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The b-lactamases are involved in bacterial resistance to penicillin and
related compounds. Members of the metallo-enzyme class are now found
in many pathogenic bacteria and are thus becoming of major clinical
importance. The structures of the Zn-b-lactamase from Fluoribacter
gormanii (FEZ-1) in the native and in the complex form are reported here.
FEZ-1 is a monomeric enzyme, which possesses two zinc-binding sites.
These structures are discussed in comparison with those of the tetrameric
L1 enzyme produced by Stenotrophomonas maltophilia. From this analysis,
amino acids involved in the oligomerization of L1 are clearly identified.
Despite the similarity in fold, the active site of FEZ-1 was found to be sig-
nificantly different. Two residues, which were previously implicated in
function, are not present in L1 or in FEZ-1. The broad-spectrum substrate
profile of Zn-b-lactamases arises from the rather wide active-site cleft,
where various b-lactam compounds can be accommodated.
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Introduction

The Zn-b-lactamases provide a powerful and
threatening weapon that renders bacteria resis-
tant to antibiotics. Powerful, because they have a
broad-range of activity against different sub-
strates (e.g. penicillins, cephalosporins) and
particularly against third-generation penicillins
(carbapenems1), which are hydrolyzed poorly by
most of the serine-b-lactamases. Threatening
because no clinically efficient inhibitor has
been characterized. Moreover, the appearance of
Zn-b-lactamases encoded by mobile elements,
such as the IMP-type and VIM-type enzymes2,3

has promoted the spread of similar enzymes to
major bacterial pathogens, such as Entero-
bacteriaceae, Pseudomonas aeruginosa, and other
Gram-negative species.4 Due to these particu-
larities, the biochemical and structural characteri-
zation of members of the increasingly large family
of Zn-b-lactamases are of great interest, since a
detailed analysis of the active site and mechanism
of action of these enzymes could lead to rational
design of inhibitors, which could be co-adminis-
trated with b-lactam antibiotics.

The Zn-b-lactamases (Ambler class B b-lacta-
mases) are characterized by the presence of one
or two metal-binding sites in their active site.5,6

Interestingly, a specific enzyme may utilize either
one or both zinc ions for maximal activity. Conse-
quently, they are inhibited by chelating agents
such as EDTA, 1,10-o-phenanthroline and dipico-
linic acid.7 Despite the high degree of overall
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structural similarity between the different Zn-b-
lactamase structures obtained to date,8,9 there are
differences that have been used to cluster class B
b-lactamases into three different subclasses: B1, B2
and B3.10 Subclass B1 contains the first studied
and better known Zn-b-lactamases (e.g. BcII
from Bacillus cereus, CcrA or CfiA from Bacteroides
fragilis, IMP-1 from P. aeruginosa and Serratia
marcescens ). They are monomers and are active
with one or two Zn ions in their active sites. In con-
trast, the subclass B2 Aeromonas enzymes (CphA,
ImiS and CphA2) are inhibited by the presence of
the second Zn ion in the active site. Finally, sub-
class B3 includes the tetrameric enzyme L1 from
the opportunistic pathogen Strenotrophomonas
maltophilia, GOB-1 from Chryseobacterium meningo-
septicum, THIN-B from Janthinobacterium lividum,
FEZ-1 from Fluoribacter gormanii11,12 and Mbl1b
from Caulobacter crescentus.13

Like L1 and GOB-1, FEZ-1 exhibits a broad-
spectrum activity profile, with a strong preference
for cephalosporins such as cephalothin, cefuroxime
and cefotaxime; in contrast to the tetrameric L1, it
has been shown to be monomeric in solution.12

Here, we present the three-dimensional struc-
tures of the native form of FEZ-1 and of the
complex with the inhibitor D-captopril at 1.65 Å
and 1.78 Å resolution, respectively. These struc-
tures are compared with that of the tetrameric
member of the subclass B3, L1.

Results

Overall structure

Two different crystal forms for FEZ-1 were
obtained at two different pH values (5.0 and 7.0)
without and with D-captopril in the crystallization
droplet. The native crystals are monoclinic P21

with two molecules per asymmetric unit, whereas
the crystals obtained in presence of D-captopril are
monoclinic C2 with one molecule per asymmetric
unit. The overall structure of FEZ-1 in both crystal
forms (262 residues from 36–311 following BBL
numbering10) conserves the main structural
features of class B b-lactamases8 and particularly
those found in L1.14 The structure folds as a ab/
ba sandwich, where the helices are exposed to
the solvent and surround the compact core of the
b-sheets (Figure 1). FEZ-1 may be subdivided into
two domains. The N-terminal domain is formed
by four short a-helices (a1–a4) and a b-sheet
(strands b1–b7) and the second domain by a
b-sheet (strands b8–b12) followed by four
a-helices (a5–a8) in the C-terminal region. An
approximate internal molecular 2-fold symmetry
is observed between the two domains, suggesting
a possible gene duplication.8 Structural alignment
of L1 with FEZ-1 reveals several differences
between the two structures (Figure 2). The major
differences are the lack of the L1 N-terminal 310

Figure 1. Structural comparison between FEZ-1 and L1 monomer; both structures are represented as ribbons. Sec-
ondary structures are labeled and the backbone is colored in a rainbow ramp. The two zinc ions are shown as blue
spheres. The 3D representation was made using MOLSCRIPT.28
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helix and the absence of a6 and a7 in L1 where the
h5 310 helix is observed (Figure 1). These dif-
ferences are the result of 13 deletions and six inser-
tions in the L1 sequence. In FEZ-1, there is an
additional 310 helix (h3 between a4 and b7, repla-
cing the loop seen in L1. In this region, two resi-
dues are inserted into FEZ-1, which enlarge the
155–163 loop near the active site, and displace
neighboring residues. Another insertion, Pro226, is
also in a loop near the active site. A six residue
insertion makes the last a8 helix longer in FEZ-1
than in L1.

There are three cysteine residues in the enzyme,
two of which (Cys256 and Cys290) form a disulfide
bridge. Cys256 is located in the loop between a5
and b12, and Cys290 is at the N-terminal part of
helix a8. This interaction anchors the last long
helix (a8) to the rest of the enzyme, stabilizing its
position. The third cysteine residue (Cys200) is
located immediately before the N-terminal part of
b10, in the second b-sheet core and is buried in
the structure.

In both native and complexed FEZ-1 there is
only one residue in a non-favorable position in the
Ramachandran plot. This residue, Asn84, is located
immediately after b4 in a buried position. Asn84 is
stabilized by different hydrogen bonds between its
side-chain and main-chain atoms with residues
Ala69, Ser70, Leu113, Ser115 and a water molecule
(Wat13, B ¼ 10 Å2). In all subclass B1 and B3
sequences, either aspartic acid or asparagine is
found at this position. For all available structures,
the equivalent residues have a strained main-
chain conformation, supporting the hypothesis of
a structural role for the residue. Only one charged
amino acid is buried completely in the protein
(Asp86). However, this residue is not conserved in
all available sequences.

In comparison with subclass B1 b-lactamases,
there is a short loop in FEZ-1 between b2 and b3
(corresponding to b3 and b4 in subclass B1). Due
to a seven or eight amino acid residue insertion in
subclass B1 b-lactamases, the longer loop acts as a
flap that closes the active site in the presence of
the substrate.9,15

Native FEZ-1

Native FEZ-1 presents two molecules per asym-
metric unit with an rmsd between chains A and B
of 0.09 Å. In each molecule, two Zn ions are located
in the active site: Zn1 is in the so-called His-site,
being coordinated to His116, His118 and His196;
Zn2 is in the second subsite formed by Asp120,
His121 and His263 (Table 1). In b-lactamases of
subclasses B1 and B2, Cys221 replaces His121 as a
Zn ligand in the second site.10 The two Zn ions are
3.6 Å apart. Close to these ions, a poorly defined
electron-density patch was interpreted as being a
disordered glycerol molecule from the cryobuffer
used for flash-freezing the crystal. This glycerol
molecule seems to have displaced the expected
bridging hydroxyl ion, placing one of its oxygen
atoms (O2) between the two Zn ions. Both Zn1
and Zn2 are coordinated to O2 (2.10 Å and 2.05 Å,
respectively) (Table 1). In addition, two different
positions were attributed to a disordered water
molecule (Wat127 in chain A and Wat178 in chain
B). In one position, Wat127/178 is interacting with
the Zn ions.

Two residues, Ser221 and Arg255, were found
with double conformation: Ser221 presents a
double conformation with different occupancies
(Figure 3). In its main conformation (occupancy
0.7) the Og interacts with the above-mentioned dis-
ordered water molecule (2.82 Å) when the water

Figure 2. Sequence alignment and secondary structure assignment for FEZ-1 and L1 b-lactamases. Residues that are
conserved or similar in the two sequences are shown as red and white boxes, respectively. The Figure was made using
ESPript.29
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molecule is further away from the Zn ions. In its
main conformation, Ser221 is in contact with ND1
of His196 and the backbone nitrogen atom of
Ile222 and Gly223. The secondary conformation
(occupancy 0.3) is due to a x1 rotation of 103.98.
Upon rotation, the hydroxyl group moves 2.4 Å
away from its main position. In this second confor-
mation, Ser221 points towards His116 and Cys200,
losing the contact with the water molecule. This
molecule is then “liberated” and able to move
closer to the Zn ions (Figure 3).

Arg255 is the other residue that presents a double
conformation in the native FEZ-1 structure. This
residue is exposed to the solvent and located at the
contact interface between molecules A and B,
which are related by non-crystallographic symmetry.

The FEZ-1 D-captopril complex (FEZ-1 Dcap)

The protein has the same structural features as
the native FEZ-1 (rmsd of 0.14 Å and 0.15 Å for
molecules A and B, respectively). In the complex,
Ser221 and Arg255 show only one conformation.

The conformation of Ser221 is identical with that
of Ser221 in native FEZ-1, in the conformation
with the highest occupancy (0.7), while Arg255
adopts a conformation different from those found
in the native enzyme.

The two Zn ions located in the active site of
FEZ-1-Dcap make almost identical interactions
with the protein ligands as in native FEZ-1
(Table 1). Surprisingly, instead of a glycerol
molecule, a sulfate ion from the crystallization
buffer was identified close to both Zn atoms, inter-
posing one of its oxygen atoms (O1) between the
two ions (2.48 Å to Zn1 and 2.05 Å to Zn2)
(Figure 4(a)). The sulfate ion is stabilized in this
position by the hydrogen bond between its O4
atom and ND2 of Asn225 (2.71 Å). Zn1 is pentaco-
ordinated to the three His residues of the His-site
(NE2 of His116, ND1 of His118 and NE2 of His196)
and sulfate O1 and O4 atoms, in a bidentate fashion,
and Zn2 is tetracoordinated to OD1 of Asp120, NE2
of His121, NE2 of His263 and sulfate O1 (Table 1).

Initial 2Fo 2 Fc electron density maps showed
additional discontinuous density located near the

Table 1. Interactions in the active site of native FEZ-1 and FEZ-1-D-captopril (#3.5 Å)

Fez-1 Fez-1-D-captopril

Atom Distance (Å)a Atom Distance (Å)

Zn1 His116 NE2 2.08 His116 NE2 2.16
His118 ND1 2.08 His118 ND1 2.10
His196 NE2 2.07 His196 NE2 2.08
Glycerolb O1 2.90 Sulfate O1 2.48
Glycerolb O2 2.10 Sulfate O4 2.60
Wat127/178 3.28

Zn2 Asp120 OD1 2.10 Asp120 OD1 2.06
Asp120 OD2 3.25 Asp120 OD2 3.23
His121 NE2 2.16 His121 NE2 2.06
His263 NE2 2.04 His263 NE2 2.04
Glycerolb O2 2.05 Sulfate O1 2.05
Glycerolb O3 2.45
Wat 127/178 2.28

a Values for molecule A.
b Disordered glycerol molecules with O between Zn atoms.

Figure 3. A representation of
Ser221 and Wat127/178, close to
the active site of native FEZ-1. The
alternate conformation of Ser221
with occupancy 0.3 due to a
rotation of 103.98 of its hydroxyl
group from the main conformation
(blue) is depicted in pink. In that
main position, Ser221 is hydrogen
bonding Wat127/178. In the second
conformation, the water is released
by Ser221 and attracted close to the
Zn ions. The Figure was made
using TURBO.
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active site. This additional density was confirmed
by Fo 2 Fc maps (Figure 4(a)). Despite discon-
tinuities in the electron density, a molecule of
D-captopril 1-(D-3-mercapto-2-methyl-1-oxy-
propyl)-D-proline; C9H15NO3S) was fitted and
refined, with no clashes or steric problems. The
active site of FEZ-1 is located in a wide-open
groove, which is mostly positively charged
(Figure 4(b)). The modeled molecule of D-captopril
completely fills the groove. Due to the observed
disorder, an occupancy of 1.0 was assigned to the
ring of the D-proline, main-chain atoms and thiol
group, and an occupancy of 0.0 for all the other
atoms. The closest interaction of the sulfur is with
the Ser221 side-chain (2.86 Å).

Discussion

Native FEZ-1

The main differences between native FEZ-1 and
FEZ-1-Dcap are concerned with the mobility of

certain elements that are related directly with the
active site; in particular, the movement of Ser221
and water molecule 127/178 (corresponding to
chain A and B of the asymmetric unit) (Figure 3).

In L1, Ser221 has a completely different position
than that in any of the two conformations seen in
FEZ-1. This is due to a flip of the main-chain in
FEZ-1 around the peptide bond of Gly220, which
in L1 is aspartic acid. In L1 a neighboring serine
residue (Ser223) sterically prevents Ser221 from
being in its main conformation. This is not the
case in FEZ-1, where Ser223 is replaced by glycine.
We conclude that the presence of Gly220 and
Gly223 in FEZ-1 allows a greater flexibility in that
area, permitting a new orientation of Ser221. In L1
there are two discrete water molecules (Wat10 and
Wat85) in positions similar to that of the moving
water molecule 127/178 in FEZ-1, but these water
molecules make different interactions. In L1,
Wat10 adopts a position similar to that of Wat127/
178 close to the Zn ions but, in contrast to FEZ-1,
it is close to Og Ser221 (2.72 Å). Wat82 makes four
hydrogen bonds: one with Og Ser223, one with
Wat10 and the rest with two water molecules.

Ser221 may play a role in the relay of water
molecules from the bulk solvent to the proximity
of the active site. By analogy to the model pro-
posed for catalysis in L1,14 the water molecule
would be ready to lose a proton and move to
bridging hydroxyl site (Figure 3). It is possible
that in our high-resolution structure we observed
a water molecule being pushed by Ser221 from the
bulk solvent towards the active site, but this water
molecule remains mobile due to the presence of
the disordered glycerol molecule. The presence of
a disordered molecule of glycerol from the cryo-
buffer in the active site and the fact that one of its
oxygen atoms is located in the position where the
activated water molecule should be located,
suggests that glycerol acts as a pseudo-inhibitor.

FEZ-1-D-captopril

In the structure of FEZ-1 co-crystallized in the
presence of D-captopril, a discontinuous electron
density was observed in the proximity of the active
site. The clearest section of this electron density
coincided with the position of the D-proline ring of
the D-captopril molecule, allowing the positioning
of a molecule of D-captopril. Its interaction with
the enzyme is electrostatically favored by the
positively charged groove.

The overall poor electron density for the inhibi-
tor indicates low occupancy and/or a high
mobility of certain groups of the molecule. This
observation could be explained by the high dis-
sociation constant, Ki, of D-captopril for FEZ-1
(400 mM) compared to that (8 mM) for L1. There is
no close interaction between the thiol group of the
D-captopril molecule and the two Zn ions of the
active site (4.53 Å to Zn1 and 4.30 to Zn2), in
contrast to what is observed in a complex between
IMP-1 and a mercaptocarboxylate inhibitor,9

Figure 4. (a) Fo 2 Fc map contoured at 2.8s corre-
sponding to the area where the D-captopril was
modelled in the structure of FEZ-1-Dcap. The phases
were calculated from coordinates not completely refined
and without D-captopril. Final refined coordinates have
been superimposed. In the proximity, a sulfate ion has
one of its oxygen atoms (red arrow) bonded to both Zn
ions. The Figure was made with BOBSCRIPT.30 (b)
GRASP representation of FEZ-1-Dcap structure. The
D-captopril moiety is located in the positively charged
cavity connected to the active site (black arrow). The
sulfate ion is depicted. The Figure was made with
GRASP (www.csb.yale.edu/userguides/graphics/grasp).
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where the sulfur moiety interacts with both Zn
atoms.

Additionally, a sulfate molecule within the active
site replaces the bridging hydroxide group nor-
mally located between the two Zn atoms, since
one of its oxygen atoms interacts with both zinc
ions, much like in the case of the glycerol group in
the native FEZ-1 structure (Table 1). Similar inter-
actions have been described for IMP-1 complexed
to a potent succinic acid inhibitor; in this structure,
a carboxyl oxygen atom from the inhibitor replaces
the bridging water molecule by binding to the zinc
atoms.16 In the present structure, the presence of
this intercalated sulfate molecule could preclude a
closer interaction of D-captopril with the Zn ions.

Active site of FEZ-1 and L1

The superposition of the two active sites shows
significant differences, which can be clustered into
three categories. First, the nature of the residue
hydrogen bonded to the Zn ligands is different for
His116, His118, His196 and His263. For example,
in FEZ-1, His116 interacts with O Gly220, whereas
the same residue is interacting with OD1 Asp220
in L1 (BBL numbering) (Figure 5). Second, two
regions show large deviations (.3 Å) in their back-
bone positions: the 15 N-terminal residues and the
155–163 loop. Third, small local changes affect the

shape of the active site. The main differences are
the result of the flipping of the main-chain around
the Gly220 peptide bond of and the insertion of
Pro226 between b11 and a5 (Figure 5).

Reaction mechanism

The catalytic mechanism of b-lactam hydrolysis
has been proposed to involve the bridging
hydroxide group between the two zinc atoms,
which can serve as the attacking nucleophile on
the carbonyl carbon atom of the b-lactam ring
(Figure 6).14,17,18 In addition, two binding inter-
actions were postulated. First, Asn233 (X in Figure
6) and Zn1 form an oxyanion hole. The side-chain
of the equivalent residue in L1 and FEZ-1 is 14 Å
away from the postulated oxyanion hole. In L1,
Tyr228 was postulated to stabilize the oxyanion,
either directly or through a water molecule.14 In
FEZ-1, Tyr228 is conserved. However, Asn225,
which is not conserved in L1, is in a better position
to play the role of Asn233, which is present in
B. cereus, B. fragilis and IMP-1. Second, a significant
contact is formed between the substrate carboxyl
group and Ser223 (Y in Figure 6). However, in
FEZ-1, Ser223 is mutated into glycine and no other
residue could play the same role. A motion of the
223–229 loop upon substrate binding cannot be
ruled out, which can bring other side-chain resi-
dues to play the role of X and Y. Another possi-
bility is that electrostatic interactions between the
negatively charged b-lactam and the positively
charged active-site cleft provide the major contri-
bution to binding energy. Interactions of the oxy-
gen carbonyl group and the nitrogen atom of the
b-lactam with zinc ions serve to orient the sub-
strate in the active site. The absence of specific
protein-substrate interactions thus provides an
explanation for the exceptional broad substrate
profile of class B b-lactamases.

Tetramerization

FEZ-1 is monomeric in contrast to L1, which is
tetrameric (D2 symmetry). A detailed analysis of
the residues involved in the tetramerization of L1
showed that most of these residues are absent
or mutated in FEZ-1. In L1, tetramerization is
achieved by three defined sets of interactions,
allowing each subunit to interact with the other
three. The two most striking sets of interactions
involve the N terminus region: the first 15 residues
make electrostatic and hydrophobic interactions
with another subunit (A and B or C and D). FEZ-1
lacks the N terminus region and consequently
lacks all of these interactions. The last set of inter-
actions between the A and B subunits is made by
the Met175 side-chain, which penetrates into a
hydrophobic pocket defined by Leu154, Pro198
and Tyr236. In FEZ-1, these two hydrophobic resi-
dues, Met and Pro, are replaced by two positively
charged residues, His175 and Arg198, respectively

Figure 5. Superposition of the active-site region of
FEZ-1 (in yellow) and L1 (in green). For clarity, only
side-chain residues listed in the text are represented.
Note the insertion of P226 in FEZ-1 and the flip of the
main-chain carbonyl oxygen atom in G220 in comparison
with D220 in L1. The Figure was made with BOBSCRIPT.

Figure 6. An illustration of the mechanism proposed
for carbapenem hydrolysis.
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(Figure 7). These two mutations prevent inter-
actions between subunits.

Packing

The packing arrangement of the protein mole-
cules into the two crystal forms is very similar.
One unit cell can be converted to the other by
permutation of the a and c axes. The C2 form is
transformed into the P21 form by an origin trans-
lation (1/4,0,0) from a 2 axis to a 21 axis. The 2
axis of C2, after a slight translation in the plane
(a,c ), is the non-crystallographic 2-fold rotation
axis between molecules A and B, in P21.

Conclusions

Zn-b-lactamases are members of a superfamily
that includes proteins with a large variety of
biological functions.19 As well as class B b-lacta-
mases, the superfamily includes glyoxalases II,
arylsulfatase, flavoproteins, cyclase/dehydrase and
RNA 30 processing protein; the occurrence of these
proteins spans from bacterial to human species.

The two structures presented here contribute to
unravel the structure/function relationships of an
important class of enzymes involved in drug
resistance. Ultimately, a full understanding of the
catalytic mechanism may be important in the
development of urgently needed inhibitors.

Materials and Methods

Overexpression and purification

The overexpression and purification of FEZ-1 was per-
formed as described.12 FEZ-1 is a monomeric enzyme of

263 residues; the molecular mass (29,332 Da) was con-
firmed by electrospray mass-spectrometry before
crystallographic analysis.

Synthesis of D-captopril

D-captopril (1-(D-3-mercapto-2-methyl-1-oxypropyl)-
D-proline; C9H15NO3S) was synthesized from commer-
cially available compounds starting with D-proline.20,21

The final hydrolysis reaction was carried out with 1 M
NaOH under an argon atmosphere.

Crystallization

Native crystals of dimensions 450 mm £ 80 mm £ 40
mm were obtained after approximately ten days by
hanging-drop, vapor-diffusion at 20 8C. A sample (1 ml)
of protein solution (10.5 mg per ml of 15 mM sodium
cacodylate/cacodylic acid, pH 6.0) was mixed with 1 ml
of 20% (w/v) PEG 4000, 0.2 M ammonium sulfate,
20 mM ZnCl2, 0.1 M sodium acetate/acetic acid (pH 5.0)
as a precipitant solution. The crystals belong to the
space group P21 with unit cell parameters a ¼ 44.86 Å,
b ¼ 76.85 Å, c ¼ 78.89 Å and b ¼ 102.088, and contain
two molecules per asymmetric unit (Table 2).

Co-crystallization with D-captopril was set up by
mixing in the crystallization drops 1 ml of the protein
solution, 1 ml of 18% PEG MME 5000, 0.2 M ammonium
sulfate, 0.1 M Hepes pH 7.0, 0.25 ml of 0.1 mM ZnCl2

and 0.3 ml of 36 mM D-captopril. Crystals started appear-
ing after ten days. The crystal chosen for data collection
measured approximately 350 mm £ 50 mm £ 20 mm and
was also monoclinic, but belonged to the space group
C2 with unit cell dimensions a ¼ 82.12 Å, b ¼ 76.78 Å,
c ¼ 44.84 Å and b ¼ 110.2018, with one molecule per
asymmetric unit (Table 2).

Data collection

X-ray data from a crystal obtained by co-crystalliza-
tion with D-captopril at 8 8C were collected in house
using a Nonius FR 591 rotating anode X-ray generator
running at 40 kV and 100 mA, coupled to a Mar Research
Imaging Plate detector. Diffraction data to 1.78 Å reso-
lution were obtained from the crystal flash-cooled
directly in the cryostream after soaking for a few minutes
in cryoprotectant solution (same crystallization con-
ditions with additional 20% glycerol).

A native FEZ-1 crystal was analyzed on the BM30A
X-ray beam-line at the European Synchrotron Radiation
Facility (ESRF) in Grenoble. In order to prepare the
protein-inhibitor complex, the native crystal was pre-
soaked for 15 minutes with 14.4 mM D-captopril freshly
added to the reservoir solution. The crystal was trans-
ferred to a cryoprotectant solution for a few minutes
(same crystallization conditions with 25% added gly-
cerol) and then flash-cooled directly in the cryostream.
A data set collection of 180 frames using 18 oscillation
steps to 1.65 Å resolution was collected at a wavelength
of l ¼ 0.9 Å.

Due to the expected presence of two Zn atoms in the
active site, a crystal obtained from co-crystallization
with D-captopril at 20 8C was used on the same beamline
for a SAD experiment to detect the Zn atoms positions.
The flash-cooling procedure described above was
applied to a crystal. Data collection was performed at a
wavelength of l ¼ 1.2827 Å previously determined from
a fluorescence spectrum on the same crystal, which

Figure 7. GRASP representation of the main zone of
interactions between monomers A and B in tetramer L1.
Subunit A of L1 is depicted as a chain with white carbon
atoms. A superposition of the structurally related area of
FEZ-1 is depicted in yellow. For clarity, only residues
from 171 to 200 are represented. Monomer B is depicted
as a surface where the green area corresponds to the
localization of hydrophobic residues.
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corresponds to the energy of Zn K absorption edge. The
maximum resolution of the data collection was 2.35 Å.
All data sets were processed and scaled with
DENZO22and SCALA23 (Table 2).

Structure determination and refinement

The structure of FEZ-1 co-crystallized with D-captopril
was solved using molecular replacement with the pro-
gram AmoRe.24 One monomer of the L1 subclass B3
b-lactamase was used as a search model (PDB ID 1SML)
after removing the N-terminal 13 residues, Zn ions,
hetero atoms and water molecules. Reflections between
15 Å and 4.0 Å were included in the molecular replace-
ment calculations. The best solution obtained has a corre-
lation factor of 22.7% and an R-factor of 50.0%. Rigid-
body calculation using CNS25 and further analysis of an
initial density map by the interactive graphics program
TURBO† confirmed the solution to be correct. The initial
search model was then converted into a poly-alanine
chain. To improve the model, rounds of model building
and iterative simulated annealing using torsion angle
dynamics (starting temperature 5000 K with cooling rate
50 K per cycle), energy minimization and B-factor refine-
ment using CNS tasks, were performed. At this point the
model still had ambiguous zones (Rworking 36.9%; Rfree

44.2%; with approximately 10% of reflections in the test
set for cross-validation).

A SAD experiment was made using the crystal
obtained in co-crystallization with D-captopril. Dif-

fraction data were collected at the anomalous edge of
Zn. The two expected Zn sites were identified in the
asymmetric unit simultaneously by using the program
Shake-and-Bake26 and visually by straight calculation of
an anomalous Patterson map from a script of the CCP4
suite.23 These positions were refined by MLPHARE23

with an overall figure of merit (FOM) from 0.271 Å to
2.34 Å. The phases were further improved by density
modification using DM,23 giving an FOM of 0.654.

Phase information from the SAD experiment was
included at that point for further refinement of the
partially built model obtained by molecular replacement.
Experimental phases (experimental Hendrickson–
Lattman coefficients) were calculated with the program
CNS and incorporated into the refinement of the
partially built model. Initial refinement was started by
simulated annealing (torsion angle dynamics with
starting T ¼ 5000 K and a cooling rate of 50 K per cycle)
followed by successive rounds of model building, energy
minimization and B-factor refinement. Phase information
helped to improve the previously built model and to
solve the ambiguities found initially.

When the model was considered to be correct, 263
water molecules were added automatically (CNS). In
the last steps of refinement, four sulfate ions and one
chloride ion were incorporated. One sulfate ion was
fitted close to the Zn ions. In addition, a molecule of
D-captopril was modeled and refined to fit the extra
electronic density found in the active site. Even if the
inhibitor was not exhibiting full occupancy, it could be
positioned with no electrostatic or steric disagreements.
Topology and parameters files of the hetero-compounds
were generated using the program XPLO2D included in

Table 2. X-ray data collection and structure refinement

FEZ-1 FEZ-1-D-captopril

A. Data collection statistics
Ia IIb

Unit cell parameters
a (Å) 44.86 82.12 83.07
b (Å) 76.85 76.78 76.90
c (Å) 78.89 44.84 44.92
b (deg.) 102.08 110.2 109.81
Space group P21 C2 C2
Molecules/asymmetric unit 2 1 1
Max. resolution (Å) 1.65 1.78 2.35
No. observed reflections 217,456 74,560 68,707
No. unique reflections 61,458 46,214 21,850
Overall completeness (%) 97.9 (96.9)c 92.4 (61)d 98.4 (96.4)e

Multiplicity 3.5 3.2 6.3
Rsym

f 0.021 (0.037)c 0.038 (0.076)d 0.054 (0.065)e

B. Refinement statistics
No. reflections 61,308 45,143
No. atoms (non-H) 4452 2321
Rworking

g (%) 17.37 16.78
Rfree

h (%) 19.83 19.10
rms deviation from ideal
Bonds (Å) 0.014 0.014
Angles (deg.) 1.62 1.59

a Data collection in laboratory X-ray generator.
b Data collection from synchrotron source.
c Last resolution shell 1.74–1.65 Å.
d Last resolution shell 1.88–1.78 Å.
e Last resolution shell 2.48–2.35 Å.
f Rsym ¼

P
lIj 2 kIll=

P
kIl; where Ij is the intensity for reflection j, and kIl is the mean intensity.

g Rworking ¼
P

kFol2 lFck=
P

lFcl; calculated with the working set.
h Rfree was similarly calculated with approximately 10% of the data excluded from the calculation of Rworking.

† www.csb.yale.edu/userguides/graphics/turbofrodo
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the HIC-UP server†. The final structure FEZ-1-D-capto-
pril has Rworking ¼ 16.8% and Rfree ¼ 19.1% (Table 2).

The native structure of FEZ-1 at 1.65 Å was solved by
molecular replacement using the program AMoRe. The
previous structure of FEZ-1 without solvent and Zn ions
was used as a search model. A solution corresponding
to two molecules per asymmetric unit was obtained
with a correlation coefficient of 73.4% and an R-factor of
34.7%. Non-crystallographic symmetry matrices that
relate the two models in the asymmetric unit were
calculated using CNS. Non-crystallographic symmetry
restraints were applied during all refinement pro-
cedures. Iterative rounds of model building, energy
minimization and B-factor refinement followed. The
restraint weight applied in the non-crystallographic sym-
metry was initially 300 kcal mol21 Å22 and decreased
progressively in the last refinement procedures to 20. In
the final model, 540 water molecules, four sulfate ions,
three acetate ions, and four molecules of glycerol were
added. One of the glycerol molecules in two different
conformations was placed in the active site of each of
the two molecules in the asymmetric unit (A and B) to
interpret the highly disordered electronic density found
in that area. Double conformations were included in the
last steps of refinement for the residues Ser221 and Arg
255 in chains A and B of the asymmetric unit and double
position for water molecules 127 and 178, which are
disordered water molecules in the active sites of the
two chains. The final model had Rworking ¼ 17.4%, and
Rfree ¼ 19.8% (Table 2). The quality of the two structures
was analyzed by PROCHECK.27

Protein Data Bank coordinates

The atomic coordinates have been deposited in the
Protein Data Bank (PDB). The PDB ID code for the native
FEZ-1 structure is 1K07 and that for the FEZ-1 D-capto-
pril complex is 1JT1.
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