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Abstract Ureases are nickel-dependent enzymes which cat-
alyze the hydrolysis of urea to ammonia and carbamate.
Despite the apparent wealth of data on ureases, many crucial
aspects regarding these enzymes are still unknown, or con-
stitute matter for ongoing debates. One of these is most
certainly their structural organization: ureases from plants
and fungi have a single unit, while bacterial and archaean
ones have three-chained structures. However, the primitive
state of these proteins — single- or three-chained — is yet
unknown, despite many efforts in the field. Through phylo-
genetic inference using three different datasets and two
different algorithms, we were able to observe chain number
transitions displayed in a 3-to-1 fashion. Our results imply
that the ancestral state for ureases is the three-chained
organization, with single-chained ureases deriving from
them. The two-chained variants are not evolutionary

intermediates. A fusion process, different from those
already studied, may explain this structural transition.
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Background

Ureases (urea amidohydrolases, EC 3.5.1.5) are found in plants,
fungi and bacteria. These enzymes catalyze the hydrolysis of
urea to ammonia and carbamate. The latter undergoes sponta-
neous hydrolysis to form carbonic acid and a second ammonia
molecule (Mobley et al. 1995). Both urea and urease are
hallmarks in the development of natural sciences (as reviewed
by Krajewska 2009). After being discovered in human urine in
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1773, urea became the first organic compound synthesized
from inorganic materials, in 1828. The notion that urine-
derived ammonia originates from urea dates back to 1798,
but only in 1890 the ureolytic enzyme was isolated. Jack bean
(Canavalia ensiformis) urease was the first enzyme ever to be
crystallized (Sumner 1926), proving that enzymes were pro-
teins and that they could be crystallized. Of equal importance,
this enzyme was the first shown to posses nickel ions in its
active site, which are essential for its activity (Dixon et al.
1975). Despite the apparent wealth of data on ureases, many
crucial aspects regarding these enzymes are still unknown, or
constitute matter of ongoing debates. Such topics include the
very nature of ureolysis (Karplus et al. 1997; Benini et al.
1999; Estiu and Merz 2007) and the mechanisms underlying
urease activation (Carter et al. 2009; Zambelli et al. 2011).

One of the most striking aspects of ureases is their structural
organization (Fig. 1). Microbial ureases are composed by three
or two chains, while plant and fungal ureases are composed by a
single subunit. The amino acid sequences of the smaller subunits
of microbial ureases are very similar to the corresponding re-
gions in the single units of eukaryotic ureases (Krajewska 2009).

This high similarity observed among ureases from different
kingdoms suggest that they all derive from a common

ancestral protein, and are likely to have similar tertiary struc-
tures and catalytic mechanisms (Jabri et al. 1995; Mobley et
al. 1995; Sirko and Brodzik 2000; Carlini and Polacco 2008).
These observations, however, do not address a central topic in
urease structure, i.e., what was the primitive structural state of
these enzymes? To this point, two possibilities arise, as point-
ed out previously by Hausinger (1993): “Did the gene
encoding the single-subunit plant enzyme undergo disruption
to yield the multiple genes encoding the two or three bacterial
subunits? Or did the bacterial genes fuse to form the gene
encoding the plant subunit?” Our work intended to help
answering these long-held questions which, despite many
efforts in the field, remained unanswered. By means of
large-scale phylogenetic analyses, we were able to track the
structural transition from three to one subunit in ureases,
revealing also that the two-chained variants are not evolution-
ary intermediates between them. Hypotheses for the genetic
fusion in these enzymes are also presented.

Methods

All urease amino acid sequences (resulting from the “urease”
keyword search) were retrieved from the National Center for
Biotechnology Information (Sayers et al. 2012) on July 5, 2010.
In order to obtain only complete urease sequences, manual
filtering was carried out. Sequences that were incomplete, mis-
takenly labeled or related to urease accessory proteins were
removed. All sequences related to Bacteria and Archaea in the
resulting data were cross-compared to find similarities among
them. The ClustalW algorithm (Larkin et al. 2007) was
employed on all alignments, clustering together sequences with
identity greater than 95%. For practical reasons, these sequences
were grouped by source organism genus. From the original
14,221 sequences data set, 32 sequences were from eukaryotic
sources and did not require further filtering. Through sequence
separation by genus, the number was reduced to 162 microbial
representative sequences. These microbial ureases had their sub-
units’ sequences aligned to ureases from plants and fungi, and
these subunits were then joined together in a single sequence
based on these alignments (forming a single γβα sequence, or
equivalent). The number of microbial sequences was further
decreased to reduce the computational load. Based on the
ClustalW alignment guide tree, highly similar sequences (80 %
identical or higher) were considered as identical, and only one
representative sequence was chosen. The final microbial data set
was put together and aligned with the eukaryotic sequences,
totaling 124 sequences in the final urease list (Table S1).
Alignment sections with long gaps were removed.

To inspect the aligned urease sequences for highly vari-
able regions, SimPlot software (Lole et al. 1999) was
employed. To do so, the edited dataset was branched into
three distinct subsets: complete urease sequences (without

Fig. 1 Structural organization of ureases. Three-dimensional and sche-
matic representations of the subunit organization of ureases. a Typical
microbial urease composed by three chains (crystallographic structure
from PDB ID 1FWJ). b Helicobacteraceae urease composed by two
chains (crystallographic structure from PDB ID 1E9Z). c Typical
eukaryotic urease composed by a single chain (crystallographic struc-
ture from PDB ID 3LA4)
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long gaps), highly variable regions and conserved regions.
Amino acid sequences evaluation by the ProtTest software
(Abascal et al. 2005) and MEGA5 software (Tamura et al.
2011) suggested the Whelan and Goldman (WAG) mod-
el with discrete Gamma distribution to account for
evolutionary rate differences among sites (four catego-
ries, +G), considering some sites to be evolutionarily
invariable (+I) (Whelan and Goldman 2001). Maximum
likelihood (ML) phylogenetic trees were calculated
with MEGA5 with 1000 bootstrap replicates, and
Bayesian inference (BI) trees with MrBayes software
(Huelsenbeck and Ronquist 2001) for 7.5×106 genera-
tions, sampled every tenth generation. All trees were
rooted in the branch containing the most archaean
urease sequences. The obtained trees were visualized
and edited with FigTree software (Rambaut 2012).

Results

Using ML and BI upon our alignments (Fig. S1), we
were able to generate two phylogenetic trees for the
complete urease sequences dataset (Figs. 2 and 3) and

two for the conserved regions dataset (Figs. 4 and 5).
For the highly variable regions dataset, one tree was
generated through ML (Fig. S1), with very low boot-
strap values. Convergence could not be reached throughout
BI calculations, meaning that no considerable result could be
obtained with these variable regions.

All trees displayed similar general convergence re-
garding their branching, with minor differences. We
observed that, in the majority of cases, sequences be-
longing to organisms within the same phylum grouped
together. All inferences displayed a similar distribution trend
regarding ureases from five microbial groups composed of
Euryarchaeota, Firmicutes, Actinobacteria, Proteobacteria and
Cyanobacteria. Also, all phylogenetic inferences suggest
that the number of urease chains evolved in a 3-to-1
fashion: three-chained ureases (those of most mi-
crobes) were of earlier existence, with a later structur-
al unification originating single-chained ureases (those
of plants and fungi). Two-chained ureases, belonging
to Helicobacteraceae, are displayed as special situa-
tions among the three-chained enzymes, opposing the
hypothesis considering them as intermediates between
single- and three-chained ureases.

Fig. 2 Molecular phylogenetic
analysis of complete urease
sequences by maximum
likelihood method. The
evolutionary history was
inferred by using the ML
method based on the
WAG+G+I model. The number
of chains composing ureases
from different groups is given
in brackets. General microbial
phyla separations are marked in
grey (1 Euryarchaeota, 2
Firmicutes, 3 Actinobacteria, 4
Proteobacteria, 5
Cyanobacteria). Grouping
outliers are marked with black
dots
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Discussion

Urease has been considered an ancient enzyme, related to
the putative primordial peptide cycle (Huber et al. 2003).
This enzyme is found in the three domains of life, being
synthesized in archaea, bacteria, fungi and plants (Carlini
and Polacco 2008). There is uncertainty regarding urease
presence in animals, and while some findings indicate its
presence in some invertebrates (Pedrozo et al. 1996), others
indicate that the enzyme comes from exterior sources
(Hirayama et al. 2000) and that all animals lost urease in
their evolutionary history (Fujiwara and Noguchi 1995). For
this reason, ureases from putative animal sources were not
included in our datasets.

Previous published attempts to establish the evolutionary
history of ureases were based only in the catalytic subunit of
microbial ureases (Contreras-Rodriguez et al. 2008), the full
eukaryotic enzyme (Mulinari et al. 2011), or association of
phylogenies at the organism level with enzyme characteris-
tics (Navarathna et al. 2010). In this work we were able to
reconstruct the possible evolutionary pathway followed by
ureases in their structural transitions from multiple to single

chains, supporting the “fusion hypothesis” (Hausinger
1993). It could be argued that this hypothesis was already
supported by application of Ockham’s razor (Gernert 2007),
since the most abundant and primitive ureases appear to be
three-chained, and therefore less likely to have all suffered
fission. Only this observation, however, is too simplistic to
grant validity to this assumption. The convergent results
from four phylogenies, built based on two different methods
upon two different datasets, nevertheless lend weight to the
parsimony-derived conclusion. Additionally, these trees
agree with previous analyses of the urease operon organiza-
tion in fully sequenced microbial genomes (Zambelli et al.
2011). The clades as obtained in this work have ure operons
with distinct structures: Clade 1 representatives (H.
marismortui, N. pharaonis, H. walsbyi) are organized as
UreBCAGDEF; Clade 2 (C. thermocellum, H. influenzae, G.
kaaustophilus, S. aureus, C. urealyticum, A. aurescens, L.
sphaericus, U. urealyticum) are organized as UreABCEFGD
with the exception of Helicobacter pylori and H. hepaticus
which are organized as Ure(AB)C-(unrelated gene)-
UreEFGD; Clade 3 has only one analyzed representative
(M. gilvum), organized as UreABCGDEF; Clade 4 has mixed

Fig. 3 Molecular phylogenetic
analysis of complete urease
sequences by Bayesian
Inference method. The
evolutionary history was
inferred by using the Bayesian
method based on the
WAG+G+I model. The number
of chains composing ureases
from different groups is given
in brackets. General microbial
phyla separations are marked in
grey (1 Euryarchaeota, 2
Firmicutes, 3 Actinobacteria, 4
Proteobacteria, 5
Cyanobacteria). Grouping
outliers are marked with black
dots
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assembles, including urease genes not organized in recogniz-
able operons (A. marina); and Clade 5 (P. aeruginosa, R.
eutropha, B. pseudomallei, H. chejuensis, A. macleodii, P.
haloplanktis, A. borkumensis, P. putida, E. coli, N.
multiformis, P. naphtalivorans, P. denitrificans, M. silvestris,
R. denitrificans) is organized as either UreDABCEFG or
UreDA-(unrelated gene)-UreBCEFG.

The enzyme dihydroorotase is considered the ancestral of
all urease-related amidohydrolases (Holm and Sander 1997)
and would be the ideal sequence to root the urease phylog-
enies. Dihydroorotase, however, is much shorter than urease
and alignments including its sequence would interfere in the
resulting trees. For this reason, a root had to be chosen
among the clades in the urease trees. This rooting was
performed by manually selecting the Archaean urease clade
as a midpoint root, considering the intermediate phyloge-
netic position of Archaea in the tree of life (Woese et al.
1990), as a way of allowing comparisons among the differ-
ent trees. When rooted by mathematical midpoint (Hess and
Russo 2007), the trees showed no significant change in respect
to those rooted in Archaean ureases (Supplementary Figs. S3,
S4, S5 and S6). Inclusion in the alignments of regions that are
highly variable among species was shown to be a source of

“molecular noise” in the phylogenetic analyses. Attempts to
obtain phylogenetic data from the highly variable regions
were not statistically reliable, while removal of these regions
had little impact on the obtained trees. These observations
point to advantages in working with less variable regions of
alignments, an approach employed for taxonomic phylogenies
of fungi (Câmara et al. 2002), arthropods (Arango 2003; Hunt
and Vogler 2008), cyanobacteria (Gaylarde et al. 2005), and
viruses (Korber et al. 2001).

The occurrence of three-chained ureases in two of the
three domains of life (i.e., Bacteria and Archaea) indicates
that this structural organization is widespread and may be
considered primitive in relation to one-chained ureases. The
two-chained enzymes, which could have been taken as in-
termediates between single- and triple-chained ureases,
seem to have arisen from bacterial triple chains in a process
unrelated to the origin of single chained enzymes. Bacteria
from the genus Helicobacter spp. are known to be subject to
distinct selective pressures related to surviving in the gastric
environment (Gueneau and Loiseaux-De Goër 2002) and
the dodecameric macromolecular organization observed for
H. pylori and H. mustelae ureases seem to be an adaptive
response to such harsh conditions (Ha et al. 2001; Carter et

Fig. 4 Molecular phylogenetic
analysis of conserved regions of
urease sequences by Maximum
Likelihood method. The
evolutionary history was
inferred by using the ML
method based on the
WAG+G+I model. The number
of chains composing ureases
from different groups is given
in brackets. General microbial
phyla separations are marked in
grey (1 Euryarchaeota, 2
Firmicutes, 3 Actinobacteria, 4
Proteobacteria, 5
Cyanobacteria). Grouping
outliers are marked with black
dots
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al. 2011). The linking region (connecting the equivalents of
subunits γ and β) of Helicobacter spp., which is highly
divergent in relation to the same region in eukaryotes (Ha et
al. 2001), could take part in this differential organization.

There are advantages associated with linking subunits.
By artificial genetic fusion, it has been shown that some
oligomeric viral proteins are benefited with enhanced fold-
ing rate and structural stability, and increased tolerance to
insertions of other segments (Liang et al. 1993; Ma et al.
1993; Peabody 1997). When artificially fused, the genetic
subunits of cytochrome ubiquinol oxidase from E. coli
yielded an active enzyme, similar to the one from Thermus
thermophilus (Ma et al. 1993). Differently from natural
genetic fusions in Drosophila (Jones and Begun 2005),
which resulted in new genes with new functions, the joining
of urease subunits at the genetic level incorporating linking
segments kept the original ureolytic activity. Ureases, how-
ever, are recognized as multifunctional (or moonlighting)
proteins. They have many catalysis-independent effects, in-
cluding neurotoxicity to mammals, insecticidal activities
against Coleopterans and Hemipterans, fungistatic properties,
pro-inflammatory roles, glycoconjugate binding properties,
platelet activation ability, and inter-specific communication

action (reviewed by Carlini and Polacco 2008; Stanisçuaski
and Carlini 2012). Most of these properties have not yet been
mapped to particular regions of these proteins, the exception
being an “entomotoxic domain” containing the insectcidal
peptide(s) released by Canavalia ensiformis ureases upon
insect digestion (Ferreira-DaSilva et al. 2000; Piovesan et al.
2008; Defferrari et al. 2011). This “domain” is located in the
β–α intersubunit region, and may be subject to faster diver-
gence rates, since it is not involved in catalysis or subunit
association (Mulinari et al. 2007). Also intriguing is the need
for non-catalytic subunits/domains in urease, considering that
only the TIM-barrel sub-domain from the α subunit is respon-
sible for catalysis (Balasubramanian and Ponnuraj 2010).
While the β subunit has been implicated in the urease activa-
tion process (Carter et al. 2011), no specific function was
ascribed to the γ subunit.

Reviewing the literature we were not able to track other
proteins that have undergone a similar process of natural
subunit fusion. The events observed for ureases seem un-
paralleled, and not related to immunoglobulin genetic fusion
(Tonegawa 1983) or exon shuffling (Kaessman 2010). The
main difference is that for most of the studied microbial
ureases, the γ, β, and α subunits are ordered and genetically

Fig. 5 Molecular phylogenetic
analysis of conserved regions of
urease sequences by Bayesian
Inference method. The
evolutionary history was
inferred by using the Bayesian
method based on the
WAG+G+I model. The number
of chains composing ureases
from different groups is given
in brackets. General microbial
phyla separations are marked in
grey (1 Euryarchaeota, 2
Firmicutes, 3 Actinobacteria, 4
Proteobacteria, 5
Cyanobacteria). Grouping
outliers are marked with black
dots
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adjacent in the same operon (Zambelli et al. 2011), and not
dispersed along the genome, as is the case for precursors of
many merged genes. It is expected from the different mech-
anisms that may lead to chimeric genes that both inter and
intragenic regions can be equally affected by segment inser-
tions (Kaessman 2010). This does not seem to have occurred
for ureases, since only intergenic regions were incorporated.

From the phylogenies, it is inferred that the transition from
three subunits to one unit occurred as a single event. One
mechanism that could be held responsible for such one-step
result would be transcription or translation readthrough, which
bypasses stop codons, incorporating intergenic regions as cod-
ing sequences. Translation bypass of stop codons has beenwell
documented in yeast, where it takes part in complex regulatory
mechanisms (von der Haar and Tuite 2007), while transcrip-
tional readthrough has been implicated in human genetic dis-
orders (Du et al. 2009), plant responses to stress (Hernández-
Pinzón et al. 2009), and prostate adenocarcinoma, where many
transcription-induced chimeras were found (Nacu et al. 2011).
For ureases, however, readthrough events alone would not
explain how the fused genes were finally incorporated into
the genomes of their source organisms, requiring other subse-
quent process(s) at transcriptional and translational levels. We
speculate that different genetic codes would be responsible for
stop codons being unrecognized as such, allowing continuous
transcription of the urease γβα complex into a single chain.
One such candidate would be the Chlorophyceae Scenedesmus
obliquus mitochondrial code, which takes UCA as a stop
codon instead of coding for serine, as occurs in the standard
genetic code (Nedelcu et al. 2000). In this scenario, for
intergenic codes to be translated it would be required that
urease genes were transferred from the mitochondrial genome
to the nuclear genome, where stop codons would not be
recognized as such. There are, however, some difficulties with
this hypothesis. No UCA codon is found in the terminal serine
position of region γ from plants and fungi enzymes, and no
clear serine position is found in the β chain terminus of the
same ureases. Regarding the serine codons in the terminus of γ
chain, it could be argued that serine would be beneficial in that
position, thus allowing only conservative mutations of that
originally misinterpreted codon. Regarding cellular location,
urease is generally considered a cytoplasmic protein, but it has
also been found in membrane fractions and cell wall from
plants (Aguetoni Cambuí et al. 2009). Proteomic studies also
indicate that C. ensiformis urease is either bound to mitochon-
dria or spatially related to mitochondrial proteins (Demartini et
al. 2011). Inter-specific horizontal gene transfer could also be
responsible for the hypothetical readthrough. These transfers
are now considered a major genome shaping tool when in-
volving transposable elements (Schaack et al. 2010), and
many instances of gene transfer from bacteria to eukaryotes
have been documented, including organelle-to-nucleus trans-
fers, such as the nuclear mitochondrial insert transferred to the

A. thaliana chromosome 2 (Dunning Hotopp 2011). Little
data is available on inter-specific urease genetic transfers and
the only case reported so far is the second ure gene cluster
from Brucella suis (Contreras-Rodriguez et al. 2008).

The genetic code readthrough hypothesis would also re-
quire intergenic regions of sufficient length to account for the
incorporated segments. Urease operons from some bacteria
related to Clade 2, such as Staphylococcus saprophyticus,
Streptococcus thermophilus, and Corynebacterium
glutamicum (Gene IDs 3616069, 3167116, and 1021080,
respectively), have intercistronic regions that would satisfy
this requirement. In other cases, exemplified by the Proteus
mirabilis urease, there are not enough codons in these regions.
On the contrary, there is even superposition of the last codon
of the β subunit with the start codon of the α subunit (Jones
and Mobley 1989). When eukaryotic gene organization is
taken into account, the picture becomes even more complex.
A preliminary inspection of annotated genomes at the
Ensembl database (Flicek et al. 2012), revealed that all urease
genes from plants deposited in there, i.e., Arabidopsis
thaliana, Brassica rapa, Glycine max (both isoforms), Oryza
sativa, Physcomitrella patens, Populus trichocarpa, Sorghum
bicolor, and Vitis vinifera, have their coding sequences ar-
ranged in 18 exons. The same number of exons is observed for
Solanum tuberosum, the first (and so far, only) case of alter-
native splicing in ureases (Witte et al. 2005). For fungal urease
genes deposited at Ensembl, the number of exons is variable.
It ranges from a single coding sequence with no introns
(Magnaporthe poae, Ustilago maydis, Schizosaccharomyces
pombe), to a variable number of exons: three (Fusarium
oxysporum, Gaeumannomyces graminis, Gibberella
moniliformis, Magnaporthe oryzae), four (Aspergillus
fumigatus, Neurospora crassa), five (A. fumigatus, A.
niger, Nectria haematococca, Gibberella zeae), 6 (A.
f lavus , A. nidulans ) , 7 (Neosartorya f ischer i ,
Phaeosphaeria nodorum), 8 (Aspergillus terreus), 9
(Fusarium oxysporum), 13 (Puccinia graministritici),
14 (Gibberella zeae) or 15 (Puccinia graministritici).
The difference in exon number between plants and
fungi may be a reflection of strict structural conserva-
tion in plants. Until more genomes are deciphered,
allowing a more in-depth analysis of their urease-
coding segments, this interpretation remains speculative.

Conclusions

From the phylogenies presented in this work, we con-
clude that ureases were originally composed by three
chains, and their transition to single-chained enzymes
did not involve two-chained intermediates. We also
speculate that the 3-to-1 transition took place as a single
event, and hypothesize on a mechanism that would
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result in the fused urease. Nonetheless, many questions
remain unanswered. It is as if the unraveling of urease
evolutionary paths (the “what”) begins to be established,
while the mechanisms underlying the urease structural
transitions (the “how”) still await further investigation.
We expect that the large datasets and multiple ap-
proaches employed in this work contribute to enhance
the comprehension of the unique case of urease subunits
fusion, encouraging further research on the subject.
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