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Abstract

Members of the ribonuclease (RNase) A superfamily participate in a diverse array of biological processes, including digestion, angiogenesis,
innate immunity, and possibly male reproduction. The superfamily is vertebrate-specific, with 13–20 highly divergent members in primates and
rodents, but only a few members in chicken and fish. This has led to the proposal that the superfamily started off from a progenitor with structural
similarities to angiogenin and that the suerfamily underwent a dramatic expansion during mammalian evolution. To date this evolutionary
expansion and understand the functional diversification of the superfamily, we here determine its entire repertoire in the sequenced genomes of
dog, cow, and opossum. We identified 7, 20, and 21 putatively functional RNase genes from these three species, respectively. Many of the
identified genes are highly divergent from all previously known RNase genes, thus representing new lineages within the superfamily. Phylogenetic
analysis indicates that the superfamily expansion predated the separation of placental and marsupial mammals and that differential gene loss and
duplication occurred in different species, generating a great variation in gene number and content among extant mammals.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Represented by the famous prototype, bovine pancreatic
ribonuclease (RNase A), the RNase A superfamily is one of the
best studied protein families. Numerous fundamental discover-
ies have been made in biochemistry, molecular biology, struc-
tural biology, enzymology, and molecular evolution by studying
various members of the superfamily (Anfinsen, 1973; Black-
burn and Moore, 1982; Jermann et al., 1995; Rosenberg et al.,
1995; D'Alessio and Riordan, 1997; Beintema and Kleineidam,
1998; Zhang et al., 1998, 2002b; Cho et al., 2005). Note that
some unrelated proteins, such as RNases H, L, P, and T, and also
ribozymes, have the ribonucleolytic activity, because this
activity originated multiple times in evolution. However, for
Abbreviations: RNase, ribonuclease; EAR, eosinophil-associated ribonu-
clease; EDN, eosinophil-derived neurotoxin; ECP, eosinophil cation protein;
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simplicity, we use “RNase” to refer to the RNase A superfamily
or its members in this article. RNases are known to have a
diverse array of physiological functions. For example, pancre-
atic ribonuclease (RNase 1) degrades dietary RNA molecules in
the digestive gut (Barnard, 1969), angiogenin (RNase 5) stimu-
lates blood vessel formation (Fett et al., 1985; Strydom et al.,
1985), and RNases 2, 3, and 7 have antibacterial or antiviral
activities that are believed to be used in innate immunity (Young
et al., 1986; Domachowske et al., 1998a,b; Harder and Schro-
der, 2002; Zhang and Rosenberg, 2002a; Zhang et al., 2003).
RNases share a number of common sequence features. The
entire open reading frame (ORF) of ∼130 codons is encoded in
a single exon. RNases have a signal peptide at the N-terminus
and six to eight conserved cysteines that form disulfide bridges.
They have three distinct catalytic residues, called the catalytic
triad, and several other conserved motifs, although the level of
conservation varies among proteins (Beintema and Kleineidam,
1998; Cho et al., 2005). To date, 13 human RNase genes have
been reported (Cho et al., 2005). Eight of them have been
subject to functional characterizations and are known to have
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the ribonucleolytic activity. These RNases are the pancreatic
ribonuclease (RNase 1), eosinophil-derived neutotoxin (EDN or
RNase 2), eosinophil cationic protein (ECP or RNase 3), RNase
4, angiogenin (RNase 5), RNase 6 (or k6), RNase 7, and RNase
8. RNases 9–13 were identified only recently and RNases 9 and
10 have no detectable RNase activities, while RNase activities
have not been examined for RNases 11–13 (Penttinen et al.,
2003; Castella et al., 2004a,b; Devor et al., 2004; Cho et al.,
2005). Except for RNases 2 and 3 and RNases 7 and 8, which
emerged by gene duplication within primates (Rosenberg et al.,
1995; Zhang et al., 2002a, 2003), all human RNase genes are
represented (in one or multiple copies) in the mouse and rat
(Cho et al., 2005). In the chicken and zebrafish genomes,
however, only a limited number of closely related RNase genes
are found (Cho et al., 2005). In the bullfrogs, although several
divergent RNases have been reported, they are more closely
related to each other than to any mammalian RNases, thus
representing an amphibian-specific cluster (Rosenberg et al.,
2001). RNases have never been found in any invertebrates,
including the genomes of two completely sequenced urochor-
dates, Ciona intestinalis and Ciona savignyi (Cho et al., 2005).
Evolutionary analysis and structural features indicate that
angiogenins are the first diverging group in mammalian RNases
(Cho et al., 2005) with all non-mammalian vertebrate RNases
having angionenin-like structures, although the angiogenic
activity has yet to be examined or detected in these RNases. The
phylogenetic patterns suggest that the superfamily arose in early
vertebrate evolution as an angiogenin-like molecule and it
underwent independent expansions during amphibian evolution
and mammalian evolution. There are several interesting ques-
tions with regard to the mammalian expansion of the RNase
superfamily. First, a previous study (Cho et al., 2005) showed
that the expansion occurred after the bird–mammal divergence
[∼310My ago; (Hedges et al., 1996)], but before the primate–
rodent separation [∼85My ago; (Murphy et al., 2004)], leaving
the precise date of the expansion uncertain. Second, previous
studies were limited to primates and rodents, with the size and
diversity of the RNase superfamily unknown in any other orders
of placental mammals or any non-placental mammals. The draft
genome sequences of the dog (Canis familiaris), cow (Bos
taurus), and opossum (Monodelphis domestica) became avai-
lable recently, providing an opportunity to address the above
questions. As a marsupial, the opossum is particularly valuable
for unraveling the timing of the mammalian RNases superfam-
ily expansion. In this work, we identify all RNase genes from
the above three genome sequences and report that the mam-
malian RNase superfamily expanded before the split between
placental and marsupial mammals [∼180My ago; (Murphy et
al., 2004)]. We further show that this expansion was followed
by differential gene retention and duplication among different
orders of placental mammals, generating a great variation in the
RNase gene repertoire among species.

2. Materials and methods

In this paper, we use “dog” for C. familiaris (Cf for short),
“cow” for B. taurus (Bt), and “opossum” for the gray short-
tailed opossum M. domestica (Md). A “functional gene” refers
to an RNase gene that contains an uninterrupted open reading
frame (ORF), whereas a “pseudogene” refers to a gene whose
ORF is interrupted by a premature stop codon anywhere in the
ORF or by frame-shifting insertions/deletions. Pseudogenes are
distinguished from functional genes by having “ps” after the
gene name (e.g., RNase13ps). Genes and pseudogenes are
named according to the order in which they were identified.

Using currently available human RNase sequences (RNases
1–13) as queries, TBLASTN and BLASTN searches (http://
www.ncbi.nlm.nih.gov/BLAST/) were carried out on the dog
and cow genome sequences available at the National Center for
Biotechnology Information (NCBI) and the opossum genome
sequence available at Ensembl (heep://www.ensembl.org). The
dog genome sequence used was version NCBI 2.1, with 7.6×
coverage (http://www.ncbi.nih.gov/genome/guide/dog/). The
cow genome sequence was version Btau_2.0, with 6.2× cove-
rage. The opossum genome sequence was version 0.5, with
7.19× coverage. We used 10−10 as the E-value cutoff in all
TBLASTN and BLASTN searches.

Protein and DNA sequences were aligned by CLUSTAL_X
(Thompson et al., 1997) with manual adjustments. Phylogenetic
trees were reconstructed using the neighbor-joining method
(Saitou and Nei, 1987) with 2000 bootstrap replications (Fel-
senstein, 1985). MEGA3 (Kumar et al., 2004) was used for
evolutionary analyses. Note that the complete deletion option in
MEGA3 was enforced. That is, any site with a gap in one or
more sequences was removed from the analysis.

3. Results and discussion

3.1. Identification of RNase A genes in dog, cow, and opossum

From whole-genome searches based on TBLASTN, we
identified RNase genes and pseudogenes from the genome
sequences of the dog, cow, and opossum. We also conducted
BLASTN-based nucleotide sequence searches to identify
pseudogenes that had not been found by TBLASTN. The entire
catalogs of the RNase genes identified in this study are listed in
Table 1 and Supplementary Tables S1–S3, and the DNA
sequences of the RNase genes are provided in Supplementary
Data Sets 1–3. The chromosomal locations of the genes are
drawn to scale in Fig. 1, except for cow, because the chromo-
somal locations of many cow genes are not available in the
current genome assembly. For pseudogenes, start and stop
codons were determined according to their closest functional
homologs.

3.1.1. Dog RNase genes
Seven functional RNase genes were identified from the dog

genome sequence (Table 1, Supplementary Table S1), which is
a relatively small number compared with those in human (13),
mouse (20), and rat (17) (Cho et al., 2005). A single dog
ortholog was identified for each of human RNases 1, 4, 9, 10,
12, and 13. However, the orthologous relationship of the other
dog gene to human RNases was unclear; it was equally closely
related to human RNases 2, 3, 6, 7, and 8, a cluster of
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Table 1
Numbers of RNase genes and pseudogenes identified from complete or nearly complete genome sequences of mammals

Species R1 EARs R4 Ang R6–8 R9–13 Newa EAR groupb Total Classification Reference

Human (H. sapiens) 1 2 (1) 1 1 3 5 0 5 (1) 13 (1) Primates (Cho et al., 2005)
Mouse (M. musculus) 2 6 (12) 1 5 (3) 1 5 0 7 (12) 20 (15) Rodentia (Cho et al., 2005)
Rat (R. norvegicus) 3 5 (1) 1 2 1 5 0 6 (1) 17 (1) Rodentia (Cho et al., 2005)
Dog (C. familiaris) 1 0 1 0 (1) 1 (1) 4 (1) 0 1 (1) 7 (3) Carnivora This study
Cow (B. taurus) 3 2 2 3 2 (2) 6 (1) 2 4 (2) 20 (3) Artiodactyla This study
Opossum (M. domestica) 1 0 1 1 1 2 (1) 15 (2) 4 (0) 21 (3) Marsupial This study

Numbers of pseudogenes are in parentheses.
a Note that this group does not represent an established monophyletic group, but it simply includes all the novel genes that do not belong to any of the previously

identified groups.
b The EAR group includes genes corresponding to human RNases 2, 3, 6, 7, and 8 and opossum RNases 19, 20, and 21.
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evolutionary related RNases with similar structures like a short
S-peptide loop and an extension after the final cysteine residue.
We tentatively named this gene Cf-RNase 6 based on its chro-
mosomal location (Fig. 1). Noticeably, the dog does not have a
functional ortholog of human angiogenin (RNase 5), a situation
previously known to occur in a colobine monkey (Zhang and
Zhang, 2003). Dog does not have RNase 11 either. The seven
functional RNase genes in dog are clustered in a 300-kb region
on chromosome 15. The gene order and transcriptional direction
of the dog genes are identical to those of human, mouse, and rat
RNase genes, but the size of the dog cluster is considerably
smaller than that in the other mammals (Fig. 1). In human,
angiogenin and RNase 11 genes are located next to RNase 4 and
RNase 12, respectively (Cho et al., 2005; Dyer and Rosenberg,
2005). Using this synteny information, we carefully searched
Fig. 1. Chromosomal locations of human, dog, and opossum RNase genes. Gene loca
show functional genes and open arrows show pseudogenes. In human chromosome 14
For dog and opossum, the location of the centromere is not known. The human ma
for any pseudogene relics of angiogenin and RNase 11 in the
corresponding regions of the dog genome. Interestingly, we
found dog sequences that are 65% and 58% identical to human
angiogenin and RNase 11 genes, respectively. However, the
start codons of the dog sequences are not found at the expected
locations and the ORFs are disrupted by multiple insertions/
deletions, suggesting that the pseudogenization events were not
recent.

3.1.2. Cow RNase genes
Twenty functional RNase genes and three pseudogenes

(Table 1; Supplementary Table S2) were identified from the cow
genome. Although the coverage of the cow genome sequence is
not low, the assembly is incomplete. Due to this reason, three of
the cow RNase sequences are incomplete (RNase 4, Ang3 and
tions are drawn to scale. Arrows indicate transcriptional directions. Filled arrows
, RNase 10 is closer to the centromere, whereas RNase 8 is closer to the telomere.
p was adapted from Cho et al. (2005).
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RNase 7/8psB) (Supplementary Table S2). Notwithstanding,
the cow genome has all the members of the RNase superfamily
that were previously known. As previously reported (Confalone
et al., 1995), three RNase 1 genes (pancreatic, brain, and semi-
nal RNases) are found in the cow. Being reminiscent of EDN
and ECP, two eosinophil-associated ribonucleases (EARs)
specific to catarrhine primates, there are also two cow EAR
genes, named Ear1 and Ear2. These two cow genes have only
one nucleotide difference (nonsynonymous), suggesting recent
duplication. There are also two cow sequences similar to human
RNase 4. One of them is identical to the previously identified
bovine RNase 4 gene (Hosoya et al., 1990) but its N-terminal
part is not sequenced in the genome. The other one has a
premature stop codon at the C-terminus, which would remove
15 amino acids including the catalytic H119. We therefore con-
sider it as a pseudogene. Another interesting feature of this
pseudogene is that its sequence after amino acid residue 102
appears to be unrelated to other RNase 4 genes. In addition to
the two previously identified cow angiogenin genes (Ang1 and
Ang2) (Maes et al., 1988; Strydom, 1998; Zhang and Rosen-
berg, 2002b), we identified a third angiogenin gene (Ang3),
although its sequence in the database is incomplete. There is one
functional gene and two pseudogenes in the cow genome that
are related to human RNases 7 and 8. These three bovine
sequences are more similar to each other than to human RNase 7
or RNase 8 (see below for details). Two bovine genes and one
pseudogene related to human RNase 9 were identified. One
bovine ortholog for each of human RNases 10–13 was also
found. Noticeably, we also identified two bovine genes whose
relationships to any of these known genes are ambiguous.
Phylogenetic analysis revealed that these two genes represent
newly identified lineages of the superfamily (see below for
details). We named them Bt-RNases 14 and 15 (Supplementary
Table S2). Bt-RNase 15 has no angiogenin-like structural fea-
tures, although its phylogenetic position is close to angiogenins
and chicken RNases (Fig. 2). It is noteworthy that the position
of H12, a residue in the catalytic triad, is shifted by one amino
acid toward the N-terminus in Bt-RNase 15.

3.1.3. Opossum RNase genes
The RNase A superfamily is larger in opossum than in any

other species studied (human, mouse, rat, dog, cow, chicken,
and zebrafish), with 21 functional genes and three pseudo-
genes (Table 1; Supplementary Table S3). A single functional
ortholog for RNase 1 (69% identical to the kangaroo RNase
1), RNase 4, angiogenin, RNase 7/8, RNase 12, and RNase
13, and a pseudogene related to RNase 13 were identified. To
our surprise, 15 additional genes and two pseudogenes that do
not belong to any of the previously described groups of
RNases were found. We named them Md-RNases 16–32
(Supplementary Table S3). We will provide detailed descrip-
tions of these novel genes later in the paper. All opossum
RNase genes and pseudogenes except for the functional copy
of RNase 13 are located in a cluster of ∼850kb on the
scaffold 19262 of the partially assembled opossum genome,
indicating that they are on the same chromosome. We found
that a pseudogene related to RNase 13 was located in the
region syntenic to RNase 13 in other species, indicating that
after the duplication of RNase 13 the original copy was
pseudogenized whereas the duplicated copy survived. This
functional RNase 13 is located in the middle of a different
scaffold of N6.3Mb, suggesting that the duplication did not
generate tandem copies. Human RNase 13 is located next to a
non-RNase gene, NDRG2. We found that the opossum
ortholog of human NDRG2 is located next to Md-RNase
13ps in the opossum RNase cluster (from 5,399,311 to
5,406,206), confirming that Md-RNase 13ps is the original
RNase 13 copy that was pseudogenized. Although the
opossum genome has the largest number of RNase genes
(Table 1), many known members of the superfamily are
missing, including EARs, RNase 9, RNase 10, and RNase 11.
It is unlikely that these missing genes actually exist in
opossum but were not sequenced, because the current
opossum genome sequence has a relatively high coverage
(7.19×). Our attempts to find any pseudogene relics for these
missing genes using syntenic information were not successful.
In spite of the antiquity (∼180My ago) of the split between
placental and marsupial mammals (Murphy et al., 2004), the
order of the RNase genes in the chromosome and the
transcription directions are well conserved between placentals
and marsupials (Fig. 1).

3.2. Evolution of the mammalian RNase A superfamily

Our previous genomic surveys in the human, mouse, rat, and
chicken (Cho et al., 2005) indicated that the major groups
(RNases 1, EARs, RNase 4, angiogenins, RNases 6–8, and
RNase 9–13) of the RNase A superfamily were formed before
the divergence between primates and rodents, but after the bird–
mammal separation. Although the gene number for a few
groups varies among the three mammals, every species has all
of the major groups, giving the impression that all major groups
are important and probably conserved in all mammals. But, our
present expanded surveys in the dog, cow, and opossum show
that the above view is incorrect. For example, in dogs, many
RNase groups are missing or pseudogenized, including angio-
genin, EARs, and RNase 11, leaving only seven functional
RNase genes in the genome (Table 1). In the opossum, EARs,
RNases 6, 9, and 11 are also missing. These findings indicate
that some RNase groups may be dispensable and that the RNase
gene repertoire has changed substantively during mammalian
evolution.

It has been proposed that the RNase A superfamily started
off as an angiogenin-like gene in early vertebrates and that it
experienced a dramatic expansion in mammalian evolution
(Strydom, 1998; Cho et al., 2005). When and how did this
mammal-specific expansion take place? To address this ques-
tion, we reconstructed a phylogenetic tree using all RNases
identified from the dog, cow, and opossum along with human
and chicken RNases (Fig. 2). As previously reported (Cho et al.,
2005) and aforementioned, several previously known major
groups of RNases are found in the tree, such as the RNase 1
group, the RNase 4 group, the group of EARs and RNases 6–8,
the angiogenin group, and each of RNases 9–13. Each of these



Fig. 2. Phylogenetic relationships of all RNases identified from the human, dog, cow, opossum, and chicken genomes. A total of 80 amino acid sites are used in tree-
making after the removal of alignment gaps. The neighbor-joining method with protein Poisson-corrected distances is used to make the tree. Bootstrap percentages
greater than 50 (out of 2000 replications) are shown on interior branches.
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groups has an opossum gene except for RNases 9–11, indica-
ting that the divergences of these groups predated the split
between placental and marsupial mammals.

Remarkably, opossum RNases 16–32 do not belong to any
of the major groups, thus representing newly identified lineages
in the superfamily. However, the evolutionary relationships of
these new opossum genes to the previously known groups of
RNases are ambiguous due to low bootstrap percentages, except
for Md-RNases 19–21, which form a relatively highly suppor-
ted clade that is sister to the group of EARs plus RNase 6–
8 (Fig. 2). The low bootstrap percentages for most of the deep
nodes in the tree are probably due to the great sequence diver-
gence among the major groups and the decrease of the number
of informative sites caused by many gaps in the alignment.
Noticeably, six of the new opossum genes (Md-RNases 25, 26,
28, 29, 30, and 32) form a monophyletic group, which is
supported by a moderate bootstrap value (63%) and also by
their clustering on the chromosome (Fig. 1). For the rest of the
novel opossum genes (Md-RNase 22–24), their relationships to
other genes cannot be unambiguously determined. Two newly
identified cow genes, Bt-RNases 14 and 15, are also divergent
from any other genes, and they do not appear to be sister to each
other.

Our phylogenetic analysis (Fig. 2) provides three significant
clues for understanding the evolution of the RNase superfamily.
First, the extant placental and marsupial mammals share multi-
ple RNase genes, indicating that the major expansion of the
mammalian RNase superfamily predated the split between
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placental and marsupial mammals. Second, it also appears that
the common ancestor of placentals and marsupials had several
RNase genes that were subsequently lost in either placentals or
marsupials. For example, the presence of two ancient RNase
genes in cows (Bt-RNases 14 and 15) but not in any other
placental mammals suggests that different mammalian lineages
have suffered different degrees of gene loss. The extreme case is
the dog, which has lost many RNase genes (Table 1) presuma-
bly after the separation between carnivores and artiodactyls.
Finally, there were at least two cases of within-group expan-
sions in the opossum lineage: Md-RNases 19–21 and Md-
RNases 25–32. Similar expansions have been reported in rodent
EARs and angiogenins (Singhania et al., 1999; Zhang et al.,
2000; Cho et al., 2005).

3.3. Evolution of EARs and RNases 6–8

In Fig. 2, the positions of some genes, such as Cf-RNase 6 and
Md-RNase 7/8, are not well resolved, indicated by low bootstrap
percentages (51% or lower). In order to determine the
evolutionary relationship of these genes to other RNases, we
made another tree using the nucleotide sequences of all the genes
and pseudogenes from this group (Fig. 3). By limiting our
analysis to the sequences within this group, we could enhance the
reliability of the tree because the number of alignment gaps
became smaller. In addition, clarifying the relationship of each
pseudogene to its functional ortholog in other species would help
Fig. 3. Phylogenetic relationships of functional genes and pseudogenes of EARs
and RNases 6–8 of the human, dog, cow, and opossum. A total of 419
nucleotide sites are used in tree-making after the removal of alignment gaps. The
neighbor-joining method with Kimura's two-parameter distances is used to
make the tree. The DNA sequences rather than the protein sequences are used
because of the inclusion of pseudogenes in the phylogenetic analysis. Bootstrap
percentages higher than 50 (out of 2000 replications) are shown on interior
branches. Note that Bt-RNase 7/8psB was not included in the tree because its
incomplete sequence would compromise the reliability of the phylogeny.
us understand the evolutionary path of each gene. We found that
the dog pseudogene Cf-RNase6ps is closely related to Cf-RNase
6, whereas two cow pseudogenes are most closely related to Bt-
RNase 7/8 (Fig. 3; the sequence of Bt-RNase7/8psB is incomplete
thus not included in the analysis). The tree elucidates the time and
order of the gene duplication events that shaped this group of
RNases. The duplication giving rise to RNases 7 and 8 is most
recent, and it is specific to the primate lineage. Previously, it was
estimated that this duplication occurred shortly before the sepa-
ration between NewWorld and OldWorldmonkeys (Zhang et al.,
2003). Our study in the mouse and rat (Cho et al., 2005) showed
that the common ancestor of RNases 7 and 8 (RNase 7/8) emerged
from duplication of RNase 6, which predated the separation of
primates from rodents. It can be seen clearly from Fig. 3 that the
opossum gene Md-RNase 7/8 is orthologous to the human and
cow RNases 7/8 genes, but not with RNase 6. This result strongly
suggests that the duplication of RNase 6 and RNases 7/8 predated
the split between placental and marsupial mammals. Consequent-
ly, it is apparent from the tree that the dog lost RNases 7/8, the
opossum lost RNase 6, but the human and cow retained both. The
phylogenetic position of the sole canine gene in this group (Cf-
RNase 6) is unexpected (Fig. 3), because if it is orthologous to the
human and cow RNase 6, it should have diverged from cow
RNase 6 more recently than from human RNase 6, as carnivores
and artiodactyls are closer to each other than they are to primates
(Murphy et al., 2004). Thus, the tree suggests that dog RNase 6 is
not the ortholog of human and cow RNase 6. It is likely that the
RNase 6 gene was duplicated before the radiation of placental
mammals and different genes were retained in different lineages.
The most ancient duplication in the group is at node C of the tree
(Fig. 3), which separated EARs from RNases 6, 7, and 8. EAR
genes had many duplications during rodent evolution (Singhania
et al., 1999; Zhang et al., 2000; Cho et al., 2005), but the present
analysis suggests that this EAR lineage expansion is unique to
rodents and unfound in other mammals.

Overall, the group of EARs and RNases 6–8 has experienced
a dynamic repertoire change during mammalian evolution. Our
analysis suggests that the common ancestor of all placental
mammals had at least three genes in this group (EARs, RNase 6,
and RNase 7/8) and possibly four genes if we consider the direct
ancestor of Cf-RNase 6. These genes were generated through a
series of gene duplications that likely predated the divergence
between placentals and marsupials. Subsequently, differential
retention of ancestral gene lineages, or gene sorting (Zhang et
al., 2000), has shaped the current profiles of these genes in
extant mammals. The presence of recently duplicated genes and
multiple new pseudogenes suggests that this process is still
ongoing (Fig. 3).

3.4. Novel members of the RNase A superfamily

One of the most intriguing findings of this study is the novel
RNase genes from the cow and opossum. These genes are quite
divergent from the previously known members of the super-
family, as their amino acid sequences are only∼25% identical to
human RNase 1, for instance (Fig. 4). Nonetheless, three lines of
evidence indicate that they are new members of the RNase A



Fig. 4. Amino acid sequence alignment of the novel RNases identified in this study. Dashes show alignment gaps and dots represent the same amino acids as in human
RNase 1. The eight structural cysteines are indicated by arrows, whereas the three catalytic residues are indicated by “*”. The conserved CKXXNTF motif is
highlighted in a box. The predicted first amino acid residue of the mature peptide is underlined. We used the SignalP 3.0 server (http://www.cbs.dtu.dk/services/
SignalP) to infer the signal peptide cleavage sites.
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superfamily. First, they form a cluster on the chromosome with
the known RNase genes (Fig 1), suggesting that they are
produced by tandem gene duplications. Second, the ORFs of
these genes are contained in a single exon, as in all other RNase
genes. Third, except for a single gene, Md-RNase 18 (see
below), all of them have a distinct signal peptide sequence (Fig.
4), suggesting that they function in the extracellular environ-
ment. Fourth, they possess the signatures of the superfamily,
such as the catalytic triad [note that some of the novel ribo-
nucleases (Md-RNases 22–32) do not have the catalytic triad
like RNase 9–13], the “CKXXNTF” motif, the “PVHXD/E”
motif, and the conserved cysteines important for forming disul-
fide bonds, although the degree of conservation varies among
the genes (Table 2).



Table 2
Surveys of the important amino acid residues in the novel RNase genes
identified from the cow and opossum

Gene name H12 CK41XXNTF PVH119XD/E No. of conserved
cysteines

Bt-RNase14 + CKQINTF PAHLD 8
Bt-RNase15 + a CKKNNTF PIHLD 8
Md-RNase16 + CKPVNTF PVHLD 8
Md-RNase17 + CKVFNTF PVHFD 8
Md-RNase18 + CKPKNTI PVHFD 7
Md-RNase19 + CKSFNTF PVHLD 8
Md-RNase20 + CKAFNSF PVHLD 8
Md-RNase21 + CKGFNSF PVHLD 8
Md-RNase22 + CKRENTF PVYVD 8
Md-RNase23 + CKSINTF PVHFQ 8
Md-RNase24 + CVPGNTF PFHLE 8
Md-RNase25 + CFQINAF PIYLF 8
Md-RNase26 + CKPFNSF PQRII 7
Md-RNase28 + CVYFTTF PKYVF 8
Md-RNase29 + CLYFHTF PEYLI 8
Md-RNase30 + LRPFHTF PDHLI 5
Md-RNase32 + CLYSNIF PGFII 7
a H12 shifted upstream by one amino acid.
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The two novel cow genes, Bt-RNases 14 and 15, have an
intact set of catalytic triad, a well-conserved “CKXXNTF”
signature motif, and a complete set of eight conserved cysteines,
suggesting that they have the ribonuclease activity. Similarly,
these signatures are well-conserved in eight of the novel
opossum genes (Md-RNases 16–23). Noticeably, two of these
genes, Md-RNases 22 and 23, have an insertion of 5–15 amino
acids between the signal peptide and the catalytic H12, as in
RNases 9–11 (Devor et al., 2004; Cho et al., 2005). Although
with low bootstrap support, these two genes are indeed remotely
related to RNases 9–11 (Fig. 2), suggesting that these new
opossum genes may share ancestry with RNases 9–11. Interes-
tingly, Md-RNase 18 does not have a signal peptide, an unpre-
cedented exception to the RNase A superfamily. The absence of
a signal peptide in Md-RNase 18 suggests that it may have
Fig. 5. Evolutionary history of the RNase A superfamily shown on the mammalian ph
in the superfamily are labeled on the branches.
acquired a new intracellular function. Its isoelectric point (pI)
(6.46) is much lower than all other opossum RNases, which also
suggests functional modifications. For the rest of the novel
opossum genes (Md-RNases 24–32), the signature motifs are
poorly conserved and some genes miss one to three of the
structural cysteines (Table 2). Moreover, none of them has an
intact catalytic triad that is required for the ribonuclease activity.
Therefore, this latter group (Md-RNases 24–32) probably has
lost the ribonuclease activity. It would be interesting to examine
if these genes have acquired other functions.

3.5. Final remarks

In this paper, we report the identification of the entire RNase
A superfamily from the genome sequences of the dog, cow, and
opossum. We discovered 17 novel RNase genes, 2 from the cow
and 15 from the opossum. Phylogenetic analysis of these genes
and previously identified RNase genes elucidates how the
repertoires of the superfamily changed during mammalian evo-
lution (Fig. 5). Briefly, the superfamily started off as an RNase
with the structural features of angiogenin in early vertebrate
evolution. After the bird–mammal separation, but before the
split between placental and marsupial mammals, an extensive
expansion occurred in ancestral mammals that resulted in most
of the extant members of the superfamily. After this split,
marsupials underwent further expansions resulting in RNases
19–21 and 24–32. The common ancestor of all placental mam-
mals lost at least two genes (orthologous to Md-RNases 16, 17
and 19–23), and subsequently two other genes (orthologous to
Bt-RNases 14 and 15) were lost in the common ancestor of
primates and rodents, after it diverged from carnivores and
artiodactyls. There was a massive gene loss in the dog RNase
superfamily, further reducing the size of the repertoire. In
several individual lineages of RNase genes, gene duplication
and gene loss occurred in various orders of placental mammals.
For example, rodent EARs and angiogenins underwent
expansions and gene sorting. In addition, similar processes
ylogeny. The phylogeny was adopted fromMurphy et al. (2004). Major changes
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may have also occurred for the RNase 6 genes of placental
mammals.

Before this study, the genome-scale survey of RNase genes
was conducted only in the human, mouse, rat, and chicken, with
the impression that the major lineages of the superfamily should
be conserved across placental mammals. Our present survey in
the dog, cow, and opossum not only identified many novel
RNase genes, but also revealed a clear pattern that the super-
family underwent dynamic evolutionary changes within mam-
mals. The reasons underlying these dynamic changes are
unclear. We previously conjectured that the superfamily was
initially used for innate immunity (Cho et al., 2005). Being in
need of responding to ever-changing pathogens, the superfamily
might have been under an evolutionary pressure for diversifi-
cation through recurrent expansions and gene sorting. Other
gene families involved in host-defense systems are also known
to have undergone such gene birth-and-death or gene sorting
processes (Hughes and Nei, 1988; Cadavid et al., 1997; Nei et
al., 1997; Sitnikova and Nei, 1998; Su et al., 1999).

In spite of the analysis of several completely sequenced
mammalian genomes, our understanding of the evolution of the
RNase A superfamily requires more species (Fig. 5). One of the
unsolved mysteries is how the major groups of the superfamily
were generated during early mammalian evolution. Because
non-mammalian vertebrates have only a limited number of
closely related RNases, the major expansion must have taken
place after the bird–mammal separation. Further studies in more
primitive mammals, such as monotremes, are required to
determine the time of the mammalian expansion with better
resolution. Another interesting question is why the evolutionary
paths that marsupial RNase genes took are different from those
of placental mammals. The genome of tammar wallaby
(Macropus eugenii), another marsupial mammal, is currently
being sequenced, and this will allow further investigations
toward answering the above question.

The dog and cow genome sequences we analyzed are based
on domesticated animals. Would this factor bias our interpre-
tation of RNase evolution? For three reasons, we think domesti-
cation should not affect our results. First, domestication is
extremely short (∼0.01My) compared to the evolutionary time
we consider in this work (∼200My). Thus, the impact of
domestication on RNase evolution is expected to be minimal.
Second, it is difficult to imagine any traits controlled by RNases
that would have been the targets of artificial selection. Third, it
is also difficult to imagine that the animal species chosen to be
domesticated by our ancestors would be a biased set with regard
to RNase genes.

Our discovery of the novel RNase genes opens the door for
future investigations on their functions. The high divergence from
other members of the superfamily (Fig. 2) and the non-
conventional patterns of functional motifs (Table 2) suggest that
they have functions different from the previously studied RNases.
In particular, the signal-peptide-lacking Md-RNase 18 is worth
investigation. The RNase A superfamily has served as an
excellent experimental model for studying the evolution of new
gene functions. Studies on these novel RNases will not only
broaden our understanding of the functional diversity of the
superfamily, but also provide general insights into the processes
by which new functions emerge after gene duplication (Zhang,
2003).
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