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Abstract

At present there are three protein families that share a common structural domaif/@hefold of class

B B-lactamases: zin-lactamases, glyoxalases Il, and A-type flavoproteins. A detailed inspection of their
superimposed structures was undertaken and showed that although these proteins contain binuclear metal
sites in spatially equivalent positions, there are some subtle differences within the first ligand sphere that
determine a distinct composition of metals. Although Ziatactamases contain either a mono or a di-zinc
center, the catalytically active form of glyoxalase Il contains a mixed iron—zinc binuclear center, whereas
A-type flavoproteins contain a di-iron site. These variations on the type of metal site found within a common
fold are correlated with the subtle variations in the nature of the ligating amino acid residues and are
discussed in terms of the different reactions catalyzed by each of the protein families. Correlation of these
observations with sequence data results in the definition of a sequence motif that comprises the possible
binuclear metal site ligands in this broad family. The evolution of the proteins sharing this common fold and
factors modulating reactivity are also discussed.

Keywords: Bimetallic sites;B-lactamase; glyoxalase; iron; zinc; evolution; A-type flavoprotein

The class Bp-lactamase metallohydrolase fold has anidentical folds, all these proteins catalyze distinct reactions,
af/Ba structure, consisting of a core unit of twadsheets  with no apparent common features. The metghtactama-
sandwich surrounded by solvent-exposed helices toward thees are zinc-dependent enzymes with antibiotic degrading
external faces. At present this structural organization haactivity, having a high efficiency for carbapenems, although
been identified in three distinct types of proteins, for whichthey hydrolyze nearly aB-lactams. The three-dimensional
adequate structural templates are available: mepallme-  structure of theBacillus cereu$69H B-lactamase provided
tamases (Carfi et al. 1995; Concha et al. 1996, 2000; Ullalthe first description of this metallohydrolase fold (Carfi et
et al. 1998), glyoxalase, and rubredoxin:oxygen oxidore-al. 1995). Since then, the resolution of three other crystal
ductase (Frazéo et al. 2000). Interestingly, despite havingtructures from the enzymes fromacteroides fragilis
(Concha et al. 1996%tenotrophomonas maltophil{@llah
oo — _ —— etal 1998), andP’seudomonas aeruginogg€oncha et al.
e o S AS57oR 2 QUTI<©2000) hias provided futher detais concerting the Stuctura
Article and publication are at http:/www.proteinscience.org/cgi/doi/ @SPECtS Of this protein family. In these enzymes, the active
10.1110/ps.31202. site is located at one edge of the inter@@l sandwich and
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comprises a binuclear zinc center. However, the occupancgoxin:oxygen oxidoreductase, 1e5d (Frazéo et al. 2000). A
of this site is distinct in the different proteins: whereas theglobal structure comparison involving available structures
Bt. fragilis, S. maltophiliaenzymes have two high affinity was performed using MODELLER (Sali and Blundell
zinc-binding sites, thé3. cereusand P. aeruginosaacta-  1993). The positional root mean square deviations (rmsd) of
mases have one high and one low affinity zinc-binding sitethe superimposed G-atoms, the number of three-dimen-
(Wang et al. 1999a). sion superimposed residues and their percentage of se-

Glyoxalase Il is a thiolesterase involved in a two-enzymequence identity are shown in Table 1. Noteworthy, the first
system that catalyzes the conversion of toxic 2-oxoaldedomains of ROO and glyoxalase are more closely related to
hydes to the corresponding 2-hydroxycarboxylic acids usingach other than to the set of zifelactamases. A detailed
glutathione as a coenzyme (Thornalley 1990). The crystatomparison of the protein topology was performed, and
structure of this protein showed that it is composed by twaopology diagrams illustrating the common domain from
distinct structural domains, one of which is similar to the representatives of the three families were generated (Fig. 2).
whole structure of metall@-lactamases (Cameron et al. All proteins exhibit aa/Ba topology, with the NB-sheet
1999). This similarity had been anticipated from amino acidcomposed by two sections, antiparallel (3 to 5 chains) and
sequence comparisons, which have led to the suggestigrarallel (3 or 4 chains) sections, and the3&heet com-
that glyoxalase 1l enzymes would be members of the superposed by antiparallel (4 chains) and parallel (2 chains) sec-
family of hydrolases (Melino et al. 1998). The structure alsotions, except for ROO, which has an additional antiparallel
revealed the presence of a binuclear metal site in a spatighain at the end of the B-sheet. The external helices run
location topologically equivalent to that of metalpolacta-  parallel to each other on the amino side of the sandwich (3
mases. The binuclear metal site in glyoxalase Il proteins ifielices, except for glyoxalase with only 2 helices) and a pair
promiscuous in terms of metals, being able to accommodatef antiparallel helices on the carboxyl side for lactamases, 1
either zinc or iron (Cameron et al. 1999; Zang et al. 2001)helix in glyoxalase and 3 helices with mixed directions in
and see below). ROO.

Rubredoxin:oxygen oxidoreductase (ROO) belongs to the Simple primary sequence database searches using the re-
superfamily of A-type flavoproteins (Chen et al. 1993a;gions from these proteins that comprise the metallohydro-
Santos et al. 1993;Gomes et al. 1997, 1999; Wasserfallen &se fold fail to detect each other, a finding that is not
al. 1998) and is the prototype enzyme for dioxygen detoxi-surprising considering that there is a very low amino acid
fication in anaerobes. It operates as the terminal oxygerdentity (<17%) between the representative members of the
reductase of a scavenging pathway operating in the sulfatédamily. With the exception of some key residues that are
reducing bacteriumDesulfovibrio gigas (Chen et al. involved in the bimetallic site binding (see below), a rea-
1993a,b; Gomes et al. 1997). The recently determined cryssonable variability is allowed in other regions, which agrees
tallographic structure of ROO showed that it contains twowell with the known evidence that there is a fourfold re-
distinct structural domains: one having a metglidacta- dundancy on the type of amino acids that determine a given
mase-like fold and the other a flavodoxin-like one (Frazdosecondary structure element (Taylor 1997). Thus, it is not
et al. 2000). Unlike the case of glyoxalase Il enzymes, thisurprising to find the same fold determined by different
structural similarity between ROO and metafidactama- combinations of amino acids. However, remote sequence
ses could not be directly inferred from amino acid sequenceonservation and hindered common motifs may be success-
comparisons. Like in the previous cases, a binuclear metdully highlighted by inspecting databases of protein align-
site is also associated with this fold, but this time a di-ironments derived from hidden Markov models (HMM). The
center is present. The latter has a completely novel coordinterPro integrated database (Apweiler et al. 2001), which
nation, as compared to other di-iron sites, and is responsiblgathers information from Pfam (Bateman et al. 1999), one
for the protein ability to directly reduce di-oxygen to water such HMM-based repository, was queried using the se-
(Frazéo et al. 2000). guences from the proteins whose structures were analyzed.
They all gave hits toward the metalgHactamase super-
family, a large group of sequences that harbors3{acta-
mases; (2) thiolesterases members of the glyoxalase Il fam-
Coordinates of structures from the three distinct proteinly; (3) a competence protein essential for natural transfor-
families sharing a domain with the clasg3Bactamase fold mation in Neisseria gonorrhoegeand; (4) the A-type
were retrieved from the Protein Data Bank and comparedlavoprotein members, although the latter are not yet in-
(Fig. 1): metallog-lactamases fronB. cereus2bc2 (Fabi- cluded in the annotated description of the superfamily (In-
ane et al. 1998), fronBt. fragilis, 1a7t (Fitzgerald et al. terPro Entry IPR001279).

1998), fromS. maltophilia 1sml (Ullah et al. 1998), and Superimposition of the three-dimensional structures of
from P. aeruginosaldd6 (Concha et al. 2000); human gly- the zincp-lactamases, glyoxalase Il, and ROO show that the
oxalase I, 1gh5 (Cameron et al. 1999); dhdgigasrubre-  respective metallic centers are all located in equivalent spa-

Results and Discussion
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S. maltophilia B. cereus D. gigas H. sapiens
B-lactamase B-lactamase ROO Glyoxalase Il

Fig. 1. Comparison of the three-dimensional structures of proteins withafi¥@« fold of class Bp-lactamases.Top) Ribbon
representation of the regions of the studied proteins comprising the clgdaddamase fold;kotton) structures of bimetallic centers

from the same proteins. The representative structures here depicted are tigelaitamases fronBacillus cereus2bc2) andS.
maltophilia (1sml), and the structural domains bf gigasrubredoxin:oxygen oxidoreductase (1e5d) ahdsapiensglyoxalase Il

(1gh5) that also have aB/Ba lactamase-like fold. The protein structures were superimposed using Swiss-PdbViewer (Guex and
Peitsch 1997) and are represented in identical configurations. For definition, metal site position 1 is on the left and position 2 on the
right. Metal-ligating water molecules are represented as spheres. Rendering was done with POV-ray.

tial positions. However, as mentioned above, these proteins

have a distinct composition in terms of metals in the sites:

metallof3-lactamases contain either a mono or di-zinc cen- ) ) )

ter (Carfi et al. 1995; Concha et al. 1996, 2000: Ullah et al Table 1. Structural comparison of the proteins with a class B

O . ' ’ ' . B-lactamase fold

1998), the catalytically active form of glyoxalase Il contains B

a mixed iron-zinc binuclear center (Cameron et al. 1999; Bc Bf Pa Sm Hs  Dg

Zang et al. 2001), and ROO contains a di-iron site (Frazao BLM  BLM BLM BLM  GLY ROO

etal. 2000) (Fig. 1, bottom). This variability on the type of gcgim (2bcA) 217 11383 1275 1679 1769 1.648

metals present in the binuclear site is likely to be determinegf BLM (1a7t)  210/33 227 1190 1.639 1.480 1.655

not only by the type of residues directly involved in metal PaBLM (dd6A) 192/35 201/33 216  1.875 1.610 1741

coordination, but also by second shell ligands that contrib-Smgt:\(" (llsrr]fg) 1115;’/1156 1112’/12% 1112’/1127 122?15 1-1574?? 11-5"1?;98

ute as orienting groups. Combining structure—orientedgz ROO((feSC)i) 160/11 150/12 16112 154110 131717 248

amino acid alignments and molecular superimposition al-

lows a direct comparison of the residues involved in metalrhe values given above the diagonal are the positional root mean square

binding or present in the second coordination shell, andiistances for @ atoms in Angstroms. The diagonal contains the number of

shows that there are subtle variations that account for th&fucturally compared residues. The format of the values below the diago-
. . nal is the number of equivalent positions/sequence identity in the aligned

observed differences in the type of metals bound to thgegion, in percentage.

bimetallic site (Table 2). (BLM) Metallo-B-lactamase; (GLY) glyoxalase; (ROO) rubredoxin:oxy-

On mostp-lactamases the zinc coordination around po-9¢n oxidoreductaseBE) Bacillus cereus(Bf) Bt. fragilis; (Pa) P. aeru-
.. . o . . ._ginosa (Sn) S. maltophilia (Hs) H. sapiens (Dg) D. gigas.
sition 1 is tetrahedral, whereas it is trigonal pyramidal incoordinates were retrieved from the Protein Data Bank, accession numbers

position 2 (Fig. 1, bottom). Ligands of zinc-1 are histidinesand used chains are given between parentheses.
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A ecule (Ullah et al. 1998). Thus, in metallolactamases the
binuclear metal binding involves essentially soft imidazol,
or thiol ligands, explaining the preference for zinc.

N The metal-binding site of human glyoxalase Il is similar
to that of metalloB-lactamases, although not identical, es-
pecially concerning the position of two metal ligands. A
major difference concerns the presence of an aspartate

B (Asp134) in a position equivalent to that in which a cysteine

or a serine is found in lactamases (Fig. 1, bottom; Table 2).

From the structure it becomes clear that this residue is able

to interact with zinc-2 (Cameron et al. 1999). Another dif-

ference relates to the fact that position 2 has an additional
histidine ligand (His59), which is also present on tBe
maltophilia lactamase (His89), but is absent on the lacta-
mases fronBt. fragilis andB. cereusIn these proteins, it is
replaced, respectively, by an arginine and a cysteine, none

c of which are metal ligands. Although the available glyoxa-

c lase Il structure indicates the presence of a di-zinc metal site
(Cameron et al. 1999), it has recently been found that both
zinc and iron can occupy the site and, even more interest-
ingly, that a binuclear zinc—iron center is essential for sub-
strate binding and catalysis (Zang et al. 2001). Considering

N the very high similarity of metal-binding ligands observed
between glyoxalase Il and tH& maltophilialactamase, it
may be concluded that the versatility in metal content is
likely to be due to the presence of the additional aspartate,
not present irg-lactamases. Accordingly, the ability to bind

C both zinc and iron is not observed Bilactamases, which

. . . _only bind zinc (Wang et al. 1999a). Consequently, it is the
Fig. 2. Topology diagrams of the common domain, from representative bstituti f it li d (histidi b hard th
structures of &) glyoxalases, with the first domain of human glyoxalase |, substitution of a soft ligand (histidine) by a harder one (the

1gh5 (Cameron et al. 1999)8)f metallop-lactamases, witls. maltophilia ~ N€gatively char_ge(_j_ and nonp_olariza_ble_ as_partate) that in-
B-lactamase, 1sml (Ullah et al. 1998); ar@) A-type flavoproteins, with ~ creases the variability of the bimetallic site in glyoxalase Il

the first domain ofD. gigas rubredoxin:oxygen oxidoreductase (ROO), in respect to zinc and iron (the meaning of hardness relates
leSd (Frazdo et al. 2000). Triangles repregahains, circles represent 1 the sysceptibility of ions to experience a charge shift in
helices, N and C map peptide direction. Gray shading corresponds Pheir electron shell through interaction with a coordination
common features among the families, white coloring corresponds to par- . o
ticular features of the represented structure or family. The domain is smallP@rtner). This has led to a classification as hard for those
est in glyoxalase, with feweg-chains andx-helices. The ROO domain  being little affected and soft for the easily polarizable ones.
shows an additiongb-hairpin motif on its N-half and an additional helix - Among the soft donors are, for example, thiolates and sul-
and p-chain on the C-half. Th&. maltophilia@-lactamase has an addi- - fijes \whereas fluoride and negatively charged oxygen do-
tional helical motif before the firsg-chain. Figure prepared using output e . .
from Tops/EditTops (Westhead et al. 1999). nors are classified as hard._lnteracnons_ between metal ions
and ligand atoms can be interpreted in such a way that
(e.g., His84, His86, and His160 f& maltophilia Table 2), interactions between centers of the same type (i.e., hard/
whereas for zinc-2 there is some variability, although athard [highly ionic bond] and soft/soft [partly covalent
least two ligation positions are always assured by an aspabond]), are preferred (Basolo and Pearson, 1967)). From the
tate and a histidine (Asp88 and His225 $n maltophilia  analysis of the coordinating residues (Table 2) it may be
Table 2). InBt. fragilis lactamase, a cysteine (Cys181) is anticipated that position 2 is the one likely to be more ver-
also a ligand of zinc-2, which interestingly is also present orsatile in terms of the type of metal bound, as its harder
the B. cereusand P. aeruginosaproteins, although with a character is preferred by iron over zinc.
low affinity for the binding of the second zinc atom (Wang The variability in metal composition of the binuclear site
et al. 1999a,b; Concha et al. 2000). On the contrang.in is further expanded when analyzing ROO. This enzyme
maltophilialactamase this cysteine has been replaced by aontains a binuclear iron site with an unprecedented coor-
serine (Ser 187), which in this case does not act as a zinc-@ination (Frazdo et al. 2000) (Fig. 1, Table 2): (1) as in
ligand, but rather as a second shell orienting residue ligandjlyoxalase Il, an aspartate (Asp 165) acting as a ligand of
that interacts with the metal with an intervening water mol-Fe-2 replaces the cysteine and serine fourjgtiactamases;
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Table 2. Comparison of the residues involved in binuclear metal site
coordination and orientation

Protein Sequence motif PDB code
Bf BLM H 9% x—HW0Lx— D103 104 x  H62 x . Cl8L x, —H?23 la7t
Bc BLM H86_x—H?® x—D%° —R%* —x ~H4%x, o~ C 8 x, —H?1° 2bca
PsBLM H77x—H"® —x—DPFt 2 —x g H39x, g~ C 58 Xy~ H®7 1dd6
SMBLM  H®x—H® —x—DP® —HB9 —x,~H 0 x, S 7x, ~H?2® 1sml
Hs GLY H3%x—H?® —x—D"8 —H9 —xg—H"0x, D34 %y H "3 1gh5
Dg ROO HOx—EBt —x—DP® —H®* —xg,—H0x, D% % ~H?2® lebd

(BLM) Metallo-B-lactamase; (GLY) glyoxalase; (ROO) rubredoxin:oxygen oxidore-
ductase; Bc) Bacillus cereus;(Bf) Bt. fragilis; (Pa) P. aeruginosa;(Sn) S. malto-
philia; (Hs) H. sapiens;(Dg) D. gigas.

(2) the second histidine from the H-x-H-x-D motif common For example, among the residues in the third cluster of the
to B-lactamases and glyoxalase Il is replaced by a glutamatmotif ((CSD]), C and S are typical of zing-lactamases, but
(Glu81); and (3) although conserved in ROO, the histidinenot of the iron-ligating proteins, in whica D is always
that is a ligand of the metal in position 2 Brlactamases found. Also, it highlights the fact that minor modifications
and glyoxalase Il is no longer a metal ligand (Frazdo et alon the amino acids involved in metal coordination dictate
2000). Thus, on the bimetallic site in ROO, two soft ligandswhich type of metal is bound and thus the catalytic function
(imidazole or thiolate) were replaced for two harder onesof the site. Furthermore, this comparison shows how suc-
(carboxylates), favoring iron over zinc. This feature foundcessive substitutions of one amino acid involved in metal
in ROO typifies what is observed among the A-type family coordination lead from a di-zinc to a di-iron site, passing by
of flavoproteins (ATF), in which this set of ligands is con- a mixed metal center, keeping the same structural fold. This
served (Gomes et al. 1997, 1999). change in metal composition correlates with the activity of
the enzymes, on going from a mainly Lewis acid catalysis
by the zinc site (i3-lactamases) to a redox active di-iron
site, capable of reducing dioxygen to water (in ROO).
Metallo B-lactamases, glyoxalase Il, and an A-type flavo- These subtle modifications are accompanied by other al-
protein, three distinct types of proteins all sharing a com+erations that altogether determine the different reactivities
mon fold, and containing a bimetallic site were structurally of these proteins: (1) glyoxalase Il and ROO are both modu-
compared in terms of the residues involved in the first andar proteins that is, apart from the common class B lacta-
second coordination spheres. From this study it can be cormase fold they also have distinct structural domains (a pre-
cluded that metall@-lactamases bind exclusively zinc at- dominantlya-helical domain in glyoxalase) (Cameron et al.
oms in their bimetallic sites thanks to the excess of softl999) and a flavodoxin-like region in ROO (Fraz&o et al.
histidine ligands. The introduction of an aspartate as a 1i2000); (2) in ROO the substrate-binding groove required for
gand on glyoxalase Il induces promiscuity at the bimetalliclactamase activity is not conserved, as in this space addi-
site, whose catalytically active form incorporates a mixedtional 3-hairpin and helical motifs are present; (3) in gly-
zinc—iron center. On the other extreme, in the A-type fla-oxalase Il, a substrate analog binds at the domain interface
voprotein ROO two histidines are replaced by two carbox{Cameron et al. 1999); and (4) the dimeric arrangement of
ylate-containing residues, which modulate the affinity of theROO not only brings together the protein redox cofactors
site toward iron. Altogether, and as expected on chemicabut also occludes the di-iron site from any possible substrate
grounds, the increasing hardness of ligands drives the spedFrazéo et al. 2000). Altogether, this evidence points to a
ficity of the bimetallic sites in proteins having a metallohy- possible evolutionary link between these proteins, and illus-
drolase fold toward the incorporation of iron. trates how nature dramatically modulates the reactivity of a
As a consequence, the sequence motif H-x-[EH]-x-D-given metal in a common fold, accordingly to functional
[CRSH]-%50_7gH-X15_35-[CSD]-%50_7gH that gathers the requirements.
distinct ligand combinations and orienting residues ob-
served between these protein is proposed. Taking into aGcknowledgments
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