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The ribonuclease A superfamily of mammals and birds: identifying new

members and tracing evolutionary histories
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Abstract

The RNase A superfamily has been important in biochemical, structural, and evolutionary studies and is believed to be the sole vertebrate-

specific enzyme family. To understand the origin and diversification of the superfamily, we here determine its entire repertoire in the

sequenced genomes of human, mouse, rat, and chicken. We report a previously unnoticed gene cluster in mouse chromosome 10 and a

number of new genes, including mammalian RNases 11–13, which are close relatives of the recently identified RNases 9 and 10. Gene

expression data imply male-reproductive functions for RNases 9–13, although their sequences suggest the lack of ribonucleolytic activities.

In contrast to the presence of 13–20 functional genes in mammals, chicken has only 3 RNase genes, which are evolutionarily close to

mammalian RNase 5, like other nonmammalian RNases. This and other evidence suggests that the RNase A superfamily originated from an

RNase 5-like gene and expanded in mammals. Together with the fact that multiple lineages of the superfamily, including RNases 2, 3, 5, and

7, have antipathogenic activities, we suggest that the superfamily started off as a host-defense mechanism in vertebrates. Consistent with this

hypothesis, all members of the superfamily exhibit high rates of amino acid substitution as is commonly observed in immunity genes.

D 2004 Elsevier Inc. All rights reserved.
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For over half a century since the bovine pancreatic

ribonuclease (also known as RNase A) was first purified [1],

the RNase A superfamily, of which RNase A is the

prototype, has been one of the most intensively studied

protein superfamilies in biochemistry, structural biology,

enzymology, and molecular evolution [2–8]. This super-

family constitutes a group of homologous proteins isolated

from many vertebrates, but it has not been found outside

vertebrates [4,5]. The ribonucleolytic activity originated

multiple times during evolution and nonvertebrate organ-

isms possess ribonucleases that are nonhomologous to

vertebrate RNase A. In fact, the RNase A superfamily is
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believed to be the sole enzyme family that is vertebrate-

specific [9], although this hypothesis requires further

scrutiny. For simplicity, we will use RNases to refer to

RNase A superfamily members unless otherwise noted.

RNase proteins are typically composed of a signal

peptide of about 25 amino acids and a mature peptide of

about 130 amino acids. They have 3 catalytic residues (1

lysine and 2 histidines) at proper positions and 6 to 8

cysteines that form three to four disulfide bonds. Except

for these conserved residues, RNases are quite divergent,

with sequence identities varying from 20 to nearly 100%.

They also exhibit diverse expression patterns and possess

various catalytic activities against specific RNA substrates.

A wide variety of physiological functions are known for

RNases, including degradation of dietary RNAs in the

digestive gut, angiogenesis, and innate immunity (reviewed

in [4,5]).
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Among nonmammalian vertebrates, RNases have been

purified and sequenced from chicken, turtle, iguana, and

frogs (see [5] and references therein). Among mammals,

RNases are most extensively investigated in primates,

rodents, and ruminants. The RNase A superfamily is

extremely dynamic, with high rates of gene duplication

and gene loss, resulting in variable numbers of genes in

different species. Until recently, there were eight known

human RNases, including pancreatic ribonuclease (RNase

1), eosinophil-derived neurotoxin (EDN, or RNase 2),

eosinophil-cationic protein (ECP, or RNase 3), RNase 4,

angiogenin (RNase 5), RNase 6 (or k6), RNase 7 [10,11],

and RNase 8 [12]. Recently, Penttinen et al. reported the in

silico discovery of mouse RNases 9 and 10 [13] and

Castella et al. purified and identified RNase 10 (named

Train A in [14]) from porcine epididymis [14]. We were able

to locate genes encoding these two new RNases in the

human genome, thus adding them to the growing inventory

of the human RNase A superfamily. The completion or near

completion of the human, mouse, rat, and chicken genome

projects has opened the door for comprehensive identifica-

tions and comparisons of all members of the RNase A

superfamily. We here describe the complete catalogs of the

RNase A superfamily in the above four species, including a

number of newly identified superfamily members. We also

report a previously unknown RNase gene cluster on mouse

chromosome 10. Our phylogenetic analyses provide several

novel insights on the origin and physiological roles of this

highly diversified protein superfamily of vertebrates.
Results and discussion

Chromosomal organizations of RNase A genes in human,

mouse, rat, and chicken

From whole-genome database searches based on

TBLASTN, we identified all RNase genes and pseudogenes

from the genome sequences of human, mouse, rat, and

chicken. We also conducted BLASTN-based nucleotide

sequence searches to identify pseudogenes that had not

been found using TBLASTN. The entire catalogs of RNase

genes identified in this study are listed in Supplemental

Tables 1–4, and their chromosomal locations are drawn to

scale in Fig. 1. For pseudogenes, start and stop codons were

determined according to their closest functional homologs.

Below we first provide a general overview of the RNase

genes identified in the four genomes and then present their

novel features in a more detailed and specific manner.

Human RNase genes

Zhang et al. [12] reported that human RNase 1–8 genes

are located on chromosome 14q11.2, forming a cluster of

~368 kb. This is confirmed by the present analysis (Fig. 1,

Supplemental Table 1). Briefly, in order from the centro-

mere to the telomere, angiogenin (RNase 5), RNase 4,
RNase 6, RNase 1, ECP (RNase 3), EDN pseudogene, EDN

(RNase 2), RNase 7, and RNase 8 are separated from each

other by a 6- to 90-kb interval. RNase 9 and RNase 10, two

recently reported members of this superfamily, are also

found within this cluster, located ~137 and ~183 kb away

from angiogenin toward the centromere, respectively. In

addition to these previously reported members, we identi-

fied three novel open reading frames (ORFs) within this

cluster, which share a number of common features with

other RNases (see below) and are thus named RNases 11–

13. RNase 11 and RNase 12 are located between RNase 9

and angiogenin and are separated by only ~6 kb from each

other. RNase 13 is ~9 kb away from RNase 7 toward the

centromere and has a transcriptional direction opposite to

that of RNases 7 and 8. Our extensive searches of the human

genome sequence yielded no other ORFs with significant

sequence similarity to previously reported RNase genes.

Therefore, it is likely that all human RNase A superfamily

members have been identified.

Rat RNase genes

As in human, all rat RNase genes are located on one

chromosome (15p14), forming a single cluster of ~370 kb,

which is shorter than the human cluster (~550 kb) (Fig. 1,

Supplemental Table 2). Using the human–rat homologous

chromosome map (http://www.genboree.org), we found that

this region in the rat genome is syntenic to the human

RNase gene cluster. Despite its small size, the rat cluster

contains essentially every member of the superfamily in the

same order and transcriptional direction as in human, with

two exceptions. First, lineages of RNase 1 (RNase1h,
RNase1g, and RNase1y), eosinophil-associated RNase

(EAR) (R15-17, ECP, R-pseudogene, and Ear3), and

angiogenin (Ang1 and Ang2) have undergone expansion

in the rat [15–17]. The duplications of rat RNase 1 genes

were previously reported before the availability of the

genome sequence [15] and the expansions of rat EARs and

angiogenins will be discussed in detail later in this report.

Second, orthologs of human RNases 7 and 8 are not present

in the rat genome. This leaves RNase 13 at the centromeric

boundary of the cluster. Intriguingly, we could not locate

many of the rat RNase genes previously reported [16–18],

including R1, R2, R4, R5, R7, R8, R12, and R14

(Supplemental Table 5).

Mouse RNase genes

Unlike the human and rat genomes, in which RNase

genes are located in a single cluster, we identified two

RNase gene clusters on mouse chromosome 14qB–qC1

(bcluster AQ) and 10qB1 (bcluster BQ) (Fig. 1, Supplemen-

tal Table 3). Cluster A is syntenic to the human and rat

clusters and is essentially identical to the rat cluster in gene

content and order except for massive expansions of the EAR

and angiogenin gene repertoires (see below). The chromo-

somal region homologous to cluster B is not present in

human or rat, suggesting that this region emerged in mouse
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Fig. 1. Chromosomal locations of all human, mouse, and rat RNase genes. Gene locations are drawn to scale. Arrows indicate transcriptional directions. Filled

arrows show functional genes and open arrows show pseudogenes. In human chromosome 14, RNase 10 is closer to the centromere, and RNase 8 is closer to the

telomere. In mouse chromosome 14, Ear-ps12 is closer to the centromere, and RNase 13 is closer to the telomere. In mouse chromosome 10, Ear-ps6 is closer to

the centromere, and Ang-ps1 is closer to the telomere. In rat chromosome 15, RNase 13 is closer to the centromere, and RNase 10 is closer to the telomere.
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after the mouse–rat separation. Cluster B contains only

genes and pseudogenes that belong to EAR and angiogenin

families. Mouse cluster A (~7.9 Mb) is much longer than the

human and rat clusters mostly due to the huge interval (~6.5

Mb) that separates Ear-ps12 and Ear1 from the other genes.

The distance between RNase 10 and RNase 13 in mouse

(~1.0 Mb) is also much greater than that in human (~550 kb)

or rat (~400 kb). Mouse cluster B spans only 250 kb but

contains 3 genes and 10 pseudogenes. We found two cases

in which more than two sequences in different genomic loci

are 100% identical (Supplemental Table 3). First, mouse

Ear-ps6, ps11, and ps12 are identical to one another. Ear-ps6
and ps11 are more than 150 kb apart, with many other Ear

genes interposed between them, and Ear-ps12 is on a

separate chromosome. Therefore, it is unlikely that their

sequences have been homogenized by gene conversion.

Second, two copies of the RNase 1 gene were found on

chromosome 14, separated by ~20 kb from each other.

Tentatively, we named these two sequences RNase 1 and

RNase 1V. These two identical sequences were generated by

a tandem repeat of an ~20-kb sequence. At this point, we

cannot tell whether they resulted from a very recent

duplication event, a sequence assembly error, or gene

conversion. As RNase 1 duplicated several times in a rat
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ancestor, we may tentatively hypothesize that RNase 1 was

already duplicated in the ancestor of mouse and rat, with the

duplicates remaining identical in mouse by gene conversion.

As in rat, we could not identify many previously reported

RNase genes [16,19–27] from the assembled genome

sequence, including Ear-2, 3, 4, 7, 8, 9, 12, 13, and Ang-3

(Supplemental Table 5).

Chicken RNase genes

We identified three chicken ORFs that show significant

sequence similarity to known RNase genes (Supplemental

Table 4). The one on chromosome 6 is identical to RNase

CL2, a previously identified RNase from chicken liver,

except for the presence of four additional amino acid

residues at the C-terminus [28]. The other two ORFs are on

chromosome 4 and are identical to the previously identified

RNases from chicken bone mallow (RSFR [29]) and

myelomonocytic cells (Clone 462 [30]), respectively. No

novel chicken RNase genes were found. RSFR and Clone

462 are separated by only 10 kb and have the same

transcriptional direction. They are also more similar to each

other (85% identical in protein sequence) than either is to

CL2 (~40% identical).

Missing RNase genes in the assembled mouse and rat

genome sequences

As mentioned before, many previously reported rodent EAR

genes and one mouse angiogenin gene (Ang3) are missing from

the whole genome sequence assemblies (Supplemental Table

5), for which there can be at least four possible explanations.

First, the assembled mouse and rat genome sequences are

not complete and some of the previously reported genes can

fall into the unsequenced regions. We could identify none of

those missing genes from HTGS (High Throughput

Genomic Sequence) entries either. Second, high levels of

sequence similarities among EARs and among angiogenins

might have caused errors in the sequence identification or

contig assembly processes. For example, the nucleotide

sequence of mouse Ear7, which is one of those missing

genes, is 98.6% identical to mouse Ear6. Third, it could be

due to genetic variations among different strains used.

Finally, some experimental errors could have happened,

such as sequencing errors or mutations incorporated during

polymerase chain reaction and/or reverse transcription

reactions. Notably, some of the genes were isolated using

cDNA library screening or PCR amplification of genomic

DNA, as is summarized in [25]. Furthermore, in some

previous studies, primer sequences were not removed from

the sequences submitted to GenBank, introducing additional

errors [16]. Notwithstanding, independent experimental

evidence has been provided for the existence of some of

the missing genes listed in Supplemental Table 5. For

example, mouse Ear-2 and Ear-7 have been identified by

additional independent methods such as sequencing

genomic E clones and directly sequencing proteins purified

from the eosinophil secondary granules [25].
New members of the RNase A superfamily

One of the major findings of this study is three novel

RNase genes (RNases 11–13) in mammals, in addition to

the recently identified RNase 9 and RNase 10. Fig. 2

shows the alignment of human RNases 1–13. Although the

amino acid sequences of RNases 9–13 are only 15–30%

identical to the canonical RNases (RNases 1–8) (Supple-

mental Table 6), several characteristics suggest that all these

proteins share a common ancestry. First, the RNase genes

are all closely linked on the chromosome (Fig. 1), an

indication of origin by tandem gene duplication. Second, for

all the RNase genes, the entire ORF is contained within a

single exon. Third, most of the 6 to 8 cysteine residues and

also several other residues that are important for folding

and structure in canonical RNases are conserved in RNases

9–13 (Fig. 2 and Supplemental Fig. 1). Fourth, the ORFs

of these proteins indicate that they have a signal peptide at

the N-terminus and that the mature peptides have a two-

domain structure with different N-terminal domains (with

insertions of 40–50 residues in RNases 9, 10, and 11), but

similar C-terminal ones of about 100 amino acid residues

with four conserved disulfide bonds in most of them (the

S-protein core).

In addition to the above shared features, canonical

RNases invariably have the catalytic triad (H12-K41-His119,

numbers according to human RNase 1) that is required for

ribonuclease activity [3] and the signature motif of

CKXXNTF, which includes the catalytic lysine residue

K41. In RNases 9 and 10, however, these two specific

features are not conserved [13,14]. RNases 11–13 are also

quite variable at these sites (Table 1).

In active RNases, His119 is located in a conserved

VPVH sequence in the C-terminus of the molecule. As is

evident from inspection of Fig. 2 and Supplemental Fig. 1

there are no sequence similarities in the C-terminus between

active RNase 1 and RNases 9–13 or among the latter. Few

of the RNases 9–13 have a histidine in this region and it is

difficult to judge whether the histidine is the catalytic

histidine. No homology is apparent in the sequences

preceding the first conserved cysteine residue, including

His12, suggesting that the S-peptide structure of active

RNases is not present in RNases 9–13. Only in RNase 13

may there be such a structure, with His12 present in mouse

and rat, but not human. In the signature motif CKXXNTF,

the structurally important C and F are conserved in the

majority of sequences. But the active site Lys41 is replaced

(in a few cases by Arg) or shifted by one position. Thr45,

which is involved in the active site, is not conserved either.

These sequence features suggest that RNases 9–13 may not

possess ribonucleolytic activities. But the conservation

between orthologous sequences of the three species suggests

functionality of the proteins.

Among members of the superfamily, RNase 4 shows the

highest sequence similarity among orthologs in human,

mouse, and rat [31], and EARs are most divergent [32], as is



Fig. 2. Amino acid sequence alignment of human RNases 1–13. 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 b* Q. The conserved CKXXNTF motif is highlighted

in a box. The first amino acid residue of the mature part is underlined. For RNases 9–13, we used the SignalP 3.0 server (http://www.cbs.dtu.dk/services/

SignalP) to determine the locations of signal peptide cleavage sites. For the other genes, we followed Zhang et al. [12].

Table 1

Survey of the important amino acid residues in RNases 9–13 of human,

mouse, and rat

Gene

name

Species H12 CK41XXNTF VPVH119 No. conserved

cysteines

RNase 9 Human – WVAEHYF IPHT 7

Mouse – CYPEHYI IPDH 8

Rat – CYPERYI IPNY 8

RNase 10 Human – CIAQYAF GQ– 8

Mouse – CINQYTF K— 8

Rat – CINDYTF K— 8

RNase 11 Human + CKWSNNF LTGH 6

Mouse – CQLGNDF LASN 5

Rat – CQLGNNF LTSH 6

RNase 12 Human + CKKEHVF RPDS 8

Mouse + CRKVHVFa GPVD 8

Rat + CRKVHVFa GPVN 8

RNase 13 Human – CPKIHYVa –KY 8

Mouse + CPKIHYVa –KH 8

Rat + CPKIHYVa –KH 8

a K41 shifted downstream by one amino acid.
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shown in Supplementary Fig. 2. Interestingly, we found that

RNases 9 and 11 are as divergent as EARs, while RNases

10, 12, and 13 are moderately divergent (Supplemental Fig.

2). Most noticeably, human RNase 9 is only ~35% identical

to its rodent orthologs, which is even lower than the

percentage identities between human and rodent EARs.

What are the physiological functions of RNases 9–13?

Mouse RNases 9 and 10 are exclusively expressed in the

epididymis [13,14] and pig RNase 10 is the most abundant

compound secreted in the anterior part of the epididymis,

where sperm maturation and activation take place [14].

Interestingly, the isoelectric point (pI) of RNases 9 and 10 is

lower than that for any other mammalian RNase (Supple-

mental Table 7). The relatively high pI is believed to be

important for the ribonuclease activity, conferring affinity of

the enzyme to its negatively charged RNA substrate [3].

Though not sufficient, the positive charges in antibacterial

EARs and angiogenins might also be critical for the

disruption of bacterial cell membranes, which are negatively

charged [26,33–35]. Therefore, RNases 9 and 10 may have

acquired functions related to male reproduction, but may

lack ribonuclease or antibacterial activities. The absence of

the catalytic residues in these proteins also supports this

hypothesis. The functions of RNases 11–13 are still a

mystery. Except for the sequence similarity to other RNases
and the presence of the signal sequence, these proteins do

not have any known functional motifs or domains. Their pI

values are neither high nor low (Supplemental Table 7). One

interesting clue comes from the gene expression profile

database (http://symatlas.gnf.org/SymAtlas/) generated by

 http:\\symatlas.gnf.org\SymAtlas\ 
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Su et al. using high-density oligonucleotide arrays [36]. In

their data, human RNase 11 is expressed in the testis at an

outstandingly high level, compared with other tissues. Thus

RNases 9–11 are all specifically or highly expressed in male

reproductive organs. Because RNases 9–13 are evolutio-

narily closely related (see below), it is possible that the

entire lineage including RNases 9–13 might have speci-

alized in male reproductive functions. In addition, some

EST clones made from adult human brain (medulla) match

RNase 11 and RNase 13, suggesting their potential

functions in the brain. We are currently in the process of

systematic examination of the expression patterns of RNases

11–13 using Northern hybridization.

Expansion of the rodent EAR family

To date, 13 mouse EAR genes (Ear1–13) and 2 pseudo-

genes (Ear-ps1 and Ear-ps2) have been reported, and 10 rat

EAR genes (R1, R2, R4, R5, R7, R8, R12, R14, ECP, Ear3)

but no pseudogenes are known [16,18,20,21,23,25,34,37].

Our analysis revealed 1 new EAR gene (Ear14) and 10 new

pseudogenes (Ear-ps3–ps12) in mouse and 3 new genes

(R15–17) and 1 pseudogene (R-ps) in rat (Supplementary

Tables 2 and 3). In human, EAR genes (ECP, EDN, and

EDN pseudogene) are located between RNase 1 and RNase

13 on chromosome 14. This chromosomal organization is

conserved in mouse and rat, except that, in mouse, several

EAR genes and pseudogenes are mapped to cluster B

(chromosome 10), and Ear1 and Ear-ps12 are located

upstream of RNase 10 (Fig. 1). As mentioned, 8 mouse

EARs and 8 rat EARs that were previously reported could

not be identified in the genome sequences. In other words,

the genome sequences contain only 6 mouse and 5 rat EAR

genes. Nevertheless, our results confirm previous observa-

tions that the EAR genes have duplicated multiple times

during mouse and rat evolution.

To have a detailed look at the evolution of rodent EAR

genes, a phylogenetic tree was made with all the EAR genes

and pseudogenes in mouse and rat. The tree (Fig. 3)

reconfirms the separate groupings of mouse and rat EARs

[16,23]. Furthermore, our discovery of 10 new mouse

pseudogenes and placement of them on the phylogenetic

tree demonstrate that not only gene duplication, but also

extensive gene inactivation has shaped the current repertoire

of the mouse EARs. In particular, at least two inactivation

events occurred very recently. Two mouse pseudogenes,

Ear-ps2 and Ear-ps9, show 98.4% sequence identity to

Ear10 and 98.5% identity to Ear1, respectively. These

results suggest that gene inactivation is an ongoing process

in mice. Interestingly, there is only 1 pseudogene in the rat

genome, being dwarfed by the presence of more than 10

pseudogenes in mouse, which suggests that the rules

governing the evolution of EAR genes might be different

between these two rodents. One possible explanation for

this difference is that the rat EAR diversification is a

relatively recent event as indicated by short terminal
branches in Fig. 3 and Supplemental Fig. 4, thus too short

a time has lapsed for many pseudogenization events to

occur. Alternatively, it might be due to differences in the

functional requirements of the EAR genes between the two

rodent species. It is possible that some of the mouse EARs

became dispensable, rendering them pseudogenes, whereas

most of the rat EARs retained their functional importance

for a longer time.

What is the driving force behind the diversification of the

mouse and rat EARs? We tested the role of positive

Darwinian selection by computing the synonymous (dS)

and nonsynonymous (dN) nucleotide substitutions per site

by comparing pairs of paralogous genes within individual

species (Supplemental Fig. 3). We confined our analysis of

those genes found in the genome sequences to minimize the

unwanted contribution of experimental errors to the results.

Between the mouse paralogous genes, all 15 pair-wise

comparisons result in dN N dS, suggesting the operation of

positive selection on these genes. Indeed, the average pair-

wise dN (0.215 F 0.059) among these genes is significantly

greater than the average pair-wise dS (0.141 F 0.047) ( p b

0.01, one-tailed t test). However, we could not find strong

evidence for positive selection on rat EARs. Only half of the

10 pair-wise comparisons in rat yield dN/dS N 1. The

average pair-wise dN (0.130 F 0.050) among the rat

paralogs is indistinguishable from the average pair-wise dS
(0.130 F 0.043). These results suggest that the contribution

of positive selection to the evolution of EAR genes may be

different between the two rodents.

Zhang et al. [23] demonstrated that the diversification of

rodent EARs has been driven by rapid gene sorting and

positive selection, where gene sorting is defined as a process

leading to differential retention of ancestral genes or gene

lineages in different species. They included in their

phylogenetic analysis 36 potentially functional EAR genes

and 23 pseudogenes from four Mus species (M. musculus,

M. caroli, M. saxicola, and M. pahari) and 18 genes and 1

pseudogene identified from rat (Rattus norvegicus), Mon-

golian gerbil (Meriones unguiculatus), and Chinese hamster

(Cricetulus griseus) (see Table 1 of Ref. [23]). The inclusion

of these pseudogenes was important for drawing their

conclusion, that is, the placement of the pseudogenes in

many places where functional genes are absent indicated the

frequent gene birth-and-death process combined with differ-

ential retention of the ancestral genes in Mus species.

However, at that time, only one EAR pseudogene (Ear-ps1)

was known in M. musculus, and it was not included in their

analysis, rather limiting the application of the model to this

species. Since then, another mouse EAR pseudogene (Ear-

ps2) has been found [25], and 10 additional pseudogenes are

identified in this study. To test whether these additional

genes and pseudogenes support the rapid gene sorting

model, we made a neighbor-joining tree with all currently

available rodent EAR genes and pseudogenes, particularly

focusing on those 12 M. musculus pseudogenes (Supple-

mental Fig. 4). Interestingly, many of these pseudogenes are



Fig. 3. Phylogenetic tree of functional genes and pseudogenes of the mouse and rat EAR family. A total of 435 nucleotide sites were used in tree-making.

Underlined genes are the ones that are identified in the genome sequences, while other genes were previously reported but missing in the genome sequences.

For mouse genes, the genomic cluster (A or B) to which each underlined gene belongs is marked in parentheses. Pseudogenes are labeled in gray. Chinese

hamster (Cricetulus griseus) Ear7, human ECP, and human EDN are used as outgroups to root this tree. The neighbor-joining method with KimuraTs two-
parameter distance was used to make the tree. We used 2000 bootstrap replications to test the reliability of the tree.

S. Cho et al. / Genomics 85 (2005) 208–220214
found in a number of branches in which previously no M.

musculus genes were identified. This result verified the

rapid gene sorting model [23], which postulates that there

were already many EAR genes in the ancestor of the Mus

genus and subsequent differential gene duplication and

inactivation resulted in different EAR repertoires in different

species.

The rapid gene birth-and-death and gene sorting is a

common evolutionary theme among the vertebrate host-

defense gene families, such as the major histocompatibility

complex, immunoglobulin, and T cell receptor gene families

[38–41]. Among members of the RNase A superfamily, in

vitro experiments suggested that human ECP and EDN are
involved in host defense [42], and at least two rat EARs

(Ear1 and Ear2) have in vitro bactericidal activities [34]. It is

therefore tempting to conjecture that the rapid gene sorting

and positive selection observed in rodent EARs reflect host

responses to diverse and ever-changing pathogens [23].

Expansion of the rodent angiogenin (RNase 5) family

Thus far, four mouse angiogenin genes (Ang1–4) and

two mouse angiogenin pseudogenes (Ang-ps1–ps2) have

been reported [43]. Our perusal of the genome sequences

revealed two additional angiogenin genes (Ang5 and 6) and

one additional pseudogene (Ang-ps3) in mouse. Ang6 has
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insertions of two amino acid residues between the first two

conserved cysteine residues, which may have influence on

the properties of the protein. We also identified two

angiogenin genes (Ang1 and 2) but no pseudogenes from

rat. Ang3, one of the previously reported mouse angioge-

nins [27], however, could not be found in the genome

sequence. All newly identified mouse angiogenin genes and

pseudogenes are located in cluster B, whereas previously

known genes are in cluster A. In the evolutionary tree of all

angiogenin genes and pseudogenes from the mouse and rat

(Fig. 4), separate groupings of mouse and rat genes are

found, similar to the situation in mouse and rat EAR genes.

This indicates that multiple recent gene duplications have

occurred in the angiogenin family since the mouse–rat

separation.

Is positive selection playing a role in the divergence of

rodent angiogenin genes as in EAR genes? We computed dS
and dN between paralogous angiogenin genes (Ang1–6) of

the individual species (Supplemental Fig. 5). Between the

two rat angiogenins, dS (0.047 F 0.019) is significantly

greater than dN (0.013 F 0.007) ( p b 0.05, FisherTs exact

test), suggesting that purifying selection has been acting on

these genes after the duplication. In mouse, however, most

of the 10 pair-wise comparisons show higher dN than dS.

Furthermore, the average pair-wise dN (0.142 F 0.024) is

significantly greater than the average pair-wise dS (0.116 F
0.023) ( p b 0.05, one-tailed t test), suggesting the operation

of positive selection on these genes. Because positive

selection results from differences in fitness, our results

suggest that these paralogous mouse angiogenins might

have divergent functions. Interestingly, two previously

characterized mouse angiogenins (Ang1 and Ang4) are

known to exhibit species-selective bactericidal activities

[26], suggesting an intriguing hypothesis that the functional
Fig. 4. Phylogenetic tree of functional genes and pseudogenes of the human, mouse

making. For mouse genes, the genomic cluster (A or B), to which each gene belong

in the genome database. Pseudogenes are labeled in gray. The neighbor-joining m

used 2000 bootstrap replications to test the reliability of the tree.
diversification of the angiogenin family in mouse may also

be subject to the gene sorting process found in EARs.

Block duplication of the RNase gene cluster in mouse

One unexpected finding of this study is a new RNase

gene cluster in mouse (Fig. 1). This cluster (cluster B)

contains genes and pseudogenes of only two lineages of the

superfamily, EARs and angiogenins, suggesting that this

cluster was generated by a block duplication that included

at least these genes. Because neither the EARs nor the

angiogenins in cluster B form a monophyletic group (Figs.

3 and 4), the initial duplication event must have included at

least two EAR genes and two angiogenin genes. After the

block duplication, subsequent tandem duplications within

cluster B generated more genes (Figs. 1, 3, and 4). When

did the initial block duplication take place? Because of the

complicated evolutionary history of this gene cluster and

the rapid gene duplication and pseudogenization in mouse

EARs (see below and [23]), it is difficult to estimate the

time of the block duplication by molecular dating.

However, it would be most parsimonious to infer that the

block duplication occurred in the mouse lineage after the

mouse–rat separation, because in human and rat, all RNase

genes and pseudogenes are mapped within a single gene

cluster. Furthermore, this scenario is supported by the

previous [16,23] and present results (Fig. 3) showing that

mouse and rat EARs form two separate phylogenetic

groups.

Origin and evolution of the RNase A superfamily

What are the evolutionary relationships among the

members of the RNase A superfamily? To address this
, and rat angiogenin family. A total of 435 nucleotide sites were used in tree-

s, is marked in parentheses. Mouse Ang3 (labeled by b* Q) was not identified
ethod with KimuraTs two-parameter distance was used to make the tree. We
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question, we reconstructed a phylogenetic tree using all the

RNase genes identified from the genome sequences of the

human, rat, mouse, and chicken (Fig. 5). This unrooted

tree reveals several features of the superfamily. First, the

orthologs of mammalian RNases 9–13 form gene-specific

clusters, confirming the orthologous relationships. Further-

more, these five RNases form a cluster with a moderate

bootstrap support (66%), defining a new family within the

RNase A superfamily. Second, the five mouse angiogenins

do not form a monophyletic group, in contrast to the tree

in Fig. 4. But the present tree (Fig. 5) uses fewer sites and

has lower bootstrap percentages than the previous tree

(Fig. 4), thus it may be less reliable. Third, neither the

mouse genome nor the rat genome has genes orthologous

to human RNases 7 and 8, and RNase 6 is sister to these

two primate-specific RNases [10,12]. The phylogeny

suggests that the common ancestor of the RNase 7/8 gene

pair emerged from the duplication of the RNase 6 gene

prior to the primate–rodent divergence and that this

ancestral gene was subsequently lost in rodents. Fourth,

although chicken CL2 has only ~40% identity to the other

two chicken RNases (RSFR and Clone 462), the three

chicken RNases form a monophyletic group with 91%

bootstrap support (Fig. 5). This chicken RNase group is

sister to mammalian angiogenins, indicating a close

relationship between the chicken RNases and the mamma-

lian angiogenins. However, this clustering has only weak

bootstrap support (53%), suggesting that the relationship

cannot be established unequivocally. Even so, it is note-

worthy that all other sequenced nonmammalian vertebrate

RNases also group with the mammalian angiogenins in

previous phylogenetic studies, and they, including the

chicken RNases, do not have two of the eight conserved

cysteine residues, which are also missing in all mammalian

angiogenins ([20,28] and unpublished data).

When and how did the RNase A superfamily originate?

Thus far, the superfamily has been found only in vertebrates

[5]. Database searches against the genomes of Caenorhab-

ditis elegans and Drosophila melanogaster did not yield

any significant matches. In addition, no RNase A genes

could be identified from the completed genome sequences

of Ciona intestinalis and Ciona savignyi, the ascidian

urochordates, further confirming the vertebrate specificity of

the superfamily. The tree shown in Fig. 5 presents six

relatively well-established groups in the superfamily: (i)

RNase 4, (ii) RNase 1, (iii) EARs and RNases 6–8, (iv)

RNases 9–13, (v) angiogenins, and (vi) chicken RNases.

Yet, the phylogenetic relationships among these six groups

are poorly resolved, as indicated by the low bootstrap

percentages for the interior branches connecting them.

Furthermore, since the position of the root in the tree is

not known, we cannot unambiguously determine the most

primitive (or basal) group or the order in which these groups

emerged during evolution. Nevertheless, the fact that only

angiogenin/RNase 5-like RNases have been reported out-

side the class Mammalia suggests that the angiogenin/
RNase 5 group is probably the most ancient form of this

superfamily and all other members arose during mammalian

evolution [5,43]. The presence of only angiogenin-like

genes in the entire chicken genome, as revealed in this

study, fortifies this idea. Our preliminary survey of the

incomplete genome sequence of the zebrafish (Danio rerio)

and the EST database of the salmon (Salmo salar) identified

only angiogenin/RNase 5-like RNases, further supporting

this thought. Future verifications of this scenario would

require a comprehensive survey of RNase genes in basal

vertebrate lineages such as the hagfish, lamprey, and shark.

It should be emphasized that none of the RNases in

nonmammalian organisms are known to possess the

angiogenic activity. It is likely that the first RNases were

similar to the mammalian angiogenins at the sequence or

structural level, but the angiogenic activity was acquired

later in evolution.

The fact that the ancestral RNase A resembled mamma-

lian angiogenin/RNase 5 at the structural and sequence level

suggests an intriguing hypothesis that the superfamily

started off as a host-defense mechanism during early

vertebrate evolution and that its expansion in mammals

led to their current functional diversity. There are two lines

of observations that support this hypothesis. First, multiple

lineages within the superfamily exhibit bactericidal or

antiviral activities, including mouse Ang1 and Ang4 [26],

human angiogenin [26], rat EARs [34], human ECP and

EDN [44], human RNase 7 [10,11], and frog RNases [4].

Second, the pI of the three avian RNases are among the

highest of all RNases known thus far (Supplemental Table

7), and high pI has been associated with antibacterial

activities in the superfamily [11,33]. Interestingly, dN
(0.085 F 0.018) is significantly higher than dS (0.049 F
0.021) between RSFR and Clone 462, indicating the role of

positive selection in their divergence, as in other bacteri-

cidal RNases (see above and [16,23,33,45]). Experimental

determination of the bactericidal activity of chicken and

other nonmammalian RNases is necessary to test this

hypothesis.

Next, to test whether different members of the super-

family have experienced different selective forces during

rodent evolution, we compared the dN and dS between the

orthologous genes of the mouse and rat (Fig. 6). The dS
values of the 10 gene pairs range from 0.151 to 0.232 with

an average of 0.19, which is identical to the average dS
between over 11,000 orthologous gene pairs between mouse

and rat [46]. However, the dN values generate a wider

distribution, ranging from 0.049 to 0.206, demonstrating

that nucleotide substitutions altering protein sequences are

selected to different extents among the members. In parallel

with this observation, the dN/dS ratio also varies substan-

tially among the members. The highest dN/dS ratio is

detected in EARs (1.01, the average of all possible

orthologous EAR pairs), and the smallest in RNase 13

(0.33), with an average of 0.62. All 10 values are greater

than the average dN/dS ratio (0.11) found in ~11,000



Fig. 5. Unrooted phylogenetic tree of all RNases identified in human, mouse, rat, and chicken genomes. A total of 89 amino acid sites were used in tree-

making. The neighbor-joining method with Poisson-corrected distance was used to make the tree. We used 2000 bootstrap replications to test the reliability of

the tree. Bootstrap percentages z50 are shown on interior branches.
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orthologous gene pairs of mouse and rat and fall within the

10% upper tail of the distribution; the average value (0.62)

falls even within the 0.1% upper tail. These results indicate

that, although the overall dN/dS values are equal to or less

than 1 in RNases, the rates of nonsynonymous nucleotide

substitutions are elevated in all members of the superfamily

in comparison to average genes of mouse and rat. This is

consistent with the roles of many RNase genes in host
defense, as host-defense genes show higher dN/dS than other

genes.
Final remarks

In this study, we took a comparative genomic approach

in the study of the RNase A superfamily. This approach
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confirms, complements, and corrects previous findings

that were based on experimental methods of gene

hunting. First, it provides equal representation for every

gene without experimental bias. Due to the artificial

nature of primer or probe selection, experimental

approaches based on PCR or hybridization methods might

generate overrepresentation of some genes, with some

others underrepresented or missing. However, it should be

noted that the genomic databases used in this study do

not represent the entire genomic content, possibly leaving

some genes undetected. For example, the National Center

for Biotechnology Information (NCBI) mouse and rat

genome builds are ~90% complete (see Materials and

methods). Second, pseudogenes can be more easily identi-

fied. Because pseudogenes tend to diverge faster than

functional genes, they sometimes escape from experi-

mental gene-hunting methods. For example, in this study,

we could identify 10 new mouse pseudogenes, in

contrast to only 2 experimentally identified ones. Third,

chromosomal locations of genes and syntenic information

are readily obtained. Finally, it is immune to many

experimental errors such as PCR errors. This is

particularly important for the RNase A superfamily

because of the presence of many recent duplicates whose

sequences are nearly identical. As more and more

vertebrate genomes are being sequenced, the comparative

genomic approach as taken here will help answer

important questions on the evolution of this rapidly

changing enzyme superfamily.
Fig. 6. Synonymous (dS) and nonsynonymous (dN) nucleotide distances between o

Ear, and angiogenins, which have multiple representatives in mouse or rat, the

average dS (= 0.19) and dN/dS ratio (= 0.11) for over 11,000 mouse–rat orthologo

line, respectively.
Materials and methods

Nomenclature

In this paper, we use bhumanQ for Homo sapiens (Hs for

short), bmouseQ for the house mouse M. musculus (Mm),

bratQ for Norway brown rat R. norvegicus (Rn), and

bchickenQ for the red jungle fowl Gallus gallus (Gg), unless

otherwise specified. By bfunctional gene,Q we mean that the

homologous sequence under investigation is contained in an

uninterrupted ORF, and, conversely, a sequence is consid-

ered a bpseudogeneQ if the 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 b-psQ between the gene

name and the number (e.g., Ear-ps1). Genes and pseudo-

genes are named according to the order in which they were

identified.

Identification of RNase genes

Using all currently available human RNase sequences

(RNases 1–10) as queries, TBLASTN and BLATN searches

(http://www.ncbi.nlm.nih.gov/BLAST/) were carried out on

the human, mouse, rat, and chicken genome sequence

databases available at the NCBI. We used 1e-10 as the

cutoff for our TBLASTN and BLASTN searches. For

human genome sequence, we used the NCBI Build 34,

which has been sequenced to an accuracy of 99.99% and
rthologous gene pairs of mouse and rat for each RNase family. For RNase 1,

average distance of all possible orthologous combinations was taken. The

us gene pairs is marked by the dashed horizontal line and the dash-and-dot

 http:\\www.ncbi.nlm.nih.gov\BLAST\ 
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covers ~99% of the gene-containing regions in the genome

(http://www.ncbi.nlm.nih.gov/genome/guide/human/). Our

mouse genome searches were based on NCBI Build 32,

which is estimated to place more than 90% of the mouse

genome on chromosomes (http://www.ncbi.nlm.nih.gov/

genome/guide/mouse/). We used the NCBI rat genome

Build 2 (http://www.ncbi.nlm.nih.gov/genome/guide/rat/

index.html) and the first assembled draft chicken genome

sequence produced by the Genome Sequencing Center at

Washington University (http://www.genome.wustl.edu/

projects/chicken/). The rat genome is over 90% complete,

and the chicken genome has been sequenced to a 6.63

coverage and anchors approximately 88% of the sequence

to chromosomes.

Because some of the previously identified rodent RNase

genes show very high sequence identity to each other (e.g.,

mouse Ear6 and 7 are 98.6% identical in DNA sequence),

we used a strict criterion that two sequences compared

may represent a single gene only when they share N99%

identity in DNA sequence. Based on this, we did not

follow the NCBI annotation for two mouse genes, Ear4

and Ang3, because the actual genomic sequences of the

ORFs at these loci are only 97.9 and 96.8% identical to the

reference sequences used for the NCBI annotation,

respectively. We instead assigned each of them a new

name, Ear14 and Ang5.

The RNase gene sequences reported in this paper have

been deposited with GenBank under Accession Nos.

AY665804–AY665837.

Sequence alignment and evolutionary analysis

Protein and nucleotide sequence alignments were made

by ClustalX [47] with manual adjustments. MEGA2 [48]

was used for evolutionary analyses. Phylogenetic trees were

reconstructed using the neighbor-joining method [49] with

2000 bootstrap replications [50]. We used the complete

deletion option for all trees. Numbers of synonymous (dS)

and nonsynonymous (dN) nucleotide substitutions per site

between homologous DNA sequences were computed by

the modified Nei-Gojobori method [33].
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