehydro-
genases, adenosine deaminase).

In zinc peptidases, the metal ion has a dual role
in catalysis. Firstly, the Zn?*-bound water molecule is
activated to perform a nucleophilic attack on the peptide
carbonyl. Secondly, the Zn?* binds and polarizes this
carbonyl group. A negatively charged group, Glul43
in thermolysin and Glu270 in CPA, participates in the
activation of the water molecule. After the water attack,
a tetrahedral intermediate is formed, followed by the back
delivery of a proton to the peptide nitrogen and the
cleavage of the peptide bond.

Similar partners are present in BCIL. A schematic
diagram of the interaction with a substrate (Figure 7) was
obtained by docking a cephalosporin molecule in the
active site so that each partner was in an adequate position
to act as mentioned above: Zn?*---Qg (3.1 A), Watl---Cq
(2.9 A). Only one orientation of the cephalosporin can fit
into the groove without colliding with protein atoms.
Figures 6 and 7 suggest a reaction pathway in which the
zinc ion activates Watl for nucleophilic attack with the
participation of Asp90, acting as a general base to remove
a proton from the water molecule. Both side chains, Asp90
and Cys168, maintain the water molecule in a position
which allows the nucleophilic attack. A water proton is
back delivered to Ns, and the Cg—Ns bond is cleaved
by a concerted mechanism. The simulated binding of
cephalosporin (Figure 7) revealed two other interesting
potential interactions: (i) the B-lactam carboxylate group
makes an electrostatic interaction with His210, and (ii)
the B-lactam side chain is near the loop containing Gly179
and Asn180. These three amino acids are strictly conserved
in all Zn B-lactamase sequences. In support of the proposed
mechanism, the substitution of residues Asp90 (Lim et al.,
1991), Cys168 and His210 (Clark, 1993) by site-directed
mutagenesis resulted in severely impaired enzymes.

A preliminary comparison of the B.cereus Zn B-lactam-
ase with CPA was made by superposing the active sites
of CPA and BCII (Figure 8). Both enzymes interact with
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Fig. 6. View of the active site. The Zn?* ion and the water molecule
(Watl) are represented by an orange and a white sphere, respectively.

a substrate bearing a carboxylate group. Because the two
structures have different folds, the superposition was made
in two steps: the two zinc ions were overlaid and then the
three zinc ligands were superimposed. Among the three
possible superpositions, that which brings the Glu270 of
CPA near the Asp90 of BCII was selected. With this
orientation, Argl45, which makes a salt bridge interaction
with the carboxylate group of the substrate in CPA, is
located near His210 of BCIL. A more detailed comparison
between B.cereus Zn B-lactamase and other Zn peptidases



must await the results of the further refinement of the
BCII structure at high resolution.

Materials and methods

Site-directed mutagenesis

The procedures used in recombinant DNA techniques were essentially
those described in Maniatis et al. (1982). The oligonucleotides were
purchased from Eurogentec (Belgium). The site-directed mutagenesis
was performed by inverse PCR (Clackson et al, 1991) using the
following strategy. A SstII-PstI (~650 bp) fragment comprising the
triplet to be mutated was isolated from plasmid pRWHO012 (Hussain
et al., 1985) and subcloned into plasmid pSL1180 (Pharmacia, LKB
Biotechnology). The pair of primers was designed in inverted tail-to-tail
directions: a 23 base primer (AATTCGATCAGCGTGCGCATGTG)
annealing perfectly with the target sequence and a 28 base primer
(GGCGGAATAAAATGTTTGAAAGAAAGAG) introducing three con-
tiguous mismatches for replacing the ACG triplet in the coding sequence.
The inverse PCR product was analysed by agarose gel electrophoresis
and purified on an Ultrafree MC filter (Millipore). A fraction (one-sixth)
of the purified product was then phosphorylated in 20 ml of DNA
ligation buffer (Boehringer) using 5 U of T4 polynucleotide kinase for
30 min at 37°C. After heat denaturation of the kinase, ligation was
performed by adding 1 U of T4 DNA ligase to the mixture and the
product was used to transform RRI-competent cells. The presence of
the desired mutation and the absence of any other unwanted mutation were

o) s
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/—<" \o“" LRV
:: () /\R
ASp 90 o I 1
Z
| £0o
His 88! His86 =
His 149 His 210

Fig. 7. Schematic diagram of the proposed interaction of a
cephalosporin molecule prior to catalysis.

B.cereus B-lactamase Il structure

checked by DNA sequencing using the CTGCAGTTAATGCTGTAC
oligodeoxynucleotide (annealing 46 bases upstream of the mutated
triplet) as a primer.

BCIl expression in Escherichia coli
The B.cereus 569/H/9 and T97C mutant metallo-B-lactamases were
produced in E.coli using the pRTWHOI12 plasmid cloned in E.coli DH1.

Purification of BCIl and BCIl (T97C)

A total of 20 | of Luria—Bertani medium were inoculated with 300 ml
of an overnight culture of DH1/pRTWHO12. After 10 h of growth under
agitation at 37°C, the E.coli cells were harvested by centrifugation. The
pellet was resuspended in 10 mM Tris, pH 8.0, buffer containing
lysozyme (0.1 mg/ml). The solution was incubated for 30 min on ice.
Following cell lysis by three cycles of freezing and thawing, the extract
was centrifuged for 30 min at 30 000 g. The soluble fraction (which
contains the B-lactamase) was submitted to ultrafiltration and an overnight
dialysis against 10 mM cacodylate sodium, pH 6.5, buffer containing
50 uM ZnSOy (buffer A). The fraction was loaded onto a CM-Sepharose
(55X%3 cm) column (Pharmacia, Uppsala, Sweden) equilibrated with the
same cacodylate buffer at a flow rate of 2.0 ml/min. The enzyme was
eluted by a salt gradient (0.0-0.5 M NaCl). The active fractions were

E270 E270
H196 H196
R145 R145

\—gse \_-2186

D90 D90

H88 88

9‘/1{'2\10 " &ﬁ

Zne Zno H210
H149 H149

BCII BCII

Fig. 8. Stereoview of the catalytic sites for selected amino acid
residues around the Zn2* ion for CPA (top) and BCII (bottom).

Table II. Crystallographic data

Data collection parameter Crystal

1 ' 2 3 4 5
Data set (protein) (native) HgAc; (native) pHgAc (T97C) pHgAc (T97C) pCMBS (T97C)
Resolution (A) 2.5 23 25 25 25
No. of reflections measured 11 206 20937 31 281 17 070 15 819
Rierge” 0.030 0.036 0.047 0.052 0.040
No. of unique reflections 6911 9503 7942 7547 7776
Completeness (%) 86.0 90.6 98.2 93.9 96.0
Riso - 0.18 0.17 0.16 0.16
Phasing power® - 1.42 1.81 1.95 131 3.0 A)
Reunis 150° - 0.75 0.67 0.64 0.75
RCuIIis ano® : - 0.75 - 0.91 -
No. of sites - 1 (Zn) 1 1 1

HgAc,, mercuric acetate; pHgAc, phenylmercuric acetate; pCMBS, para-chloro-mercuribenzene sulfonic acid.
?Rumerge Of isomorphous data = (2l — <I>|/Z<I>), where I is the measured intensity for each reflection and </> is the mean intensity averaged

from multiple observations of symmetry-related reflections.

®Phasing power = r.m.s. (<Fy>/E), where Fy is the heavy atom structure factor amplitude and E is the residual lack of closure.
“Reunis = ZIFyl — (IFpyl — \Fp)/ZIFy], for centric reflections, where Fpy is the heavy-atom derivative structure factor.
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pooled and concentrated by ultrafiltration. The sample was filtered
through a Superdex™ 75 10/30 molecular sieve column (Pharmacia)
pre-equilibrated with buffer A at a flow rate of 0.7 ml/min. The purity
of the sample was estimated on the basis of the specific activity and by
SDS-PAGE analysis and Coomassie Blue staining. The samples were
analysed by electrospray mass spectroscopy. For this preparation, 60 mg
of B.cereus 569H/9 B-lactamase were obtained. The enzyme (4 mg/ml)
was stored in buffer A at —20°C. The purification of the T97C mutant
was performed by the same procedure, but dithiothreitol (DTT; 50 pM)
was added to the different buffers to prevent oxidation of the newly
introduced cysteine.

Crystallization

Crystals of the wild-type protein (Table II, column 1) were grown by
the vapour diffusion hanging drop method. The protein solution (9 mg/ml
in 10 mM cacodylate buffer containing 100 uM ZnSO,4 and 50 uM
DTT) was brought to 25 mM sodium citrate and 18% (w/v) poly(ethylene
glycol) 8000 (PEG 8K) (Sigma), pH 5.6. For the T97C mutant protein,
the DTT concentration was increased to 400 uM. For the preparation of
mercuric acetate (HgAc,) derivative (Table II, column 2), wild-type
crystals were washed for 4 days in Zn?*-free solutions containing
1.5 mM EDTA and 20% PEG 8K, and then soaked for 12 h in a 20%
PEG and 300 mM Hg?* solution. For derivatives of the mutant T97C,
crystals were transferred to a DTT-free solution with 100 uM Zn?™,
20% PEG 8K and either 0.35 mM phenylmercuric acetate (pHgAc) for
12 h or 0.5 mM pCMBS for 24 h. The second PMAc derivative (Table
II, column 4) was prepared in solution by dialysing the protein solution
for 5 h against a solution containing saturated pHgAc at pH 8.0 (50 mM
Tris—HCI buffer) and then crystallized as the wild-type protein.

Data collection and processing

Crystals belonged to space group C2, with unit cell dimensions a =
5379 A, b = 61.98 A, ¢ = 69.97 A, B = 93.67°, one molecule per
asymmetric unit and a solvent content of 35%.

X-ray data for crystals reported in columns 1, 2, 4 and 5 of Table II
were collected using a Fast/Enraf-Nonius area detector with a Cu rotating
anode generator (FRSH) and a graphite monochromator, and were
processed using the MADNES program (Messerschmidt and Pflugrath,
1987).

Data for the T97C mutant (Table II, column 3) were collected on a
Mar-Research image plate detector using a Cu rotating anode generator
(RU 200), and were processed with the XDS program (Kabsch, 1988,
1993). The CCP4 program suite (1993) was used for further processing.

Structure solution and refinement

The structure was solved by multiple isomorphous replacement (MIR).
The mercury atom of the wild-type derivative (Table II, column 2) was
found to replace the zinc atom. In the mutant T97C derivatives, the Hg
atom was bound to the —SH group in slightly different positions for the
pCMBS derivative and the two pHgAc derivatives. Heavy-atom para-
meter refinement and phasing were performed using MLPHARE (CCP4,
1993). The MIR map was improved by an electron density modification
involving solvent flattening, histogram matching and Sayre’s equations
options of the dm program (CCP4, 1993). The resulting map was
partially interpretable, and allowed ~60% of the protein atoms to be
located. Successive cycles of phase combination with SIGMAA (Read,
1986) and model building resulted in the final model, which defines the
protein structure except for the C-terminal Lys227 and two stretches of
the sequence: the first six N-terminal residues and the Gly32-Val39 loop
which appears to be disordered.

Model building was performed using the graphic O program (Jones
et al., 1991) on an ESV station. Refinement was performed using
X-PLOR (Briinger, 1992) with 5% of the reflection data set used for
defining the R-free factor. The correctness of the chain trace was verified
by an inspection of the electron density of (2IF | — IF.l), (IF | — IF.l) and
o4 weighted (IF,l - IF_|) omit maps calculated with ~10% of the residues
omitted for the phase calculation.

The final model contains 212 amino acid residues (out of 227), one
Zn atom and 10 water molecules which were clearly located in the map
and refined with a B-factor of <50 A2, The final R-factor was 0.22 for
the 6683 reflections with IF1 > 26(F) (0.221 for all 6709 reflections),
and the R-free factor was 0.33 in the resolution range 8.0-2.5 A.

Structure comparison
The structures were taken from the Protein Data Bank (Abola et al.,
1987). Figures were prepared using the following programs:
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MOLSCRIPT (Kraulis, 1991), RIBBONS (Carson, 1991) and O (Jones
et al., 1991).

Data deposition

The atomic coordinates have been deposited in the Protein Data Bank
(IBMC), Chemistry Department, Brookhaven National Laboratory,
Upton, NY 11973, with an embargo of 2 years after publication.
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