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Abstract Recently, the zinc metallo-hydrolase family of the
LL-lactamase fold has grown quite rapidly, accompanied by the
accumulation of sequence and structure data. The variety of the
biological functions of the family is higher than expected. In
addition, the members often have mosaic structures with
additional domains. The family includes class B LL-lactamase,
glyoxalase II, arylsulfatase, flavoprotein, cyclase/dehydrase, an
mRNA 3PP-processing protein, a DNA cross-link repair enzyme, a
DNA uptake-related protein, an alkylphosphonate uptake-
related protein, CMP-N-acetylneuraminate hydroxylase, the
romA gene product, alkylsulfatase, and insecticide hydrolases.
In this minireview, the functional and structural varieties of the
growing protein family are described. ß 2001 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

Class B L-lactamase is a eubacterial zinc metallo-hydrolase,
which is involved in the resistance against L-lactams. With the
recent accumulation of sequence and structure data, many
relatives of class B L-lactamase have been identi¢ed. The rel-
atives constitute a diverse protein family. The sequences of the
family members are highly diverged, and the members are
involved in di¡erent biological functions. As described below,
some members are related to mRNA processing, genetic
transformation, and DNA repair. However, the members
are characterized by the same folding pattern and the con-
served sequence motifs. Here, the family is referred to as the
zinc metallo-hydrolase family of the L-lactamase fold, or more
simply, as the zinc metallo-hydrolase family. The members are
distributed over three domains of living organisms, Eukarya,
Archaea, and Bacteria. Due to the rapid growth of the family,
however, no review has covered all of the family members.
The object of this minireview is to describe the functional and
structural varieties of the zinc metallo-hydrolase family mem-
bers with currently available sequence and/or structure data.
We collected the members from the published literature and
by database searching. The collected members included many

hypothetical proteins and ORF products. Therefore, we ne-
glected the hypothetical proteins, and focused on the members
with known functions.

2. Classi¢cation of the family

We classi¢ed the members of the zinc metallo-hydrolase
family into 16 groups, based on the biological functions.
Therefore, the classi¢cation does not always re£ect the phy-
logenetic relationship. The members of Groups 1^7 were al-
ready identi¢ed as the constituents of the family, according to
the sequence and/or structure similarity. In addition, we found
that the members of the remaining groups also belong to the
zinc metallo-hydrolase family, by database searching with
PSI-BLAST [1], although some of them have been annotated
as metallo-hydrolases in the COG database [2]. A multiple
alignment of the 16 groups is shown in Fig. 1. Due to the
high sequence divergence, only the alignments of ¢ve con-
served segments are shown. The spatial arrangement of the
conserved residues in the segments is shown in Fig. 2. Instead
of citing the papers for the data, each ID code and the cor-
responding sequence or structure database for its data are
shown in Fig. 1. Some members of the protein family have
characteristic domain structures, even though they are classi-
¢ed in the same group. Schematic diagrams of the domain
structures of representative proteins of the 16 groups are
shown in Fig. 3.

Group 1 consists of the Class B L-lactamases (EC 3.5.2.6).
The enzymes are about 250 amino acid residues in length, and
act on carbon^nitrogen bonds to hydrolyze L-lactams [4]. The
production of the enzyme is regarded as a major mechanism
for eubacteria to acquire resistance against L-lactams. Some
L-lactamases include only one zinc ion per molecule, while
others require a binuclear active site [4]. Among the members
of this family, the crystal structure of the L-lactamase from
Bacillus cereus was ¢rst solved [5]. Subsequently, the tertiary
structures of the enzymes from other species were determined
[6^8].

Group 2 consists of the glyoxalases II (EC 3.1.2.6). Glyox-
alase II shows weak but signi¢cant sequence similarity to class
B L-lactamase [9,10]. Subsequently, the X-ray crystallographic
study of glyoxalase II revealed that its N-terminal region,
which is about 200 amino acid residues in length, has a ter-
tiary structure similar to that of L-lactamase [11]. The glyox-
alase II enzymes are about 250 amino acid residues in length.
Glyoxalase II catalyzes the hydrolysis of the thioester of S-D-
lactoglutathione to produce glutathione and D-lactic acid, and
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the enzyme includes two zinc ions per molecule for the cata-
lytic activity [11,12].

Group 3 is constituted by the £avoproteins and rubredoxin
oxygen:oxidoreductase (ROO), which show sequence similar-
ity to class B L-lactamase and the relatives [9]. Recently, the
tertiary structure of ROO from Desulfovibrio gigas was deter-
mined by an X-ray crystallographic study [13], which revealed
that the enzyme consists of two domains, a L-lactamase-like
domain and a £avodoxin-like domain (see Fig. 3). A homo-
dimer is formed by a pair of ROOs for a terminal reaction in
a unique oxygen scavenging pathway that enables the anae-
robe to survive under oxic conditions [14]. Unlike class B
L-lactamase and glyoxalase II, ROO has two iron ions per
molecule, and functions as a dehydrase [13].

Group 4 consists of the arylsulfatases and their relatives.
Eubacterial arylsulfatase (EC 3.1.6.1) and its relative, called
ELAC, show weak but signi¢cant sequence similarity to class
B L-lactamase [9,10]. Arylsulfatase from Alteromonas carra-
geenovora [15] is an enzyme of about 300 amino acid residues
in length, which acts on ester bonds to exert a sulfuric ester
hydrolase activity. The primary structure of ELAC is basically
the same as that of arylsulfatase. Recently, a new member of
this group was identi¢ed [16], which is called ELAC2
(AF304370 and AF215894 in Fig. 1). ELAC2 has an addi-
tional domain in the N-terminal region (see Fig. 3). The
N-terminal domain also shows weak sequence similarity to
the members of the zinc metallo-hydrolase family. That is,
ELAC2 has a two-fold tandem repeat structure. However,
the sequence is highly diverse, and most of the conserved
residues are degraded. Therefore, the N-terminal region of
ELAC2 is not included in Fig. 1. Mammalian ELAC2 is con-
sidered to be involved in prostate cancer [16], while the Dro-
sophila counterpart is induced by the juvenile hormone [17].

The members of Group 5 are the type II polyketide syn-
thases, which are involved in the production of actinorhodin,
granaticin, griseusin, monensin, mithramycin, etc [18]. The
enzymes have been identi¢ed from various species of Strepto-
myces. The enzymes show sequence similarity to L-lactamase
[19] and the relatives [9]. The type II polyketide synthase is a
bifunctional enzyme, which shows both cyclase activity [20]
and dehydrase activity [19,21]. The latter is also called aroma-
tase activity.

Group 6 consists of proteins involved in the processing of
mRNA 3P-ends. This group includes the 100-kDa [22] and 73-
kDa [23] subunits of the mammalian cleavage and polyadeny-
lation speci¢c factor, and a subunit of the yeast polyadenyla-
tion factor I [23]. The functional role of the subunits in the
mRNA processing is still unknown. Tavtigian et al. found

that the mRNA-processing factors show sequence similarity
to ELAC2 [16]. The zinc metallo-hydrolase domain of the
RNA-processing proteins is larger than those of the other
members, due to a long insertion between segments 4 and 5
(see Figs. 1 and 3). In addition to the eukaryotic members,
many ORF products derived from Archaea are also included
in the group. The archaeal ORF products are annotated as
zinc metallo-hydrolases in the COG database [2]. Some
archaeal ORF products have an extended region at the
N-terminus, where an RNA-binding motif known as the
KH-domain [24] is present (see Fig. 3).

Group 7 includes a set of SNM1 and its relatives. SNM1 is
an enzyme involved in the repair of DNA interstrand cross-
links. SNM1 shows sequence similarity to class B L-lactamase
and the relatives [9,16]. DNA interstrand cross-links induce
lethal DNA damage, because they block replication, tran-
scription, and segregation of the DNA. SNM1 has been iden-
ti¢ed in yeast [25] and mammals [26]. However, its relatives
have been found from other species within Eukarya and Ar-
chaea. It is known that both the fungal and mammalian
SNM1s have a zinc ¢nger domain upstream of the L-lactam-
ase-like domain [25,26] (see Fig. 3). However, the linker re-
gions connecting the zinc ¢nger and the L-lactamase-like do-
main were highly diverse, in both length and amino acid
sequence. On the other hand, an ORF product derived from
Arabidopsis lacks the zinc-¢nger region. Instead, the ORF
product has a DNA ligase I domain downstream of the
L-lactamase domain (see Fig. 3). Recently, a protein named
Artemis was identi¢ed from humans [27], which is involved in
DNA double strand break repair and V(D)J recombination.
The mutations of Artemis cause human conditions denomi-
nated severe combined immunode¢ciency [27]. The protein
shows signi¢cant sequence similarity to SNM1 [27], although
Artemis lacks the zinc ¢nger region (see Fig. 3). In addition to
the zinc metallo-hydrolase domain, the members of Group 7
share a region called L-CASP domain [27] downstream of the
metallo-hydrolase domain (see Fig. 3).

Group 8 consists of proteins involved in DNA uptake for
natural genetic transformation, which are derived from vari-
ous organisms in Bacteria [28,29]. The members of this group
show sequence similarity to class B L-lactamase and the rela-
tives [9]. As shown in Fig. 3, the N-terminal regions of some
DNA uptake-related proteins have six hydrophobic segments,
which are regarded as membrane-binding regions. We could
not ¢nd the regions corresponding to segment 3 in Group 8.
The DNA uptake-related proteins of Group 8 may cleave
exogenous DNAs into small fragments by the metallo-hydro-
lase activity, to facilitate genetic transformation. This hypoth-

C
Fig. 1. A multiple alignment of the ¢ve highly conserved segments. The source, the identi¢cation code of each protein, and the corresponding
database (gb, pir, sp, and pdb indicate GenBank, PIR, SwissProt, and PDB, respectively) are shown on the left side of the alignment. When it
is necessary to discriminate a protein from the other members in the same group, the protein name is written in parentheses after the source
name. The numbers neighboring the ¢rst and last residues in an aligned sequence indicate the residue numbers in the sequence. The numbers
in parentheses indicate the number of residues omitted from the ¢gure. The conserved segments are separated by the omitted regions. `^' indi-
cates a gap for insertion and/or deletion. The measure to describe the alignment site and the consensus residues are shown at the top of the
alignment. When more than 50% of a site is occupied by the same amino acid residue, the residue is colored red, and the residues physico-
chemically similar to the red residue at the site are colored blue. When more than 70% of a site is occupied by physicochemically similar resi-
dues, but none of the residues attains 50%, the residues are indicated by inverse characters. The criterion by Dayho¡, Schwartz and Orcutt [3]
was used for the classi¢cation of the physicochemically similar residues. (1) hydrophobic residues, L, I, M, and V; (2) aromatic residues, F, Y,
and W; (3) small hydrophilic residues, S, P, T, A, and G; (4) negatively charged residues and the relatives, D, E, N, and Q; (5) positively
charged residues, and the relatives, R, H, K; (6) Cys residue, C. `h' and `s' in the line of consensus residues indicate hydrophobic residues and
small hydrophilic residues, respectively.
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esis is similar to the genetic transformation model proposed
by Yura et al. [30].

Group 9 consists of choline-binding protein E, which is also
known as teichoic acid phosphorylcholine esterase from Strep-
tococcus pneumoniae [31]. The phosphorylcholine residue is a
component of the bacterial cell wall, and serves to anchor
surface-located bacterial choline-binding proteins. The en-
zyme is involved in removing phosphorylcholine residues
from the cell wall, such as teichoic acid and lipoteichoic
acid [32]. The C-terminal region includes 10 tandem repeats
of about 20 amino acid residues (see Fig. 3). The repeated
sequences are known as Psp repeats [33], and constitute the
choline-binding domain [34]. However, the catalytic activity is
localized on the N-terminal part of the protein [32]. The mem-
bers of this group are relatively close to those of Group 8.
Re£ecting the relationship, we could not identify the region
corresponding to segment 3 of Group 9.

The genes involved in alkylphosphonate uptake constitute
an operon in the Escherichia coli genome, which includes a
gene named phnP [35]. The phnP protein belongs to the metal-
lo-hydrolase family [9], and constitutes Group 10, together

with its eubacterial relatives. However, the physiological
meaning of the phnP protein is still unknown, because muta-
tional analyses have suggested that the proteins are not always
essential for phosphonate utilization [36].

Group 11 consists of CMP-N-acetylneuraminate hydroxy-
lase (EC 1.14.13.45), which is a key enzyme for the synthesis
of N-glycolylneuraminic acid [37]. The enzyme includes an
iron ion, like ROO of Group 3, and functions as a dehydrase.
The enzyme is the ¢rst iron^sulfur protein of the `Rieske' type
to be found in the cytosol of eukaryotic cells. The gene encod-
ing this enzyme has been degraded by frameshift mutations in
the lineage to human after the divergence from chimpanzee
[38].

The romA gene product is also a member of the zinc metal-
lo-hydrolase family [9], and constitutes Group 12. It was
found that the introduction of the romA gene from Enter-
obacter cloacae into E. coli enhances the multidrug resistance
activity to quinolones, L-lactams, chloramphenicol, and tetra-
cycline [39]. In addition, the introduction of the romA gene
pleiotropically inhibits the expression of the genes for the out-
er membrane proteins of E. coli, such as OmpF [39]. However,
the functional mechanisms of the relatives remain unknown.

Alkylsulfatase (EC 3.1.6.-) has been identi¢ed from Pseudo-
monas sp. as a determinant of sodium dodecyl sulfate biodeg-
radation [40]. The enzyme belongs to the zinc metallo-hydro-
lase family [9], and constitutes Group13. The putative
orthologues from other eubacterial organisms were identi¢ed
as hypothetical proteins.

Group 14 consists of carbofuran hydrolase from Achromo-

Fig. 2. The spatial arrangement of the conserved amino acid resi-
dues. Highly conserved residues in the segments are drawn as a
stick and ball model, where oxygen, nitrogen, and carbon atoms are
colored red, blue, and green. The two light blue balls indicate zinc
ions. The residue type and the alignment site in Fig. 1 of each resi-
due are written at the residue. The structure of glyoxalase II (PDB
ID code = 1QH5) is used as a representative structure of the family
to draw the ¢gure. However, we also used the coordinate data of
class B L-lactamase (2BC2, 2BM1, and 1SML of Group 1), and
ROO (1E5D of Group 3) to examine the spatial relationship among
the conserved residues. Three conserved residues (alignment sites 24,
26, and 54) were bound to a metal cation. Likewise, the conserved
residues at alignment sites 28, 29, and 80 were involved in the bind-
ing to another metal cation. The Asp residue at the alignment site
66 is bound to one or both metal cation(s), although the conserva-
tion is rather weak. The Asp residue at alignment site 7 does not
bind to the metal cation directly, but the residue is located in a po-
sition to be able to form a hydrogen bond with the residue at align-
ment site 23. In addition, the residue at alignment site 7 can also
form a hydrogen bond with the residue at alignment site 29. Thin
light-blue lines from Asp 7 to Thr 23 and His 29 indicate possible
hydrogen bonds.

Fig. 3. Schematic diagrams of the primary structures. Only the pri-
mary structures of representative members from each group are
shown. Each domain constituting a mosaic structure is indicated by
a colored box. The correspondence between a domain and a color
is explained in the ¢gure. The bar over the ¢gure is used as a mea-
sure for the protein length, which indicates the number of amino
acid residues from the N-terminus.
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bacter sp. WM111. The enzyme is capable of the rapid hydro-
lysis of an insecticide, carbofuran [41]. We found that the
enzyme is composed of by two-fold repetitive units, which
each show sequence similarity to the members of the zinc
metallo-hydrolase family (see Fig. 3). The N-terminal repeti-
tive unit seemed to be diverged, as compared to the C-termi-
nal repetitive unit. In addition, we could not ¢nd the regions
corresponding to segments 4 and 5 in the N-terminal repeti-
tive unit. In contrast, the regions corresponding to the ¢ve
segments were well conserved in the C-terminal repetitive
unit of the enzyme (see Fig. 1).

Group 15 consists of methyl parathion hydrolase and its
relative. The enzyme was identi¢ed as being capable of de-
grading an insecticide, methyl parathion, from Plesiomonas
sp. M6 [42].

Class II 3P, 5P-cyclic-nucleotide phosphodiesterases (EC
3.1.4.17) derived from eubacteria and fungi also belong to
the zinc metallo-hydrolase family [9], and constitute Group
16. The enzyme is also known as the low-a¤nity cAMP phos-
phodiesterase in Saccharomyces cerevisiae, and controls the
level of cAMP in yeast cells [43]. The enzyme derived from
Vibrio ¢sherii is present in the periplasm, and its role is to
utilize extracellular cAMP as a source of carbon, nitrogen,
and phosphorus for growth [44]. The members of this group
have been identi¢ed from Schizosaccharomyces pombe, Candi-
da albicans, and Dictyostelium discoideum, although the se-
quences are not included in Fig. 1.

3. Concluding remarks

As described above, we omitted many functionally un-
known ORF products, detected by database searching, from
the alignment in Fig. 1. It should be noted that many ORF
products, together with the proteins described in this study,
are encoded by the genomes from Eukarya, Archaea, and
Bacteria. The expansion of this protein family would be help-
ful to infer the functions of such ORF products. Here, we will
show the case of an archaeal ORF product as an example.

An operon in the genome of a hyperthermophilic archaeon,
Pyrococcus furiosus, was identi¢ed as a region encoding two
subunits, DP1 and DP2, of the novel archaeal DNA polymer-
ases, named Pol II [45]. Sequencing of the region revealed that
¢ve ORFs (ORFs 1^5) are encoded in the operon [45]. The
DP1 and DP2 subunits are encoded by ORFs 2 and 3. The
ORF1 product shows sequence similarity to the members of
the cdc18+/CDC6 family, and the ORF5 product shows se-
quence similarity to the members of the Rad51/Dmc1 family
[45]. The sequence similarity suggests that the products of
ORFs 1 and 5 are involved in DNA replication and recombi-
nation. In contrast, the 210-amino acid residue ORF4 product
has remained uncharacterized. Like the other four ORFs in
the same operon, the ORF4 product is expected to be related
to DNA processing. We found that the ORF4 product shows
signi¢cant sequence similarity to the members of the zinc me-
tallo-hydrolase family. The ORF product is shown as Group 0
in Fig. 1. The close relatives of the ORF4 product, which are
present in the determined archaeal genomic sequences, have
been annotated as zinc metallo-hydrolases of the L-lactamase
fold in the COG database [2]. If the functional variety of the
family were not known, then it would be di¤cult to interpret
the meaning of the sequence similarity of the ORF product to
the zinc metallo-hydrolases, such as L-lactamase. As described

above, however, the expanded members of the zinc metallo-
hydrolase family included proteins related to DNA or RNA
processing. The sequence similarity suggests the possibility
that the archaeal ORF product of Group 0 is also involved
in DNA processing.

The ubiquitous distribution over the three biological do-
mains suggests the functional importance and the ancient ori-
gin of the protein family. The characterization of the ORF
products belonging to this protein family will lead to the dis-
covery of novel biological functions.
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