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Abstract.  Sequence analysis of the arginase/agmatine
ureohydrolase family, important enzymes in argi-
nine/agmatine metabolism and the urea cycle, reveals
the similarity of arginases to formiminoglutamate hy-
drolase (hutG) in Klebsiella aerogenes and to a previ-
ously unidentified open reading frame adjacent to the
HM{ locus of the archaebacterium Methanothermus fer-
vidus. The gene structure and distribution of these ho-
mologous proteins across primary kingdoms suggest
that this family is another example of a primordial en-
zyme possibly present in the universal common ances-
tor and that can be used as phylogenetic marker.
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Introduction

Arginine catabolism is a process of interest both in the
physiology and the evolution of metabolism because of
the multiplicity of pathways through which it is ac-
complished (Cunin et al. 1986) and the relationships of
the enzymes that participate in various catalytic steps.
Arginases (EC 3.5.3.1) are urea-cycle enzymes cat-
alyzing the hydrolysis of arginine to urea and ornithine
and are known to be present in various eubacterial
groups (Cunin et al. 1986). Arginases are also known to
occur in a variety of eukaryotic taxa, including fungi
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(Davis 1986). Arginase sequences from yeast (Sumra-
da and Cooper 1984), human (Haragushi et al. 1987), rat
(Kawamoto et al. 1987), and Xenopus (Xu et al. 1993)
are now available. The sequence of an arginase gene in
an Agrobacterium Ti plasmid (Schrell et al. 1989) sug-
gests a common origin for these enzymes (~30% se-
quence identity).

The sequence of the speB gene in Escherichia coli
encoding agmatine ureohydrolase (EC 3.5.3.11) was
shown to be homologous to arginases (Szumanski and
Boyle 1990). Agmatine ureohydrolase catalyzes the sec-
ond step in the arginine decarboxylase pathway, the
hydrolysis of agmatine to urea and putrescine (Abdelal
1979).

Therefore, the wide distribution of this protein fam-
ily in prokaryotes and eukaryotes, as well as the diver-
sity of their function, suggests the universal occurrence
of its members in all primary kingdoms. In a continued
quest for phylogenetic markers (Ouzounis and Sander
1992) and the reconstruction of the genome composition
of the universal common ancestor (Woese 1987), we
have now identified two more homologs of this family
in Klebsiella aerogenes and the methanogenic archae-
bacterium Methanothermus fervidus.

Materials and Methods

Sequences were primarily collected from the SWISS-PROT protein
sequence database (Bairoch and Boeckmann 1991). In addition, DNA
sequence databases were searched for the identification of recently de-
posited sequences not yet present in protein sequence databases (Bork
et al. 1992). Sequence identifiers are reported as from SWISS-PROT
(Fig. 1). Database searches were performed using the programs
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Sequence alignment for the nine members of the arginase family. Numbering corresponds to the actual sequence positions of the proteins
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FASTA (Pearson and Lipman 1988) and BLAST (Altschul et al.
1990). Multiple sequence alignment was performed using PILEUP
(Devereux et al. 1984) and CLUSTAL (Higgins and Sharp 1989). Pro-
file searches with the family (Gribskov et al. 1987) revealed no re-
mote members.

Results and Discussion

Sequence database searches with the arginase family as
a probe reveal the homology of agmatine ureohydrolase
to arginases, as was noted before (Szumanski and Boyle
1990). These enzymes hydrolyze their substrates (argi-
nine, agmatine—respectively) and both produce urea.
The level of similarity suggests a common evolutionary
origin and subsequent divergence, resulting in different
substrate specificities. The presence of two homolo-
gous enzymes, arginase and agmatine ureohydrolase, in
two different arginine catabolism pathways, the arginase
and the arginine decarboxylase pathways, respectively
(Abdelal 1979), raises questions on the origins and evo-
lution of these pathways.

Interestingly, a similarity between this protein fam-
ily and formiminoglutamate hydrolase (hutG gene) from
Klebsiella aerogenes (Schwacha and Bender 1990) was
also identified. Formiminoglutamate hydrolase catalyzes
the hydrolysis of formiminoglutamate to glutamate and
formamide. This similarity, not reported before, be-
tween this protein and any member of the family is
around 24% sequence identity over its full length, sug-
gesting a common evolutionary origin.

A second new member was also identified by these
searches, a protein coded by an open reading frame
(ORF) in the HMf locus of the archaebacterium
Methanothermus fervidus (Sandman et al. 1990).
Methanothermus fervidus is a distinct methanogenic
species, being the member of a single family, Methan-
othermaceae (Jones et al. 1987). The HMf gene codes
for a DNA-binding protein with similarity to eukaryot-
ic histones (Sandman et al. 1990). The open reading
frame present in the opposite strand codes for a protein
of 285 amino acids, shown here to be homologous to
arginases. Given the functional diversity within the fam-
ily, we cannot assign accurately a function by sequence
similarity, although this protein is most similar to ag-
matine ureohydrolase.

A sequence from Streptomyces clavuligerus recent-
ly submitted to the database (Aidoo et al. 1993) is high-
ly similar to agmatine urechydrolase (speB) of Es-
cherichia coli. At present, the function of this gene is
not known, although it is possible that it is involved in
clavulanic acid biosynthesis (according to authors).
Based on the high sequence similarity, we predict that
this gene codes for an agmatine urechydrolase or a re-
lated enzyme in Streptomyces clavuligerus.

A multiple alignment has been constructed for all
members of this expanded family (Fig. 1). The invari-
ant residues are now 13, after the identification of three
new members, and are distributed throughout the pro-
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Fig. 2. Unrooted tree of the family. The tree was calculated using
CLUSTAL (Higgins and Sharp 1989) and drawn by DRAWTREE
(Felsenstein 1988; courtesy of Joseph Felsenstein). Due to the vari-
ety of species and functions involved, the tree is intended to repre-
sent sequence relationships and does not imply a phylogenetic tree.
Naming conventions as in Fig. 1.

tein. These residues include four aspartates, three
glycines, two histidines, and one arginine, which might
be involved in binding and catalysis. The updated mul-
tiple alignment might provide a basis for further ex-
perimentation and functional analysis of this enzyme
family.

An unrooted tree was constructed on the basis of
pairwise sequence similarity as a distance measure. It is
clear that eukaryotic arginases cluster together, and
form one cluster (Fig. 2), with the eubacterial arginase
and formiminoglutamate hydrolase clearly distinct from
the agmatine ureohydrolase pair and the archaebacter-
ial enzyme.

Finally, gene organization can be the basis for in-
ferences of homology at a higher-than-molecular level.
In the Agrobacterium Ti plasmid, arginase is adjacent
to two genes for nopaline oxidase, preceding a protein
of predicted molecular weight of 40 kD and ornithine
decarboxylase (Schrell et al. 1989). In Escherichia coli,
agmatine ureohydrolase is downstream of arginine de-
carboxylase (Moore and Boyle 1990). Finally, in Kleb-
siella aerogenes, formiminoglutamate hydrolase is up-
stream of a possible repressor of the Aut cluster, and
urocanase (Schwacha and Bender 1990). All these clus-
ters are involved in arginine catabolism and related
processes. However, no clear pattern of gene organiza-
tion emerges. For the other members, no information on
gene structure is available.

There has been a revival of the reconstruction of the
genome of the universal common ancestor, on the ba-
sis of homologies of the extant molecular and biologi-
cal species (Woese 1987). Here we show another case
where a family is present throughout the primary king-
doms of life. We can therefore presume that a member
of this family was already part of the genome of the uni-
versal common ancestor, before the major divergence
into archacbacteria, eubacteria, and eukarya (Woese
1987).
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