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Abstract. Adenosine deaminase (ADA) is a well-
characterized enzyme involved in the depletion of
adenosine levels. A group of proteins with similarity
to ADA, the adenosine deaminase-related growth
factors (ADGF; known as CECR1 in vertebrates),
has been described recently in various organisms. We
have determined the phylogenetic relationships of
various gene products with significant amino acid
similarity to ADA using parsimony and Bayesian
methods, and discovered a novel paralogue, termed
ADA-like (ADAL). The ADGF proteins share a
novel amino acid motif, ‘‘MPKG,’’ within which the
proline and lysine residues are also conserved in the
ADAL and ADA subfamilies. The significance of this
new domain is unknown, but it is located just up-
stream of two ADA catalytic residues, of which all
eight are conserved among the ADGF and ADAL
proteins. This conservation suggests that ADGF and
ADAL may share the same catalytic function as
ADA, which has been proven for some ADGF
members. These analyses also revealed that some
genes previously thought to be classic ADAs are in-
stead ADAL or ADGFs. We here define the ADGF,
ADAL, ADA, adenine deaminase (ADE), and AMP
deaminase (AMPD) groups as subfamilies of the
adenyl-deaminase family. The availability of genomic
data for the members of this family allowed us to
reconstruct the intron evolution within the phylogeny
and strengthen the introns-late hypothesis of the
synthetic introns theory. This study shows that ADA

activity is clearly more complex than once thought,
perhaps involving a delicately balanced pattern of
temporal and spatial expression of a number of par-
alogous proteins.
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Introduction

Adenosine deaminase (ADA; OMIM 102700) cata-
lyzes the deamination of adenosine and 2-deoxyade-
nosine to inosine and 2-deoxyinosine, respectively.
Human ADA activity has been observed in all human
tissues, due to at least three isoforms: ADA1,
ADA1+CP, and ADA2 (reviewed by Hirschhorn and
Ratech 1980). The ADA1 gene is located on chromo-
some 20q12-13 and encodes a 363-amino-acid protein
of approximate molecular weight 41 kDa, and its
deficiency results in one type of severe combined im-
mune deficiency (ADA-SCID) (reviewed byHershfield
2003). ADA1+CP is a 280-kDa protein complex
composed of two ADA1 enzymes (termed ‘‘ecto-
ADA’’ in this location) bound by the membrane gly-
coprotein CD26 to degrade extracellular adenosine
(Franco et al. 1998). Extracellular adenosine acts
through cell-specific adenosine receptors to produce
different physiological effects, and therefore its con-
centration must be tightly regulated (Franco et al.
1997), although it is not yet known how ecto-ADA
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localizes extracellularly (Cordero et al. 2001). Evidence
suggests that ecto-ADA can be anchored to the cell
membrane by the A1R adenosine receptor as well, in
order to downregulate the signal produced by adeno-
sine (Franco et al. 1998). Interestingly, in all types of
rodent cells studied, CD26 does not interact with ecto-
ADA, and significant amounts of A1Rs are not ex-
pressed in hamster cells, suggesting that different
mechanisms exist in rodent cells (Franco et al. 1998).

The third isoform, ADA2, is a 114-kDa molecular
weight dimer that has different kinetic properties and
tissue distributions compared with the other two
forms, suggesting that it is coded by a separate gene
of unknown structure and chromosomal location
(Ungerer et al. 1992). ADA2 is found in ADA-SCID
patients, proving that it results from a separate gene
(reviewed by Hirschhorn and Ratech 1980). ADA2
may be produced by monocytes, since it makes up
18% of the total ADA activity in these cells (Ungerer
et al. 1992), and ADA2 represents the major ADA
activity in human serum (Hirschhorn and Ratech
1980), which suggests that it is secreted. This form of
ADA has been found in various tissues including liver
and spleen, although its proportion of the total
activity in these tissues is lower (12% and 2%,
respectively) compared with the other forms (24%
and 86% for ADA1, 59% and 10% for ADA1+CP)
(Van der Weyden and Kelley 1976). Since the specific
activity of the three forms of ADA is different
depending on the tissue examined (Van der Weyden
and Kelley 1976), this suggests that they may have
different expression patterns and therefore might be
compensating for each other.

The three-dimensional structure of mouse ADA
has been resolved and displays an a/b-barrel structure
with a zinc atom within the active site thought to bind
the activating water molecule (Wilson et al. 1991;
Wang and Quiocho 1998). Several important residues
have been identified as contributing to the ADA
activity in the mouse protein studied. His15, His17,
His214, and Asp295 are thought to be important for
zinc binding, while His17, Gly184, Glu217, His238,
and Asp296 are important for donating or accepting
a hydrogen bond within the active site (Wilson et al.
1991; Chang et al. 1991; Sideraki et al. 1996;
Mohamedali et al. 1996). Ser265 may form a salt link
with His238 (Wilson et al. 1991). The a/b-barrel
structure of ADA is also shared with adenine
deaminase (ADE), which catalyzes a mechanistically
similar deamination, converting adenine to hypo-
xanthine (Ribard et al. 2003). Another similar reac-
tion, the formation of IMP from AMP, is performed
by AMP deaminase (AMPD), and all three enzymes
have been suspected to be related through evolution
(Becerra and Lazcano 1998). There have been three
types of AMPDs found with specificity in a particular
tissue: AMPD1 in muscle, AMPD2 in liver, and

AMPD3 in erythrocytes (Gross 1994). ADE and
AMPD also share some of the ADA active site resi-
dues (Ribard et al. 2003; Wilson et al. 1991). Only
prokaryotic and fungal ADEs have been discovered,
presumably because higher organisms do not require
the ADE function (Ribard et al. 2003).

A growing family of novel growth factors with
sequence similarity to ADA has been identified. In
invertebrates, this family has been termed ADGF
(adenosine deaminase-related growth factor), while in
vertebrates it is known as CECR1 (cat eye syndrome
critical region protein 1). Various features of this
family have been reviewed recently (Akalal et al.
2004). Its members include S. peregrina insect-derived
growth factor (IDGF) (Homma et al. 1996), now
renamed S. peregrina ADGF-A (Zurovec et al. 2002);
A. californica mollusk-derived growth factor
(MDGF) (Akalal and Nagle 2001); G. morsitans
tsetse salivary growth factors (TSGF-1 and -2) (Li
and Aksoy 2000); L. longipalpis salivary gland ADA
(LuloADA) (Charlab et al. 2000); the six Drosophila
homologues (ADGF-A, -A2, -B, -C, -D, and -E)
(Matsushita et al. 2000; Maier et al. 2001; Zurovec
et al. 2002); C. quinquefasciatus salivary ADA
(Ribeiro et al. 2001); A. aegypti salivary ADA (Val-
enzuela et al. 2002); H. sapiens CECR1 (Riazi et al.
2000); S. scrofa CECR1; and D. rerio CECR1 (Maier
et al. 2001). Note that several insect homologues have
been incorrectly named ‘‘ADA’’ instead of ‘‘ADGF,’’
which will become apparent in the results. CECR1 is
a candidate gene for cat eye syndrome, which is a rare
human disorder characterized by defects of the eyes,
heart, anus, kidneys, face, and mental development
(Schinzel et al. 1981) caused by the duplication/trip-
lication of a region of chromosome 22q11 (McDer-
mid et al. 1986).

Some ADGF members, including S. peregrina
ADGF-A (Homma et al. 2001), L. longipalpis
ADA (Charlab et al. 2000; Charlab et al. 2001),
A. californica MDGF (Akalal et al. 2003), and two
Drosophila homologues (ADGF-A and -D) (Zurovec
et al. 2002) have been shown to possess ADA activity.
Salivary extracts from G. morsitans (Li and Aksoy
2000), C. quinquefasciatus, and A. aegypti (Ribeiro
et al. 2001) have been shown to possess ADA activity,
but the molecule responsible has not been directly
identified. Since at least some ADGF proteins exhibit
ADA activity, and the cytological location of ADA2
is yet to be found, there may be a connection between
these two protein groups.

Although we and others have previously published
the phylogenetic relationship of ADGF to ADA
(Maier et al. 2001; Zurovec et al. 2002; Akalal et al.
2003, 2004), only a few ADA sequences were included
as the outgroup in these analyses, which may have
skewed the results. For example, our work indicates
that ‘‘D. melanogaster ADA’’ does not belong to the
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classic ADAs. Also, with the ever-increasing amount
of genomic and EST sequence data now available,
there is a wealth of information from which to extract
homologous sequences, such that a comprehensive
phylogenetic analysis may be undertaken. In this
study, we endeavored to find or predict protein se-
quences related to the ADGF and ADA genes from
as many taxa as possible. In doing so, we discovered a
novel group of closely related sequences, which we
have called ADAL (ADA-like), and through phylo-
genetic analysis we show that this novel group is
closely related to the classic ADAs. An analysis of
conserved residues required for ADA activity showed
that both the ADGF and ADAL subgroups have all
the required residues for ADA activity.

Materials and Methods

Gene Discovery, Prediction, and Annotation

Protein sequences were obtained from the NCBI database using

systematic BLAST searches (www.ncbi.nlm.nih.gov/BLAST)

(Altschul et al. 1990). In particular, the tBlastn algorithm was used

with one of the subfamily protein sequences to search the GenBank

(Benson et al. 2004) nonredundant (nr), EST, or species-specific

(both finished and incomplete) genomic databases for similar gene

products. As they were discovered, gene products were named

according to sequence similarity to other proteins and/or numbered

in the order in which they were found, and are included in Table 1.

Our database of proteins was finalized in August 2004.

Some cDNA sequences were found in their entirety without any

manipulation by the authors. Many others were predicted de novo

from genomic DNA by comparison to the respective human pro-

tein, gene prediction using GENSCAN (bioweb.pasteur.fr/seqanal/

interfaces/genscan.html), and/or manual extraction of the nucleo-

tide sequence and assembly based on the tBlastn result (labeled A in

Table 1). Some putative proteins were already predicted from

genomic data by genome curators and placed in the database. A

subset of these appeared to be correctly predicted (labeled C in

Table 1), while another subset of predicted proteins appeared not to

be entirely correct based on comparison to other subfamily mem-

bers and were altered using an assembly of EST data or GENSCAN

predictions and/or by subfamily comparison in order to obtain a

better prediction (labeled B in Table 1). Only sequences that could

be predicted in their entirety were included in the analysis.

Where possible, EST sequences were obtained in order to lend

proof of expression of predicted genes, using tBlastn of the pre-

dicted protein against the species-specific EST database. Although

there were no ESTs in the database, the expression of the D. rerio

CECR1-2 gene was confirmed through RT-PCR, although the full

sequence has not yet been obtained (Fang Yang, unpublished data).

The ExPASy Proteomics Server (http://kr.expasy.org) suite of

programs (Gasteiger et al. 2003) was used for translation (Translate

tool), molecular weight prediction (Compute pI/Mw), signal se-

quence prediction using SignalP (Bendtsen et al. 2004), and cellular

localization using TargetP (Emanuelsson et al. 2000).

RT-PCR and Sequencing

Total RNA was isolated from adult Xenopus laevis spleen using the

Trizol (Invitrogen) method, treated with DNaseI, and used with the

ThermoScript RT-PCR System (Invitrogen), as per the manufac-

turer�s instructions. An aliquot was used in a PCR reaction with

specific primers to close the gap in clone XL044i14 (accession no.

BJ040131).

Sequencing of RT-PCR products and cDNA clones was carried

out on an ABI 377 automated sequencer (Applied Biosystems Inc.)

using vector or clone-specific primers along with the DYEnamic

ET Terminator Cycle Sequencing kit (Amersham Biosciences).

GeneTool v2.0 (Biotools Inc.) was used for sequence trace analysis.

Multiple Alignment and Phylogenetic Analysis

Protein sequences were aligned using MUSCLE (www.drive5.com/

muscle) (Edgar 2004). Alignments were checked by eye in Mac-

Clade 4.03 (Maddison and Maddison 1989), where manual editing

and removal of regions with large gaps (stretches of sequence

without counterparts in other species) was accomplished. Identical/

similar amino acids within the alignment were shaded using

BOXSHADE (http://www.ch.embnet.org/software/BOX_form.

html [K. Hofmann & M.D. Baron, unpublished]). The final

alignment is available upon request to the authors.

Bayesian inferencewas performedusingMrBayes v3.0 (Ronquist

and Huelsenbeck 2003) with the Jones model (Jones et al. 1992) of

amino acid substitution provided in the package. Prior probabilities

for all trees were equal. The Markov chain Monte Carlo (MCMC)

sampling was performed with one cold and three heated chains that

were run for 550,000 generations (every 100th was saved) with a

burn-in of 50,000 generations, resulting in 5000 tree samples.

Maximum parsimony (MP) analysis was performed using

PAUP* version 4.0b8 (Swofford 2001). A simple amino acid sub-

stitution matrix was employed, which counts the minimum number

of nucleotide substitutions required to convert one amino acid to

another. The matrix of substitution was formulated by Warren

Gallin, University of Alberta, based on the PROTPARS model

described in Felsenstein’s PHYLIP manual version 3.6 (Felsenstein

2000). A heuristic search was performed to find the most parsi-

monious tree using the default parameters, except that 100 search

replicates were performed, each started by random stepwise addi-

tion of taxa, before branch-swapping using tree bisection–recon-

nection (TBR). A bootstrap analysis of 100 replicates, each starting

from 20 random stepwise additions of taxa, was performed in order

to obtain support values for placement on the most parsimonious

tree. Due to the large number of taxa, the bootstrap analysis took

approximately 3 weeks.

Mapping of Intron Positions

For all ingroup sequences (predicted or confirmed) discovered, the

cDNA sequence was compared against genomic sequence, where

available, to determine the locations of exon/intron boundaries

within the coding sequence. Introns located outside of the ORF

were not considered. The intron positions were placed on the

alignment of ingroup proteins and a matrix was built based on the

presence/absence of a given intron location in each protein se-

quence. Introns were considered homologous only if they were

identical in both location and phase. The ancestral state of each

intron position was reconstructed on the rooted Bayesian topology

using the ‘‘trace character’’ feature of MacClade (Maddison and

Maddison 1989).

Results

Identification of Protein Sequences for Use in the
Phylogenetic Analysis

All amino acid sequences integrated into this analysis
were derived from the literature, our own work, or
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Table 1. Names, accession numbers, and predicted signal peptides of proteins used in the study

Protein namea Organism name Common name Gene accessionb Protein accessionb Supporting ESTsc SPd

ADGF subfamily

Hs_CECR1 Homo sapiens Human AF190746 AAF65941 1-29

Pt_CECR1 Pan troglodytes Chimp Genomic AC135612 (A) No ESTs 1-29

Pa_CECR1 Papio anubis Baboon Genomic AC091672 (A) No ESTs 1-29

Ss_CECR1 Sus scrofa Pig AF384216 AAL40921 1-24

Gg_CECR1 Gallus gallus Chicken AY902779 AAX10953 1-23

Xl_CECR1 Xenopus laevis Frog AY902778 AAX10952 1-19

Dr_CECR1-1 Danio rerio Zebrafish AF384217 AAL40922 1-24

Dr_CECR1-2 Danio rerio Zebrafish Genomic BX323558 (A) No ESTs 1-26

Tr_CECR1-1 Takifugu rubripes Pufferfish Fugu scaffold_10227 (A) No ESTs 1-25

Tr_CECR1-2 Takifugu rubripes Pufferfish Fugu scaffold_1919 (A) No ESTs 1-21

Tn_CECR1-1 Tetraodon nigroviridis Pufferfish Genomic CAAE01014566 (A) No ESTs 1-25

Tn_CECR1-2 Tetraodon nigroviridis Pufferfish Genomic CAAE01014691 (A) No ESTs 1-21

Ac_MDGF Aplysia californica Sea slug AF117336 AAD13112 1-25

Dm_ADGF-A Drosophila melanogaster Fruit fly AF337554 AAF49306 1-30

Dm_ADGF-A2 Drosophila melanogaster Fruit fly AB025255 BAB18576 No

Dm_ADGF-B Drosophila melanogaster Fruit fly AF384215 AAF49307 No

Dm_ADGF-C Drosophila melanogaster Fruit fly AF337552 AAF54980 1-19

Dm_ADGF-D Drosophila melanogaster Fruit fly AF337553 AAF54979 1-22

Dm_ADGF-E Drosophila melanogaster Fruit fly AF337551 AAF58224 No

Dp_ADGF-A Drosophila pseudoobscura Fruit fly Genomic AADE01002456 (A) No ESTs 1-23

Dp_ADGF-A2 Drosophila pseudoobscura Fruit fly Genomic AADE01002456 (A) No ESTs No

Dp_ADGF-B Drosophila pseudoobscura Fruit fly Genomic AADE01002456 (A) No ESTs No

Dp_ADGF-C Drosophila pseudoobscura Fruit fly Genomic AADE01000100 (A) No ESTs 1-19

Dp_ADGF-D Drosophila pseudoobscura Fruit fly Genomic AADE01000100 (A) No ESTs 1-19

Dp_ADGF-E Drosophila pseudoobscura Fruit fly Genomic AADE01000620 (A) No ESTs No

Dy_ADGF-A Drosophila yakuba Fruit fly Genomic AAEU01004459 (A) No ESTs 1-30

Dy_ADGF-A2 Drosophila yakuba Fruit fly Genomic AAEU01004459 (A) No ESTs No

Dy_ADGF-B Drosophila yakuba Fruit fly Genomic AAEU01004459 (A) No ESTs No

Dy_ADGF-C Drosophila yakuba Fruit fly Genomic AAEU01000335 (A) No ESTs 1-19

Dy_ADGF-D Drosophila yakuba Fruit fly Genomic AAEU01000335 (A) No ESTs 1-20

Dy_ADGF-E# Drosophila yakuba Fruit fly Genomic AAEU01002956 (A) No ESTs N/A

Sp_ADGF-A Sarcophaga peregrina Flesh fly D83125 BAA11812 1-18

Gm_TSGF-1 Glossina m. morsitans Tsetse fly AF140521 AAD52850 1-21

Gm_TSGF-2 Glossina m. morsitans Tsetse fly AF140522 AAD52851 1-19

Ll_ADA Lutzomyia longipalpis Sandfly AF234182 AAF78901 1-18

Ag_ADGF-1 Anopheles gambiae Mosquito XM_308848 XP_308848 EST BX623738 No

Ag_ADGF-2 Anopheles gambiae Mosquito Genomic AAAB01008810 (B) No ESTs 1-20

Ag_ADGF-3 Anopheles gambiae Mosquito Genomic AAAB01008807 (B) EST BX627955 No

Ag_ADGF-4# Anopheles gambiae Mosquito Genomic AAAB01002509 (A) No ESTs N/A

Cq_ADA Culex p. quinquefasciatus Mosquito AF298886 AAK97208 1-17

Aa_ADA Aedes aegypti Mosquito AF466610 AAL76033 1-26

Um_ADGF Ustilago maydis Fungus Genomic AACP01000068 (B) No ESTs No

Nc_ADGF-1 Neurospora crassa Fungus XM_323997 XP_323998 EST AW710270 No

Nc_ADGF-2 Neurospora crassa Fungus XM_323366 XP_323367 EST BG279966 No

Gz_ADGF-1 Gibberella zeae Fungus XM_390381 XP_390381 EST CD460809 No

Gz_ADGF-2 Gibberella zeae Fungus XM_386598 XP_386598$ No ESTs No

Mg_ADGF-1 Magnaporthe grisea Fungus Genomic AACU01001458 (C) No ESTs No

Mg_ADGF-2 Magnaporthe grisea Fungus Genomic AACU01001430 (B) No ESTs No

An_ADGF-1 Aspergillus nidulans Fungus Genomic AACD01000042 (C) No ESTs No

An_ADGF-2 Aspergillus nidulans Fungus Genomic AACD01000094 (B) No ESTs No

Dd_ADGF Dictyostelium discoideum Slime mold Genomic AC116305 (C) EST C89929 1-26

ADAL subfamily

Hs_ADAL Homo sapiens Human XM_091156 XP_091156$ EST CR739704 No

Pt_ADAL Pan troglodytes Chimp Genomic AADA01232690 (A) No ESTs No

Mm_ADAL Mus musculus Mouse BC052048 AAH52048 No

Rn_ADAL Rattus norvegicus Rat Genomic NW_047657 (B) EST CO393373 No

Ss_ADAL# Sus scrofa Pig EST BI343718 No

Gg_ADAL Gallus gallus Chicken Genomic AADN01061886 (A) EST AJ454771 No

Xl_ADAL Xenopus laevis Frog BC073685 AAH73685 No

Dr_ADAL# Danio rerio Zebrafish EST CN015078 No

(Continued)
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online databases (see Materials and Methods). We
discovered two new ADGF members. A Xenopus
laevis EST clone with amino acid similarity to human

CECR1 was obtained from N. Ueno, National
Institute for Basic Biology, Okazaki, Japan. A gap in
the sequence corresponding to human CECR1 exon 3

Table 1. Continued

Protein namea Organism name Common name Gene accessionb Protein accessionb Supporting ESTsc SPd

Tr_ADAL Takifugu rubripes Pufferfish Genomic CAAB01000380 (A) No ESTs No

Tn_ADAL Tetraodon nigroviridis Pufferfish Genomic CAAE01015000 (B) No ESTs No

Dm_ADA Drosophila melanogaster Fruit fly NM_141609 NP_649866 EST BI213048 No

Dp_ADAL Drosophila pseudoobscura Fruit fly Genomic AADE01000441 (A) No ESTs No

Dy_ADAL Drosophila yakuba Fruit fly Genomic AAEU01001954 (A) No ESTs No

Ag_ADAL Anopheles gambiae Mosquito Genomic AAAB01008900 (B) No ESTs No

Ce_ADAL Caenorhabditis elegans Worm NM_182155 NP_871955 EST BJ103876 No

Um_ADAL Ustilago maydis Fungus XM_398179 XP_398179 No ESTs No

Nc_ADAL Neurospora crassa Fungus XM_322523 XP_322524$ No ESTs No

Gz_ADAL# Gibberella zeae Fungus Genomic AACM01000179 (B) No ESTs No

An_ADAL Aspergillus nidulans Fungus Genomic AACD01000010 (B) EST CK448224 No

ADA subfamily

Hs_ADA Homo sapiens Human NM_000022 NP_000013 EST BC040226 No

Pt_ADA Pan troglodytes Chimp Genomic AADA01316146 (A) No ESTs No

Mm_ADA Mus musculus Mouse BC002075 AAH02075 No

Rn_ADA Rattus norvegicus Rat AB059655 BAB69691 No

Ss_ADA# Sus scrofa Pig EST BI337990 N/A

Gg_ADA Gallus gallus Chicken Genomic AADN01030130 (A) EST BU122720 No

Xl_ADA Xenopus laevis Frog BC073271 AAH73271 No

Dr_ADA Danio rerio Zebrafish BC076532 AAH76532 No

Tr_ADA# Takifugu rubripes Pufferfish Genomic CAAB01001456 (A) EST BU806270 No

Tn_ADA Tetraodon nigroviridis Pufferfish Genomic CAAE01014729 (B) No ESTs No

Ce_ADA Caenorhabditis elegans Worm NM_182291 NP_872091 EST BJ771252 No

Ec_ADA Escherichia coli Bacteria M59033 AAA23419 No

Sco_ADA Streptomyces coelicolor Bacteria NC_003888 CAC33066 No ESTs No

ADE subfamily

Sce_ADE Saccharomyces cerevisiae Yeast NC_001146 NP_014258 No

Gz_ADE Gibberella zeae Fungus XM_381743 XP_381743 No

An_ADE Aspergillus nidulans Fungus AF123460 AAL56636 No

Sco_ADE Streptomyces coelicolor Bacteria NC_003888 CAB66224 No

AMPD subfamily

Hs_AMPD1 Homo sapiens Human NM_000036 NP_000027 No

Hs_AMPD2 Homo sapiens Human M91029 AAA62127 No

Hs_AMPD3 Homo sapiens Human NM_000480 NP_000471 No

Mm_AMPD2 Mus musculus Mouse AK004759 BAB23540 No

Mm_AMPD3 Mus musculus Mouse BC040366 AAH40366 No

Rn_AMPD1 Rattus norvegicus Rat NM_138876 NP_620231 No

Rn_AMPD3 Rattus norvegicus Rat NM_031544 NP_113732 No

Gg_AMPD3 Gallus gallus Chicken XM_420973 XP_420973 No

Dr_AMPD1 Danio rerio Zebrafish BC063996 AAH63996 No

Dr_AMPD3 Danio rerio Zebrafish NM_199848 NP_956142 No

Dm_AMPD Drosophila melanogaster Fruit fly NM_167385 NP_727740 No

Ag_AMPD Anopheles gambiae Mosquito XM_310496 XP_310496$ No

Ce_AMPD Caenorhabditis elegans Worm NM_062573 NP_494974 No

An_AMPD Aspergillus nidulans Fungus XM_413009 XP_413009 No

Dd_AMPD Dictyostelium discoideum Slime mold AF238311 AAF65407 No

aGenes were categorized into the ADGF, ADAL, ADA, ADE, or AMPD subfamily based on protein sequence similarity to the associated

human member. #The full protein sequence could not be determined and was therefore not used in the phylogenetic analyses.
bAccession numbers that include an underscore represent sequences that have been predicted and assembled by a database curator. $ The

protein sequence was altered to be used in the phylogenetic analysis. Accession numbers preceded by ‘‘Genomic’’ indicate that the sequence

was used, either by the authors (A) or by a database curator (C) or a combination of both (B) meaning that the prediction by the curator was

altered by the authors), to predict the associated protein sequence.
cPredicted genes whose expression is supported partially by the existence of at least one EST have its accession number listed; otherwise ‘‘No

ESTs’’ is listed, indicating no expression support.
dThe presence of a predicted signal peptide (SP) is indicated by the amino acid residues suspected to be cleaved off. ‘‘No’’ indicates that a

signal sequence was not predicted. N/A: not applicable—a signal peptide could not be predicted because no start codon was found.
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was filled by RT-PCR (accession no. AY902778). A
full-length chicken (Gallus gallus) EST clone with
similarity to human CECR1 was obtained from
H. Lillehoj, Animal Parasitic Diseases Laboratory,
Beltsville, Maryland, USA, and fully sequenced by
F. Yang (accession no. AY902779).

No mouse equivalent to human CECR1 exists
(Maier et al. 2001), however, a full-length mouse EST
(accession no. BC052048) was discovered with slight
protein similarity (40%) to the C-terminal region of
the human CECR1 protein. This mouse protein
showed slightly more similarity (41% over the entire
length of the protein) to ADA and was therefore
termed ADA-like (ADAL). The sequence of this full-
length clone, as deposited in the database, was con-
firmed (R. Zurch and T. Yobb). A human ADAL
homologue was discovered on chromosome 15 and its
expression was confirmed by RT-PCR (M. Kardel
and N. Fairbridge, unpublished results). The discov-
ery of these two ADAL proteins spearheaded the
discovery of ADAL homologues in various other
organisms by the techniques described in Materials
and Methods. We also scoured the databases for no-
vel ADGF homologues. Some of the putative genes
predicted from genomic DNA had at least one EST in
the database to support the existence of the gene
(Table 1). ADA protein sequences were also collected
in silico from organisms with ADGF or ADAL rep-
resentatives, in order to make the phylogenetic anal-
ysis more complete. Therefore, there are three distinct
protein subfamilies with significant sequence similar-
ity to each other: ADGF, ADAL, and ADA.

Prediction of Signal Peptides

Some members of the ADGF subfamily have been
shown to be secreted. We determined the predicted
cellular location of all members of the ADGF,
ADAL, and ADA protein subfamilies, using signal
and/or cellular localization prediction software. Most
of the ADGF members were predicted to have a
signal peptide (Table 1). The Drosophila species
ADGF-B and -E proteins were predicted to be tar-
geted to the mitochondria, a fact that is further
strengthened by the genomic structural similarities
shared between the Drosophila ADGF-B and -E genes
(Maier et al. 2001). The predicted cytological location
of A. gambiae ADGF-1 and -3 could not be deter-
mined, while Drosophila ADGF-A2 is suspected to be
a transmembrane protein (Matsushita et al. 2000).
The D. discoideum ADGF protein was predicted to
contain a signal peptide, whereas the fungal ADGF
proteins were not, perhaps because the fungal
organisms exist as single cells. In D. discoideum, the
amoeboid cells aggregate and can form a multicellu-
lar fruiting body during starvation conditions (Weijer
2004).

As expected, none of the ADA proteins were
predicted to contain a signal sequence, since ADA is
a cytosolic protein (Franco et al. 1998). Also, none of
the ADAL proteins were predicted to contain a signal
sequence, suggesting that this group of proteins may
be more closely related to the ADA subfamily than to
the ADGFs.

Alignment of Protein Sequences

In order to address whether the ADGF, ADAL, and
ADA gene subfamilies were evolutionarily related,
several phylogenetic analyses were undertaken. Since
the DNA sequences showed no significant similarity
between the three subfamilies, the putative protein
products were compared. Also, since adenine deam-
inase (ADE) and AMP deaminase (AMPD) share a
common reaction mechanism with ADA (Becerra
and Lazcano 1998), several representative members
of these two subfamilies were included in the phylo-
genetic analysis, to better resolve the inferred tree (see
Table 1). Since two groups of adenine deaminases
have evolved independently from two different
ancestral proteins (Ribard et al. 2003), we only used
the group of ADEs with sequence homology to the
ADA subfamily for the phylogenetic analysis. E. coli
ADE belongs to the group that does not share se-
quence similarity with ADA, and therefore does not
appear in the analysis. Although there were several
vertebrate AMPDs discovered in the database, only
prokaryotes and fungi possess ADE (Ribard et al.
2003). In this paper, we use the definition of sub-
family and family as outlined previously (Riveros-
Rosas et al. 2003) and therefore describe the ADGF,
ADAL, ADA, ADE, and AMPD subfamilies as
belonging to the adenyl-deaminase family.

An initial alignment was constructed with all 95
protein sequences from the five subfamilies listed in
Table 1. There were eight highly conserved regions
found throughout the alignment of the five subfami-
lies, mainly focused around the catalytic residues
required for ADA activity. A region was included if it
was composed of at least three contiguous conserved
residues, with at least two of the residues showing
conservation in most members of at least three sub-
families. In order to focus on these eight important
regions, the conserved amino acid residues were
shaded by BOXSHADE and presented in Fig. 1.
Since functional importance is highly correlated with
evolutionary conservation (Gu 2001), the residues
that are conserved among the five different subfami-
lies might indicate functional importance for the
deamination process. The phylogenetic analysis
(presented below) showed the AMPD subfamily as a
natural outgroup of the four remaining groups, and
the following observations are discussed in light of
this fact. All residue numbers discussed hereafter
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Fig. 1. Protein alignment and conserved domains among the five
protein subfamilies. The eight highly conserved domains from the
alignment of all 95 protein sequences are displayed. Black back-
ground indicates amino acid sequence identity, while gray regions
indicate conservative substitutions. Species abbreviations are as
noted in Table 1. Horizontal lines delineate boundaries between

individual protein subgroups. The amino acids important for ADA
activity (*) are numbered underneath according to mouse ADA
(His15, His17, Gly184, His214, Glu217, His238, Asp295, and
Asp296). The marked ($) Arg101, Glu260, and Ser265 residues are
discussed in the text.
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within the alignment refer to amino acid positions
within the mouse ADA protein sequence (Wilson
et al. 1991) unless otherwise stated.

Within the first domain, the ADGF subfamily
shares a motif consisting of methionine (or iso/leu-
cine), proline, lysine, and glycine (MPKG), the
beginning of which corresponds to position 9 in the
mouse ADA protein. The ADAL and ADE proteins
share a conserved leucine or methionine in the first
position, and both the PK residues, but not the gly-
cine in the fourth position. The ADA proteins only
conserve the PK residues of this motif, except E. coli
ADA. The conservation of the proline and lysine
residues throughout the ingroup suggests that these
residues are important for the function of these pro-
teins, but their role in ADA activity has not been
demonstrated (Wilson et al. 1991; Sideraki et al. 1996;
Mohamedali et al. 1996). The fact that the glycine is
common only to the ADGF proteins suggests that it
may perform a critical function only in this subfam-
ily. All together, the AMPD subfamily seems to have
retained some remnants of the full MPKG motif, but
this domain was clearly not conserved over time in
this group. The two ADA active site residues, His15
and His17, located at the end of conserved domain 1
are almost completely conserved among all ingroup
proteins, but not within the AMPD outgroup. These
two histidines are thought to be important for zinc
binding (Wilson et al. 1991; Mohamedali et al. 1996).
The leucine residue just previous to these important
histidines is also mostly conserved throughout the
ingroup, with the exception of the fungal ADEs,
suggesting it may be important as well. Again, rem-
nants of these three residues are observed in the
outgroup, suggesting they were not important in the
function of this subfamily. Asp19 is not conserved in
proteins outside the ADA subfamily, although it was
suggested to be important in the activity of ADA
(Wilson et al. 1991), and was therefore not included
within domain 1.

Domain 2 within the ingroup consisted of a total
of nine residues: five conserved residues alternating
with four less conserved sites. The last two alternating
residues, glutamate (Glu; E) and arginine (Arg; R),
are conserved within the entire alignment, except
where Arg was changed to phenylalanine (Phe; F) for
the ADEs. This last Arg residue of this domain cor-
responds to Arg101 in the mouse ADA protein,
which is thought to form a salt bridge with Glu260,
an interaction that may be important for stability
(Wilson et al. 1991). The third domain is generally
conserved within the ADGF, ADAL, and ADA
groups, and the Gly184 residue that is important for
ADA activity (Wilson et al. 1991; Sideraki et al. 1996;
Mohamedali et al. 1996) is completely conserved
throughout all three subgroups, except the three
Drosophila ADGF-A2 proteins. Instead of the glycine

residue in this position, the ADE proteins have a
serine (Ser; S) and while some AMPDs have a serine
in this position, others do not. Since this residue is
not conserved in the AMPD and ADE groups, it
might be important only for the adenosine substrate,
although this has not been confirmed. The fourth and
fifth domains are generally conserved throughout the
entire alignment, although conservation in the
AMPDs (for both domains) and the ADALs (for
domain 4) is less strict. The three important residues
within these two domains, His214, Glu217, and
His238, are highly conserved with only a few excep-
tions in some of the insect ADGFs. But since the
insects seem to have an overabundance of ADGF
proteins (the Drosophila species harbor six ADGF
proteins, and A. gambiae has at least four ADGFs),
this suggests that perhaps not all of these proteins are
functional or that some paralogues might have a
different activity. Indeed D. melanogaster ADGF-E
has previously been described as lacking ADA
activity (Zurovec et al. 2002). Domain 6 is composed
of a number of residues that are highly conserved
throughout the entire alignment. Particularly, Glu260
and Ser265 have been suggested to form salt bridges
with Arg101 and His238, respectively (Wilson et al.
1991). Glu260 is conserved in all ADGF, ADAL, and
ADA proteins. Ser265 is conserved in every sequence
except in two fungal ADALs, but these two proteins
share a serine residue one position upstream, which
may perform the same function. The seventh domain
consists of only two important ADA active site resi-
dues, Asp295 and Asp296, and a proline (P) generally
conserved throughout the alignment except for the
ADALs. The final domain begins at mouse ADA
residue 325, and although it is conserved more within
the AMPD and ADGF subfamilies, its relevance is
not known.

Initial Phylogenetic Inference

An initial Bayesian analysis was performed using the
alignment containing all five protein subfamilies, and
the consensus tree of the 5000 trees sampled was large
and complex, due to the number of taxa involved. A
simplified version of the tree was constructed by
removing individual taxa from the tree to leave the
overall relationship between the five protein sub-
groups. As shown in Fig. 2A, the ADAL proteins
clearly form a cluster with the ADA and ADE sub-
groups, although much phylogenetic change has oc-
curred between the latter groups, as represented by
the long branch connecting the ADEs to their com-
mon ancestor. The phylogenetic relationship of ADA
and ADE has already been established in the litera-
ture (Ribard et al. 2003), but the ADAL subfamily is
a novel addition. The ADGF subfamily is distantly
related to the previously mentioned groups, but the
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AMPD members are most distant. This indicated
that the AMPD subfamily seemed to be a natural
outgroup to all the other proteins and allowed the
tree to be rooted from the node that the AMPDs
originated from (see below). Note also that the tree
topology correlates with the size of the proteins. The
AMPDs have an average amino acid length of
746 ± 64 (SD), the ADGF subfamily had an average
length of 531 ± 34, while the ADAL, ADE, and
ADA groups had lengths of 351 ± 9, 351 ± 10, and
359 ± 15, respectively. Based on the assumption that
the AMPD subfamily was the outgroup, and due to
the added complexity in the alignment when these
larger proteins were included, the AMPD subfamily
was excluded from further in-depth analyses of the
ingroup.

Focused Analysis of the Ingroup

A second alignment of the 80 protein sequences
belonging to the ingroup (ADGF, ADAL, ADA, and
ADE) was used for further phylogenetic analyses.
Bayesian analysis was run five separate times
(550,000 generations each) and the resulting tree

topology was identical each time. Between the five
MrBayes runs, the posterior probabilities (support
values) at each node varied between runs by up to 5%
in most cases, which is expected with this sampling
methodology. The first analysis was chosen as a
representative of the five runs, and its associated
branch lengths and posterior probabilities are pre-
sented in Fig. 2B. Two major clades were evident in
this tree: (1) ADAL, ADE, and ADA and (2) ADGF.
This major split between the two groups was well
supported, as indicated by the posterior probability
value of 1.00 (represented as a percentage in the fig-
ure). This major split was also observed in the initial
analysis that included the AMPD protein sequences,
and the approximate placement of the ‘‘ROOT’’ be-
tween these two groups in Fig. 2B represents this
outgroup. Overall, the entire topology was well sup-
ported, especially for many of the deep divergences,
with only a few weak posterior probabilities for some
of the internal nodes.

Within the first major clade, support was high for
the split between the ADAL and the ADE/ADA
groups (100 and 99%, respectively), but support for
some internal nodes within each group was prob-
lematic. Bayesian analysis tends to give high posterior

Fig. 2. Phylogenetic analysis of the protein subfamilies using
MrBayes. The scale bars in these figures represent 0.1 substitutions
per site. A Initial Bayesian analysis of the five groups of protein
sequences. This is a simplified representation of the tree inferred
using all of the ADGF, ADAL, ADA, ADE, and AMPD proteins,
showing the AMPD group as a natural outgroup. All taxa from
each group were clipped from the tree and replaced by a triangle,
whose width is proportional to the number of taxa in that group. B
Phylogenetic analysis of the ingroup. This unrooted tree was in-
ferred using Bayesian analysis on the alignment of the ADGF,
ADAL, ADA, and ADE gene products. Species abbreviations are
as noted in Table 1. The arrow indicates the approximate location

of the root, if the AMPD outgroup had been included (see A for
confirmation). Horizontal lengths of branches are proportional to
the estimated numbers of amino acid substitutions. The values on
top of the internal branches indicate the posterior probability that
the clade is correct under the model, summed over 5000 tree
samples, and are depicted as percentages. One node (indicated as a
polytomy) had a posterior probability less than 50% in the
Bayesian analysis. Numbers indicated below the branches in
boldface italics are MP bootstrap proportions shown for compar-
ison (see Supplementary Fig. S1). Bootstrap values that were
identical to the Bayesian probabilities are not included here.
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probabilities for internal nodes, such that a value less
than 70% might be considered to be low (Huelsen-
beck et al. 2001). Support values for the nodes lead-
ing to C. elegans ADAL, U. maydis ADAL, and the
two pufferfish ADALs (T. rubripes and T. nigroviri-

dis) were <50, 63, and 64%, respectively, suggesting
that although these proteins clearly belong to the
ADAL subfamily, there was a lack of confidence
for their placement within the subfamily. Also, the
placement of these taxa disagrees with the accepted

Fig. 2. Continued
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phylogenetic relationship of organisms as known to
date (www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=
taxonomy), which shows that U. maydis ADAL
should form a clade with the two other fungal
ADALs, and the pufferfish ADALs should appear
basal to X. laevis ADAL. Support for the inclusion of
E. coli ADA in a monophyletic group with the other
ADAs was only 51%, as this protein sequence was
often grouped with the ADE subfamily. Support was
also less than optimal in clades containing T. nigro-
viridis ADA and G. gallus ADA, since the posterior
probabilities for these clades were in the low 70s.

Within the second major clade, the ADGF proteins
fall into several distinct subgroups that were very well
supported: fungi, vertebrates, and insects. A. califor-
nica MDGF appears basal to the insects, while D.
discoideumADGF is basal to both the vertebrates and
the insects. The general scheme of this major clade
agrees with the accepted organismal phylogeny, except
that D. discoideum should appear basal to the entire
group, yet this bipartition was found in only 6% of the
sampled trees. Note that there are several duplication
events within this major clade that occurred after these
groups branched from the common phylogenetic tree.
All the fungi seem to have two ADGF homologues,
exceptU. maydis, which either has lost one copy or has
yet to be sampled. The fish CECR1 genes have also
undergone a further subdivision, whichmay be a result
of the tetraploidation of ray-finned fish (reviewed by
Taylor et al. 2003). Instead of forming a clade with the
other fish CECR1-1 proteins, D. rerio CECR1-1 ap-
peared basal to the entire group, indicating that per-
haps this gene has retained more of the ancestral
features than the other genes. Within the insect sub-
group, the sixDrosophilaADGFgene products act as a
backbone onto which the other insects with less fully
sequenced genomes may be placed. For example, only
one ADGF family member has been discovered in the
flesh fly,Sarcophaga peregrina, and this protein groups
with theDrosophilaADGF-Amembers. Sequencing of
the entire S. peregrina genome may reveal five other
gene products similar to the other ADGF members
present in the Drosophila species. There was low sup-
port (56%) for the clade containing A. aegypti ADA
and A. gambiae ADGF-1 due to the almost equally
probable topology where A. gambiae ADGF-1 and -3
form amonophyletic group (44%). This might indicate
that a duplication occurred in the A. gambiae lineage
after diverging from the other organisms, but this
problem will be better resolved once the A. aegypti
genome is completely sequenced and more ADGF se-
quences are discovered.

Overall, it seems that the protein names given to
sequences found in the tBlastn searches were correct.
For example, all the proteins that were named ADAL
are most closely related to each other, without any
appearances in other subfamilies. Some protein se-

quences that were labeled previous to this study and/or
published by other groups may in fact be mislabeled.
D. melanogaster ADA, L. longipalpis ADA, C. quin-
quefasciatus ADA, and A. aegypti ADA do not group
with the classic ADA proteins. Instead,D. melanogas-
terADA is amember of theADAL subfamily, whileL.
longipalpis ADA, C. quinquefasciatus ADA, and A.
aegypti ADA belong to the insect ADGFs.

Parsimony Analysis

In order to check the accuracy of the ingroup
topology produced by Bayesian analysis, a maximum
parsimony (MP) analysis was performed on the same
ingroup alignment. A heuristic search recovered only
one most parsimonious tree, however, bootstrap
support on this tree was not very robust, especially
for many internal nodes, such that 14 of the 77
bootstrap values were less than or equal to 50% as
placed on the most parsimonious tree (see Supple-
mentary Fig. S1). Whereas a value of 70% might
indicate strong support for a group, since bootstrap
proportions are conservative measures of support
(Holder and Lewis 2003), the general lack of support
for the most parsimonious reconstruction indicated
that perhaps the use of MP for this data set was not
optimal for resolution of internal nodes.

Importantly, however, the subgroups and major
clades found in the Bayesian tree were also retained in
the MP tree, and the bootstrap support for these
clades was high, as shown in Fig. 2B. Some internal
nodes of the MP tree that were not well supported by
bootstrapping were also not well supported with
Bayesian posterior probabilities, such as the place-
ment of U. maydis and C. elegans ADAL within the
ADAL subgroup. Also, E. coli ADA was placed
equally within either the ADE or the ADA subgroup
for both analyses (see Fig. 2B). Within the ADGF
clade, however, there was a major mismatch in the
MP tree compared to the Bayesian result. In the MP
tree, the A. californica MDGF and vertebrate ADGF
proteins form a sister group to the insect ADGF-C
and -D proteins, with the insect ADGF-A, -B, and -E
as the sister to those groups. Also, the ADGF-A2
proteins, instead of being placed as a sister group to
the ADGF-A, -B, and -E clade as in the Bayesian
analysis, were placed as a sister group to all other
vertebrate and insect ADGFs. In effect, the verte-
brate proteins were nested within the insect homo-
logues in the MP tree, which produces a major
conflict with the Bayesian and established organismal
trees. This topology, however, was associated with
very low bootstrap values on the most parsimonious
MP tree (see Supplementary Fig. S1).

The nesting of the CECR1 vertebrates within the
ADGF insects was obtained previously by our group
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using a maximum likelihood approach (Maier et al.
2001) but was not observed in any of the five final
MrBayes runs. In order to determine if this topology
in fact was more probable but had just been over-
looked (not sampled) by the Bayesian analysis, we
ran MrBayes using the parsimony result as a user-
defined starting tree. If the MP tree was more highly
probable than that previously obtained by MrBayes,
then this topology would be expected to persist
throughout the run. Instead, the original MrBayes
result was again obtained. Also, since the support
value for the insect ADGF clade in the Bayesian tree
shown in Fig. 2B was 100%, this indicated that there
were no instances in which the MP topology that
included the ADGF vertebrates was observed, sug-
gesting that the MP topology is not highly probable.

Intron Evolution in This Large Protein Family

Due to the wealth of genomic sequence available, we
used the results of our phylogenetic analysis to
determine the evolution of intron positions among the
four ingroup subfamilies. After mapping all intron
positions onto the alignment of ingroup proteins,
there were a total of 52 distinct intron positions ob-
served in at least one protein sequence. Each intron
position was coded into the matrix presented in Fig. 3,
which was then used to reconstruct the most parsi-
monious intron gain/loss pattern on the inferred
Bayesian topology (see Fig. 3). Only the accelerated
transformation reconstruction is shown, in order to
more directly test the earliest appearance of each in-
tron. For example, intron location 18 is shown in the
figure to be gained in the ancestor of some of the
fungal ADGF-1 proteins and then lost in M. grisea
ADGF-1. If the changes were delayed instead of
accelerated, there would be two instances of intron
18 gain, in both G. zeae ADGF-1 and N. crassa
ADGF-1. Both situations require the same number of
steps and are therefore equally parsimonious, but only
the accelerated reconstruction is presented. Other in-
trons with an equal number of delayed reconstruction
steps include positions 8, 15, 37, and 46.

In general, while none of the bacterial orADEgenes
had introns, the fungal and insect genes had between 0
and 5 introns, and the vertebrates had 8 to 11 introns,
suggesting that organisms that have diverged more
recently tend to have more introns. Throughout the
entire ingroup, 14 of the 52 intron positionswere found
in only one taxa. Many of the remaining shared intron
positions are found on the branches leading to the
vertebrate groups, since five intron positions are found
only within the vertebrate ADALs, eight positions
within the vertebrate ADAs, and five positions in the
vertebrate ADGF homologues (CECR1s). This leaves
only 20 intron locations shared among other organ-
isms. Surprisingly, only one intron was found in the

exact same place between two different subgroups
(position 44; N. crassa ADAL and M. grisea ADGF-
1), but since it was present in only one member of each
subgroup, it ismost probably a coincidence rather than
the persistence of a common intron position in an
ancestor of the entire ingroup. Within the ADGF
subfamily, positions 19 and 37 are faithfully conserved
between the vertebrates and some of the insect sub-
groups, but this would only suggest that the intron was
present in a common ancestor of the metazoans.

Some intron positions between different sub-
groups are located within just a few base pairs of
each other, which might suggest that they have
originated in a common ancestor of those subgroups.
This suggestion relies on the theory of intron-sliding,
which is the apparent shift of an entire intron by only
a few base pairs between two taxa (reviewed by
Stoltzfus et al. 1997). Spliceosomal introns are not
self-splicing and are not known to be mobile, so the
loss or gain of an intron in a specific lineage is likely
to be a unique event (Venkatesh et al. 1999). There-
fore, it might be more parsimonious for the intron to
slip rather than be lost and then gained in a nearby
location (Schmitt and Brower 2001). Introns 4–7 may
have originated from a common ancestor, when in-
tron-sliding is taken into account. These four posi-
tions are separated by only 9 bp total and are
associated with Domain 1 in the ingroup alignment
(see Fig. 1). Intron position 4 is located in the ver-
tebrate ADAs just after the conserved ‘‘PK’’ resi-
dues, and intron position 5 lies within the G of the
‘‘MPKG’’ motif conserved throughout the vertebrate
ADGF homologues. Due to the gap introduced in
the ADAs in lieu of this G residue, intron 4 position
is actually embedded within the location of intron 5.
Intron position 6 is located one codon further, be-
tween the vertebrate and A. gambiae ADAL ‘‘VE’’
residues, while position 7 is again one codon further,
precisely after the ‘‘VE’’ residues, in the fungal
ADALs. Even when intron-sliding is taken into ac-
count, however, if this intron position did indeed
originate in a common ancestor of the four sub-
groups, the position would need to be lost at least 10
different times to account for its absence in all the
other ingroup proteins. In this case, it might be more
parsimonious to gain the location four times, sug-
gesting that even if intron-sliding is considered,
positions 4–7 probably arose independently.

There are three more cases where intron positions
might be conserved between different subgroups
when intron-sliding is considered. Intron positions
20–22 are separated by only 5 bp in most cases and
involve both the ADA and the ADAL vertebrates
with the intervening position 21 located in C. elegans
ADA, but the position would need to be lost at least
six times on other branches. Interestingly, intron
position 36 found in the vertebrate ADALs is located
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Fig. 3. Reconstruction of introns gained or lost within the in-
group phylogeny. Left A cladogram of the Bayesian topology
depicted in Fig. 2B with intron gain/loss mapped onto it. Species
abbreviations are as noted in Table 1. Some taxa (*) lack genomic
data and therefore the intron status along these terminal branches
is unknown. Numbers refer to intron positions within the align-
ment that have been gained (+) or lost (–), according to the most

parsimonious reconstruction (least number of steps). Intron posi-
tions in boldface involve more than one step and are therefore
found more than once in the figure. Right A table of occurrences of
the 52 intron positions within the ingroup alignment, from which
the reconstruction on the left was derived. The presence (+), ab-
sence (–), or unknown status (?) of each intron position is indicated
beside each taxa.
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only 4 bp upstream of position 37, which was de-
scribed above to be shared between the vertebrate
ADGFs and the insect ADGF-C and -D clade, but
again, if this intron were present in a common
ancestor of the ingroup, it would need to be lost eight
separate times. Finally, position 41 in the ADAL
vertebrates is located 2 bp upstream of position 42
found in the vertebrate ADAs but would need to be
lost seven times, which again does not represent the
most parsimonious reconstruction.

Within one subgroup, two groups of intron posi-
tions may have arisen through intron-sliding. Intron
position 29, found in the insect ADGF-C and -D clade,
is located just 1 bp before position 30, which is found in
the insect ADGF-A2, -A, -B, and -E clade. But in this
case, two separate instances of intron gainmaybemore
parsimonious than gain of this intron, sliding to posi-
tion 30, and loss in the clade containing A. gambiae
ADGF-1 and -3, which represents three separate steps.
The only case in which intron-sliding might be more
parsimonious occurs within the vertebrate ADAs,
where all eight of the intron positions in this group are
precisely conserved, except for an instance of intron-
sliding inD. rerioADA(intron 8 slid 3bases to position
9). This event represents only two steps (gain plus slide)
versus three steps (gain of position 8 in all vertebrates,
followed by loss of 8 and gain of 9 only in D. rerio),
suggesting that intron-sliding is a likely explanation
only for this one case. Although it is difficult to deci-
pher howmanyminor shifts in intron position could be
explained by intron-sliding, it seems clear that for this
data set, use of this theory is not helpful in suggesting
that any of the observed intron positions were present
in a common ancestor.

Discussion

This paper highlights the discovery of proteins com-
prising a novel subfamily, ADAL, with membership
in the family of adenyl-deaminases. We have also
added several new members to the ADGF subfamily,
although since most of these new additions are merely
predictions, their existence and actual sequence still
need to be confirmed. The phylogenetic analysis of
this protein family showed that the ADGF and
ADAL subgroups are clearly related to the classic
ADA subfamily. The ADAL proteins are more
closely related to the ADA and ADE subgroups, in
both sequence similarity and number of residues,
compared to the ADGF group. Also, many of the
ADGF members have a predicted signal peptide,
whereas none of the ADA or ADAL proteins do,
which further confirms their similarity to each other.
This raises the issue of redundancy between ADAL
and ADA and, perhaps, ADGF. Why have three
separate groups of proteins evolved to carry out the
same apparently simple function? Although no

ADAL subfamily members have been shown to have
ADA activity, if it is proven that they do, there would
be three subfamilies, ADAL, ADGF, and the classic
ADAs, which harbor ADA activity. Perhaps ADA
function has been compartmentalized, both spatially
and temporally, for various tissues. Altogether, it
seems that ADA activity is a much more complicated
story than previously thought.

Conservation of ADA Active Site Residues

The crystal structure of mouse ADA has identified
amino acid residues with a specific role in the function
of the protein (Wilson et al. 1991). Comparison of the
protein sequence of ADA to ADE has outlined dif-
ferences that may be attributed to the deamination of
adenosine versus adenine (Ribard et al. 2003). Asp19,
Ser103, Ala183, and Gly184 are characteristic of
ADAs, while in ADEs they are replaced by Glu, Asp,
Asp/Ser, and Ser, respectively (Ribard et al. 2003).
Asp19 and Ser103 are thought to bind the ribose in
different places, while Ala183 and Gly184 are de-
scribed to be involved in the active site. Besides
Gly184, the ADEs have retained all other ADA active
site residues (Ribard et al. 2003). From our work, it is
apparent that Asp19 (data not shown; the residue lies
outside of conserved domain 1 shown in Fig. 1) and
Ala183 are not conserved within the ADGF or ADAL
subfamilies, and while most of the ADALs have a
synonymous Thr residue in place of Ser103 (data not
shown), the ADGFs do not. This suggests that ADGF
and ADAL might react with slightly different sub-
strates, perhaps an adenosine analogue. On the other
hand, we have shown that, except for some of the
insects, all of the ADGF and ADAL members have
retained all eight residues required for ADA activity,
including the Gly184 mentioned above. The three
residues involved in salt-bridge formation, Arg101,
Glu260, and Ser265, are also conserved in the ADGF
and ADAL subfamilies but not in ADEs.

Some ADGF members, including S. peregrina
ADGF-A (Homma et al. 2001), L. longipalpis ADGF
(Charlab et al. 2000, 2001), A. californica MDGF
(Akalal et al. 2003), and two Drosophila homologues
(ADGF-A and -D) (Zurovec et al. 2002), have been
shown to possess ADA activity. Salivary extracts from
G. morsitans (Li and Aksoy 2000),C. quinquefasciatus,
and A. aegypti (Ribeiro et al. 2001) have been shown
to possess ADA activity. Both the L. longipalpisADA
and the A. californica MDGF proteins have been
modeled based on the structure of mouse ADA, which
showed that all the active site residues in the two
ADGF subfamily proteins were conserved in the
correct structural locations (Charlab et al. 2001;
Akalal et al. 2004). Therefore, this might indicate that,
like all ADAs and some insect ADGFs, all the mem-
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bers of the ADGF and ADAL subfamilies may also
harbor ADA activity. Also, the novel MPKG motif is
conserved in almost all ADGFs, with the PK being
conserved in both the ADA and the ADAL subfami-
lies, suggesting that this region of the protein may be
important in the overall function, although the sig-
nificance of this domain is unknown presently. Once
the function of the vertebrate ADGFs and ADALs
has been determined, it will be possible to compare the
conserved residues within this entire family to assign
specific functional roles for each residue.

Patterns Revealed in the Phylogenetic Analysis

Both the Bayesian and the MP trees showed the
ADGF, ADAL, ADA, and ADE subgroups as sepa-
rate, well-defined splits, which were very well sup-
ported by both analyses. Themajor mismatch between
the two methods involving the grouping of the verte-
brate ADGFs within the insects in the MP tree was
tested by using that topology as a starting tree for a
MrBayes analysis. Considering the fact that the MP
tree was not maintained in the MrBayes run, and the
lack of internal support within the MP topology, as
well as the better fit of the Bayesian tree with the
established organismal phylogeny, we preferred the
Bayesian result to that of MP for this data set.

In general, the phylogenetic analysis revealed that
some genes previously thought to be classic ADAs
are more correctly placed elsewhere. D. melanogaster
ADA (as named in FlyBase) is a member of the
ADALs, while L. longipalpis ADA (LuloADA),
C. quinquefasciatus ADA, and A. aegypti ADA
belong with the ADGF subfamily. It therefore seems
that these insect proteins have been incorrectly
labeled. Just as it was previously suggested to rename
S. peregrina IDGF to S. peregrina ADGF-A
(Zurovec et al. 2002), we suggest the renaming of
D. melanogaster ADA to D. melanogaster ADAL,
L. longipalpis ADA to L. longipalpis ADGF,
C. quinquefasciatus ADA to C. quinquefasciatus
ADGF, and A. aegypti ADA to A. aegypti ADGF, in
order to better reflect their position within the adenyl-
deaminase family. It seems, therefore, that none of
these insects has a homologue of the classic ADAs.
For organisms with incomplete genomes, perhaps the
classic ADA homologue has just not been found. D.
melanogaster and A. gambiae, however, have com-
plete or nearly finished genomic sequence, and a
homologue to the classic ADAs has not been found in
these two organisms, suggesting that is was lost in
these insects. There were no classic ADA homologues
found in the fungi either, whereas ADAL was found
in insects, vertebrates, and most fungi but not in
prokaryotes. This suggests that certain protein sub-
families may be specialized for certain organisms or
that perhaps the three subfamilies (ADGF, ADAL,

and ADA) are partially redundant. Also, because
there were no prokaryotic orthologues of ADGF or
ADAL, this suggests that these proteins were gained
on the lineage leading to extant eukaryotes.

Many organisms have multiple ADGF paralogues,
including the fish, fungi, and insects, which may
indicate the importance of the ADGF protein for
development. It is likely that some of the paralogues
have acquired a specialized expression pattern. For
example, D. melanogaster ADGF-B and -A2 are both
male specific, while ADGF-A and -D are more uni-
versally expressed (Matsushita et al. 2000; Maier
et al. 2001). The various paralogues may also have
been adapted for a broader range of functions. There
are six Drosophila ADGFs, and some D. melanogas-
ter proteins have been shown to have ADA activity
(ADGF-A and -D), while others, such as ADGF-E,
may be nonfunctional (Zurovec et al. 2002). Since
ADGF expression has been observed mainly in the
salivary glands of biting insects, and has been sug-
gested to aid insects in providing pain relief at the site
of biting (Charlab et al. 2001; Li and Aksoy 2000;
Ribeiro et al. 2001), perhaps ADGF has been adap-
ted for a specialized physiological purpose in insects
and other lower organisms, compared to mammals.
The Drosophila species ADGF-E protein does not
share four of the eight conserved ADA residues,
which may explain its lack of ADA activity. The
replacements for these four residues, however, are
faithfully conserved between the three Drosophila
ADGF-E sequences (D. yakuba ADGF-E is not
shown), suggesting that this paralogue has taken on a
new role. The lack of conservation of the ADA active
site residues was also observed for some of the other
insect ADGFs. Some of the Drosophila proteins,
including ADGF-E, are predicted to be localized to
the mitochondria, which again suggests the evolution
of a new function. Some nonfunctional paralogues
may also represent expressed pseudogenes.

The phylogenetic analysis showed that the three
Drosophila species acted as a backbone onto which the
other insect genes from incomplete genomes may be
placed. Since there are already six paralogues within
Drosophila, it seems odd that both A. gambiae and G.
morsitans apparently have two genes that are more
similar to each other than to the Drosophila ortho-
logues (as shown in Fig. 2B). This suggests that, in
addition to the six possible paralogues similar to
Drosophila, these two organisms may have separately
undergone an additional duplication event to produce
a seventh paralogue. Conversely, these resultsmight be
explained by gene conversion (reviewed by Papadakis
and Patrinos 1999), such that the two genes appear to
be more similar to each other than to one of the other
Drosophila homologues. Finally, the duplications ob-
served in the Drosophila species might not have oc-
curred before the divergence of all the insect species,
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and the one to three genes found in each of the other
insect species may have been scattered on the Dro-
sophila backbone simply according to the amount of
sequence similarity in these genes. The availability of
finished genome sequence for the other insect species
may help to clarify this issue.

There are several family members that seem to be
missing from completely sequenced genomes. There is
no M. musculus, R. norvegicus, or C. elegans homo-
logue in the ADGF subfamily, but homologues of the
AMPD, ADA, and ADAL exist in these organisms.
This suggests that the ADGF homologue has been
lost in these organisms, and perhaps one of the other
subfamily members may be compensating for the loss.
Also, none of the Drosophila species or other insects
seem to have an ADA homologue. Perhaps the insect
lineage has lost ADA, due to the six ADGF para-
logues that have presumably replaced its function.
Unlike ADGF, there is only one ADA and one
ADAL homologue found in all three fish species
studied, indicating either that these genes were not
part of the major gene duplication event (Taylor et al.
2003) or that the duplicates of these family members
were lost. It is interesting that there is no S. cerevisiae
homologue of any other subfamily members besides
ADE, especially since S. cerevisiae ADE has been
previously mistaken for a classic ADA in the litera-
ture. As mentioned previously, E. coli ADE exists but
was not included in the phylogenetic analysis, and
although both E. coli and S. coelicolor possess an
ADA and ADE gene, no other family members were
found in either bacterial species. For organisms with
unfinished genomes, the lack of a certain gene product
may be due to a loss of that gene in the organism or
may simply mean that it has not been sequenced yet.
This may be especially true for organisms with almost
no genomic information, including D. discoideum, X.
laevis, S. scrofa, A. californica, L. longipalpis, C.
quinquefasciatus, A. aegypti, S. peregrina, and G.
morsitans. Three fungal ADE members have been
discovered thus far, but there have been no fungal
ADAs found, and although this could be due to the
unfinished state of many fungal genomes, one might
expect to find an ADA homologue in at least one of
the six fungal genomes searched.

Are ADGF and ADA2 the Same?

ADA2 is one of three ADA isoforms found in certain
cell types, and it is especially important in human
plasma, where it is responsible for the majority of
ADA activity (Hirschhorn and Ratech 1980). It is
likely that ADA2 is a member of the adenyl-deami-
nase family. A recent paper described the purification
of the chicken ADA2 protein from liver extracts and
showed that the 110-kDa dimer (active form) has a
monomer weight of 55 kDa and is N-glycosylated

(Iwaki-Egawa et al. 2004). The mature (without the
predicted 23-amino-acid signal sequence) chicken
CECR1 protein (ADGF member) is predicted to have
a molecular weight of 55.7 kDa. Also, there are two
N-glycosylation sites predicted with high confidence
in the chicken CECR1 protein, at positions 172 and
295 (NetNGlyc Server; www.cbs.dtu.dk/services/
NetNGlyc). The first 12 N-terminal amino acids
(TPLWSLMQDLMM) of chicken ADA2 were
determined by Edman degradation (Iwaki-Egawa et
al. 2004). The first 12 N-terminal amino acids of
chicken CECR1 (TPLWEDRDSLMQ) are surpris-
ingly similar, but not identical, to those of chicken
ADA2. Note that the first and last four residues of the
CECR1 N-terminus are identical to the first eight
residues of the chicken ADA2 protein, suggesting that
there may have been either a sequencing or a cloning
error in one of the proteins. Other evidence for the
comparison of chicken ADA2 to CECR1 comes from
the analysis of other ADGF proteins. Human CECR1
is expressed highly in peripheral blood leukocytes (S.
Maier, unpublished results), cells that might secrete
CECR1 into the blood plasma. Also, S. peregrina
ADGF-Awas observed as a homodimer, and its ADA
activity was inhibited by 2¢-deoxycoformycin (DCF)
(Homma et al. 1996, 2001), which also inhibits ADA2
(Niedzwicki and Abernethy 1991). Together, these
observations suggest that the ADGF proteins may
indeed be the identity of the elusive ADA2 protein.
ADAL could not be considered for this role because
its predicted molecular weight is 40.3 kDa, and it is
not predicted to be secreted.

ADA-deficient mice exhibit severe pulmonary
insufficiency, bone abnormalities, and kidney patho-
genesis (Blackburn et al. 1998), a phenotype much
worse than is found in humans. Although mouse has a
copy of ADAL and ADA, there has been no ADGF
homologue found in rodents, whereas humans have
one member of each subfamily. Since the plasma and
other tissues of mice and rats contain ADA1 but not
ADA2 activity (Niedzwicki et al. 1995), this suggests
that perhaps the rodents have lost ADA2. This fact
represents yet another clue that the identity of ADA2
is ADGF, since they are both missing from the rodent
lineage. It is currently under investigation as to where
ADAL is expressed. Perhaps both the ADA and the
ADAL homologues in mice are compensating for the
loss of the ADGF gene product. If the human ADGF
homologue (CECR1) and/or ADAL are shown to
possess ADA activity, then these proteins may be
contributing to the overall ADA activity of various
tissues. This also could explain the relatively mild
phenotype in humans deficient in ADA, which has
both ADGF and ADAL proteins intact, while
ADA–/– mice are more seriously affected, since only
the function of the ADAL protein remains. Also,
ADA and ADAL have predicted molecular weights of
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40.8 and 40.3 kDa, respectively. Since their sizes are so
similar, ADA activity previously attributed to ADA1,
the 41-kDa form of ADA (Van der Weyden and
Kelley 1976; Ungerer et al. 1992), might indeed be due
to one or the other, or both. Their similarity in size
may have concealed ADAL until now.

Proof for the Introns-Late Aspect of the New Synthetic
Theory of Introns

If the intron position data are available, large gene
families are useful for studying the relationship of
evolution and the conservation of intron positions.
There has been an important debate in the last few
decades over whether spliceosomal introns were pres-
ent in primitive coding sequences (‘‘introns-early’’) or
added later (‘‘introns-late’’) in the lineage leading to
eukaryotes (Gilbert et al. 1986; de Souza et al. 1998;
Fedorova and Fedorov 2003). The introns-early
hypothesis is supported by the observed correlation of
phase 0 intron positions (inserted after the third codon
position) and the separation of structural protein do-
mains (Fedorov et al. 2001; de Souza et al. 1998). In-
trons-early proponents also invoke the theory of
intron-sliding to suggest that intron positions located a
few base pairs away in other phyla have only shifted
(Stoltzfus et al. 1997). Indeed, it might be more parsi-
monious for the intron to slide rather than be lost and
then gained in a nearby location (Schmitt and Brower
2001). Clearly though, many genes have had introns
introduced in the lineage leading to eukaryotes, thus
validating the introns-late side of the debate (de Souza
2003). Also, although one group concluded that in-
tron-sliding by 1 bp might be a real evolutionary phe-
nomenon, they suggest that it would be a relatively rare
event, occurring in <5% of all introns (Rogozin et al.
2000), so the use of this theory for one or the other side
of the debate may be a moot point. Recently, a new
‘‘synthetic’’ theory of intron evolution has been pro-
posed, suggesting that most introns, especially those
that are phase 1 or 2, are recent acquisitions of eu-
karyotic genes, but a subset of the present-day phase 0
introns are candidates to be ancient (de Souza 2003),
thus incorporating concepts from both theories.

The ADA family has both eukaryotic and pro-
karyotic members and would therefore be considered
ancient. The duplication and divergence of the other
three groups might also be considered to be ancient,
especially when considering the fungal genes found in
each. But only one intron position was conserved
between two of the four ingroup subfamilies when
intron-sliding was not considered, and it was found in
only one member of each of those subfamilies, sug-
gesting that it might be a coincidence. If the introns-
early aspect of the synthetic theory was to be
accepted, it might be expected that more intron
positions would be retained between the four sub-

groups of the ingroup. There were many instances
where an ancestral intron might have existed when
intron-sliding was taken into account. For each case,
however, the most parsimonious reconstruction fa-
vored a few instances of intron gain rather than many
more losses. A trend seemed to emerge within the
organisms in this study that there are generally more
introns found in higher organisms compared with the
lower deuterostomes, which have an intermediate
number of introns, and single-celled organisms with
no introns. This suggests in general that introns were
added along the eukaryotic lineage over time.

These data, although they seem to substantiate the
introns-late side, have done nothing to rule out the
introns-early aspect of the synthetic theory. Indeed,
analysis of the intron phases within the entire ingroup
showed a slight excess of phase 0 introns (46%; 145/
316). Also, use of the lack of conserved introns to
support the introns-late side assumes that intron loss
and gain are equally likely. If intron loss was entirely
easier that intron gain, the introns-early side may hold
some weight with these data. Therefore, it is possible
that the resolution to the debate cannot be undertaken
until the relative costs of intron loss/gain are deter-
mined (Tyshenko and Walker 1997). In a study of
human, coral, fly, and worm integrin-b genes, the
coral gene shared 25 of 26 intron positions with at
least one other species, when intron-sliding was taken
into account (Schmitt and Brower 2001). Without the
coral sequence, only eight splice sites were shared
between two or more phyla. This suggests that with-
out an ancestral sequence such as this coral sequence,
the results might incorrectly appear to only support
the introns-late aspect of the new synthetic theory.
Therefore, although our results at present seem only
to support the introns-late side, the addition of more
data as they become available may change this view.

In conclusion, ADA activity is clearly not as
straightforward as once thought. The structure and
conserved residues of the ADGF and ADAL sub-
families, combined with their evolutionary relation-
ship to classic ADAs, suggest that these three genes are
all involved in ADA activity. If the expression of each
is found in a variety of cellular locations, together they
may control adenosine levels in a concerted fashion.

Note added in proof. The identity of human ADA2 as
the CECR1 gene product has been confirmed and
published by A.V. Zavialov and A. Engstrom. Their
manuscript was e-published in theBiochemical Journal
on June 1, 2005, and is entitled ‘‘Human ADA2 be-
longs to a new family of growth factors with adenosine
deaminase activity.’’
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