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Abstract Ornithine decarboxylase (ODC) catalyzes the
first and rate limiting step in the biosynthesis of polyamines
in most eukaryotes. Because polyamines have pleiotropic
and often dramatic effects on cellular processes at both
high and low concentrations, ODC expression is tightly
controlled. ODC is regulated by a family of polyamine-
induced proteins, antizymes, which bind to, and inactivate
it. In mammals, and apparently most vertebrates, antizymes
are in turn antagonized by proteins called antizyme
inhibitors. Antizyme inhibitors are homologs of ODC that
have lost their decarboxylation activity but have retained
their ability to bind antizyme, in most cases even more
tightly than ODC. We present a phylogenetic analysis of
over 200 eukaryotic homologs of ODC and evaluate their
potential to be either true ODCs or catalytically inactive
proteins that might be analogs of the previously identified
antizyme inhibitors. This analysis yielded several ortholo-
gous groups of putative novel antizyme inhibitors each
apparently arising independently. In the process we also
identify previously unrecognized ODC paralogs in several
evolutionary branches, including a previously unrecog-
nized ODC paralog in mammals, and we evaluate their
biochemical potential based on their pattern of amino acid
conservation.
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Introduction

ODC catalyzes the decarboxylation of ornithine to produce
the diamine putrescine. The polyamines spermidine and
spermine are then derived from putrescine (Pegg 2006).
Increased polyamine concentrations are required in rapidly
growing cells, including cancer cells, and indeed targeting
ODC activity is being tested for cancer treatment and
prevention (Evageliou and Hogarty 2009; Gerner and
Meyskens 2009), [as well as in treatment of Trypanosoma
brucei infection (Heby et al. 2007; Balasegaram et al.
2009)]. Conversely, cells starved for polyamines accumu-
late in G1 and are prevented from undergoing DNA rep-
lication (Review, Oredsson 2003). The polyamine derived
unusual amino acid hypusine is required for activity of
elF5A, which has recently been recognized as an elonga-
tion factor (Saini et al. 2009) and inhibitors of hypusine
formation are being tested for inhibition of HIV expression
(Hoque et al. 2009). Polyamines also have other important
physiological effects unrelated directly to cell growth—for
instance on certain ion channels (Fleidervish et al. 2008).
In light of these effects of polyamines, it is not surprising
that ODC activity is tightly regulated in cells. Regulation
of ODC is known at the transcriptional, translational, and
posttranslational levels. At the posttranslational level,
ODC, a homodimer, is primarily regulated by the protein
ornithine decarboxylase antizyme (antizyme) (Review,
Coffino 2001). Antizyme achieves the down-regulation of
ODC activity by binding to it directly and inhibiting it by
preventing homodimer formation (both ODC subunits
contribute toward the formation of the active site).
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Antizyme bound to ODC monomers subsequently presents
these monomers for ubiquitin-independent degradation by
the 26S proteasome (Murakami et al. 1992; Zhang et al.
2003; Takeuchi et al. 2008). In addition antizyme can
inhibit the polyamine transporter in cells through an
unknown mechanism. Antizyme is encoded by two slightly
overlapping reading frames. A +1 frameshifting event is
required for ribosomes to access the second and main
reading frame and for the synthesis of functional antizyme.
This frameshifting occurs at the end of the first reading
frame and is induced by polyamines (Review, Ivanov and
Matsufuji 2009).

Antizyme is a member of a protein family conserved
from human to yeast and protists (Ivanov and Atkins 2007).
Several distinct mammalian paralogs exist: the originally
cloned antizyme 1 (Miyazaki et al. 1992; Matsufuji et al.
1995) that is expressed in all cells except developing male
germ cells; the equally ubiquitously expressed antizyme 2
that is expressed at a lower level (Ivanov et al. 1998; Murai
et al. 2009); and the tissue specific antizyme 3 expressed
during a discrete stage of spermatogenesis (Ivanov et al.
2000; Tosaka et al. 2000; Snapir et al. 2009). Other ver-
tebrates also have multiple paralogs. For example zebra-
fish, D. rerio, has four paralogs—two orthologs of
mammalian antizyme 1, one ortholog of mammalian anti-
zyme 2 and a fish-specific paralog called antizyme-R
(Ivanov et al. 2007; Ivanov and Atkins 2007).

Antizyme itself is down-regulated by a protein called
antizyme inhibitor (AZI). AZI is a homolog of ODC which
has lost the ability to decarboxylate ornithine (Murakami
et al. 1996, 2009; Kahana 2009). Mouse AZI has also lost
the ability to form homodimers at physiological conditions
(Albeck et al. 2008), but homodimer formation can be
restored with the reversion of just 4 amino acid positions
(Su et al. 2009). Other evidence shows that AZI does not
form heterodimers with ODC and interfere with the cata-
lytic activity of the latter (Murakami et al. 1996). Mouse
AZI has also lost the ability to bind to PLP, an essential co-
factor in the decarboxylation reaction. AZI, however, binds
to antizyme even more tightly than does ODC resulting in
antizyme sequestration (Fujita et al. 1982; Kitani and
Fujisawa 1989; Nilsson et al. 2000; Cohavi et al. 2009).
Cells overexpressing AZI have elevated ODC levels,
increased growth and when injected into nude mice, give
rise to tumors (Keren-Paz et al. 2006). AZI is involved in
the regulation of centrosome duplication (Mangold et al.
2008) and homozygous mutant mice die on the first post-
natal day (Tang et al. 2009). AZI was originally discovered
in rats and orthologs have been identified in other verte-
brates (Hascilowicz et al. 2002).

More recently a second antizyme inhibitor has been
identified in mammals. It was initially termed “ODC-like,”
later ODCp (for ODC paralog) but currently it is known as
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AZIN2 (Pitkdnen et al. 2001; Lopez-Contreras et al. 2006,
2008; Kanerva et al. 2008; Snapir et al. 2008). Unlike the
originally identified AZI (AZIN1) which is ubiquitously
expressed, expression of AZIN2 was initially thought to be
restricted to brain and testis. However, it is now known to
be expressed in sterodogenic cells of human ovaries and
testes (Madkitie et al. 2009) and in mast cells where it
influences polyamine regulation of serotonin secretion
(Kanerva et al. 2009). Another report suggests that AZIN2
expression could coincide with that of antizyme 3 during
mammalian spermatogenesis and interaction between the
two could be important for that process (Lopez-Contreras
et al. 2009). Homozygous antizyme 3 knockout in mice
results in male infertility probably due to easy separation of
sperm heads and tails (Tokuhiro et al. 2009). While AZIN1
has been visualized in the nucleus of transfected cells,
AZIN2 has been visualized in the ER-Golgi intermediate
compartment (ERGIC) and in the cis-Golgi network
(Lopez-Contreras et al. 2009). Endogenous AZIN1 changes
its subcellular localization during the cell cycle (Mangold
et al. 2008; Murakami et al. 2009). As some of its names
suggest, AZIN2 is also a homolog of ODC that, like
AZIN1, has lost the ability to decarboxylate ornithine but
has retained the ability to bind to antizyme. AZIN2 rep-
resents a paralogous group independent of AZINI. Its
sequence is much more similar, than its AZIN1 counter-
part, to that of ODC.

ODC belongs to the alanine racemase family of pyri-
doxal-5'-phosphate (PLP) dependant enzymes. In this
family, it is most closely related to arginine decarboxylase
(ADC) and diaminopimelate decarboxylase (DapDC)
(Jansonius 1998). As referenced later, the ODC crystal
structure with its ligand, has been solved and the molecular
nature of its catalytic site determined—knowledge which
has been corroborated by mutational analysis. The crystal
structure of AZI is also available for comparison and
contrast.

The decarboxylase reaction performed by an ODC
dimer begins when the PLP bound Lys69 (using the
numbering for human ODC, hODC, throughout) is dis-
placed by L-ornithine followed by decarboxylation of the
latter through a nucleophilic attack. It is believed that
nucleophilic attack of the substrate is carried out by
Cys360. Thus both Lys69 and Cys360 are absolutely
essential for the decarboxylation activity and are com-
pletely conserved in all known functional decarboxylases,
including ODC, ADC and DapDC. Mutation of Lys69 to
Ala reduces the k., by more than 3000-fold and the
decarboxylation reaction by 1000-fold (Osterman et al.
1999; Myers et al. 2001). Mutation of Lys69 to Arg
reduces the activity of the enzyme to 0.02% of wild type
(Tsirka and Coffino 1992). Mutation of Cys360 to Ala
completely abolishes activity of the enzyme (Tsirka et al.
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1993). Subsequent studies showed that mutation of Cys360
to Ala reduces k., by 35-fold and causes a decarboxyla-
tion-dependent transamination reaction to form pyridox-
amine 5-phosphate (PMP) and py-aminobutyraldehyde,
instead of PLP and putrescine (Jackson et al. 2000; Myers
et al. 2001). Taken together this evidence indicates that any
ODC homolog with alterations in Lys69 or Cys360 is
unlikely to be enzymatically active.

Several residues, Asp88, Glu94, Argl54, Hisl97,
Ser200, Gly235-Gly237, Glu274, Arg277 Asp332 and
Tyr389, in addition to Lys69, either directly bind PLP or
otherwise stabilize its coordination (Grishin et al. 1999;
Kern et al. 1999). Mutation of Arg277 to Ala increases the
K., for PLP by 270-fold compared to wild type, with a 50%
drop in k., of the reaction (Osterman et al. 1997). Mutation
of His197 to Ala reduces ODC activity to less than 1% of
wild type (Lu et al. 1991). Mutation of Asp88, Glu94 and
Asp274 to Ala decreases the k., of the reaction by 180-,
40- and 50-fold respectively (Osterman et al. 1995).
Mutation of Tyr397 to Ala reduces the k., by 336-fold
(Myers et al. 2001). Asp88 and Glu94 additionally interact
with Lys69 following displacement of the latter by the
formation of putrescine (Jackson et al. 2000). Five of the
residues above—Lys69, Gly235-Gly237 and Glu274—are
completely conserved in a group of 130 compiled and
analyzed ODC, ADC and DapDC sequences (Kidron et al.
2007). The same study identified two additional absolutely
conserved amino acids, Glyl71 and Gly387, which have
structural roles. An earlier study had shown that Gly387 is
essential for homodimer formation and Gly387Ala muta-
tion completely abolishes ODC activity (Tobias et al.
1993).

Two amino acids are involved in a salt bridge that forms
between the two ODC monomers—Lys169 with Asp364
(Grishin et al. 1999). Mutation of Lys169 to Arg reduced
the activity of the enzyme to 0.04% of wild type (Tsirka
and Coffino 1992). In addition to their other role in PLP
binding described above, Arg277, Asp332, and Tyr389
have also been shown to play an important role in dimer
formation (Su et al. 2009). Asp361, adjacent to Cys360,
and also Asp332, are believed to interact in a specific
manner with the substrate (Grishin et al. 1999; Jackson
et al. 2003). Mutating Asp361 to Ala increases the K, for
ornithine by 2000-fold (Osterman et al. 1995). Finally,
Phe397 is believed to be an integral part of the L-CO,
binding pocket during the decarboxylation (Jackson et al.
2003). Mutation of Phe397 to Ala reduces the steady state
rate of product production by 150 folds and the rate of
decarboxylation by 2100 folds (Jackson et al. 2003).

In this report we comprehensively compile and inves-
tigate sequences of ODC homologs from eukaryotes with
the emphasis on species and groups of species, known to
harbour antizyme gene(s) (Ivanov and Atkins 2007).

Analyzing the identity of the 20 key amino acid residues
described above—Lys69, Asp88, Glu94, Argl54, Lys169,
Gly171, His197, Ser200, Gly235, Gly236, Gly237, Glu274,
Arg277, Asp332, Cys360, Asp361, Asp364, Gly387,
Tyr389, and Phe397—is the criteria used in determining
whether any given ODC homolog protein is likely to be an
active decarboxylase or a catalytically inactive protein
similar, at least in this respect, to the known vertebrate AZIs.

Materials and Methods
Compiling ODC Homologs

A list of organisms that have antizyme genes was compiled
previously (Ivanov and Atkins 2007). The sequences of
ODC homologs from these organisms were then compiled
as follows: GenBank was searched with the help of BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/) for complete pro-
tein sequences (3504 amino acids) corresponding to all
ODC homologs in a given organism (irrespective of whe-
ther the entry is labeled ODC, ADC, DapDC, AZI, or
currently has some other annotation). Another group of
sequences was compiled by searching with BLAST and
annotated manually using data publically available through
Genbank from whole genome sequencing projects in var-
ious stages of completion. A third set was compiled by
manually assembling EST contigs from the GenBank EST
database. ODC homologs from several organisms not
known to contain antizyme were also used including: 5
trypanosomal ODCs, 10 plant and algal ODCs, 2 Plasmo-
dium ODCs, and 1 amoeba ODC. We also included 9 ODC
homologs from Phytophthora (water molds—Oomycetes).
Phytophthora species each appear to have as many as 5
homologs of ODC; some of which group with ODC, some
with DapDC, and yet others with ambiguous assignment
(Fig. 1). Their sequences were primarily included to help
with rooting the phylogenetic tree. We specifically tried to
identify and use the three most divergent ADCs and Dap-
DCs (Kidron et al. 2007). In a few instances of special
interest, we included less complete sequences (i.e., contigs
shorter than 350 amino acids). Some sequences from
organisms that are close relatives were excluded to reduce
the number of uninformative entries. The number of
sequences used for the analysis was 229. All the sequences
thus compiled, and used in this study, are listed in Fig. S2,
Supplementary Material online.

Phylogenetic Reconstruction

An amino acid alignment of all compiled sequences was
constructed with ClustalW (http://www.clustal.org/). The
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Fig. 1 Phylogenetic analysis of the ODC homologs analyzed. The
unrooted tree is based on amino acid sequences and was calculated
using MrBayes (Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003) and plotted with NJ-Plot (Perriere and Gouy
1996). Probabilistic support for key branches is given. The scale bar
in the lower left measures the number of amino acid substitutions per
site (accounting for multiple substitutions at the same site). Basal
branches with dubious support (typically probabilities <0.70 and/or
not present in additional realizations of the tree) were collapsed.
Putative homologs with impaired ornithine decarboxylation activity
are shown in red. Putative functional ODC homologs in Ascomycotal
fungi are shown in blue. Putative functional ODC homologs in
vertebrates are shown in green. Putative functional ODC homologs in
invertebrates are shown in brown. All other functional ODC
homologs are shown in black. ODC partial sequences are marked
by “*”

alignment in Fig. S2 is a hybrid of ClustalW and some
manual realignment. A few partial or terminally truncated
sequences were excluded from the primary phylogenetic
analysis. Alignment columns with gaps in seven or more of
the remaining 222 sequences were excluded, leaving 319
amino acid positions. Phylogenetic trees were calculated
using the Bayesian likelihood-based method implemented
in MrBayes version 3.1.2 (Huelsenbeck and Ronquist
2001; Ronquist and Huelsenbeck 2003), using the amino
acid mixture of models with fixed rate matrices and equal
rates. Separate trees were calculated for the vertebrate
clade, the major fungi ODCI clade, all other clades com-
bined, and a reduced selection of 80 taxa that sampled all
major clades. Each tree was independently calculated at
least twice.

The vertebrate tree was also recalculated with the addi-
tion of four sequences (Squalus_acanthias_AZIAl, Tetra-
odon_nigroviridis_ODCI1, Tetraodon_nigroviridis_ODC?2,
Fugu_rubripes_ODC2) that were removed from the initial
analysis due to terminal alignment gaps (Fig. S2). The tree
in Fig. 1 is a composite of these analyses.

Sequence Analysis

The ratio of nonsynonymous to synonymous substitution
rates, Ka/Ks, was calculated using the codeml program
from the PAML package (Yang 1997, 2007). AZIB, AZIC,
and AZID subgroups were individually realigned and
analyzed with the global Ka/Ks value calculated using
either the F3x4 model or a table of codon frequencies, with
removal of alignment columns that contain gaps.

Results and Discussion

ODC sequences were compiled by searching GenBank
with the BLAST algorithm (see “Materials and Methods”).
The search identified a total of 319 sufficiently complete

sequences. These were then pared down to 229 to reduce
the number of sequences from closely related species. The
phylogenetic relationship of 224 of them (including 3
known ADCs and 3 known DapDCs used to help root the
ODC tree) is presented in Fig. 1. An alignment of the 229
amino acid sequences is shown in Fig. S1. Glu9%4 is
invariable in the set of sequences we analyzed and is thus
uninformative and was removed from further consider-
ation. The region surrounding Asp332 is insufficiently
conserved to allow reliable alignment of this residue in all
homologs. Therefore, it was used for predicting the bio-
chemical properties of select proteins only in the special
cases where reliable alignment assessment is possible.
Analysis of the 229 sequences identified 68 ODC homologs
which have alterations in at least one of the 18 remaining
key amino acids described above—henceforth referred to
as “the 18 key amino acids.” The alterations in these 68
proteins are shown in Table 1. Three additional proteins
have reliable alterations of Asp332 (Fig. S1, and discussion
of the cases in the main text below).

One key conclusion presented here is that AZI genes
have likely emerged repeatedly during eukaryotic evolu-
tion and diversification. Additionally, several AZI genes
have undergone branch- (subphylum-) specific duplication.
This creates some confusion with the existing nomencla-
ture for naming newly identified AZI genes. To avoid this
confusion, we propose an original system of naming newly
identified AZI genes and use it for the remainder of this
article. A sequential alphabetical letter starting with “A”,
and designating members belonging to the same ortholo-
gous antizyme inhibitor gene subfamily, is added after the
letters “AZI” (the letter “N” is omitted to avoid confusion
with one of the existing synonyms of antizyme inhibitor—
“AZIN”). Where necessary, a number is also added cor-
responding to the order of discovery for each additional
paralog within an orthologous group (i.e., in an antizyme
inhibitor subfamily). Accordingly, the originally identified
and cloned antizyme inhibitor from rats is designated
AZIA1 while the more recently discovered protein with
antizyme inhibitor activity, usually referred to as ODCp or
AZIN2, is now designated AZIB1.

ODC Homologues in Vertebrates

Three paralogous groups of vertebrate ODC genes have
been described so far. These include ODC itself plus AZIA
and AZIB. Most vertebrates have a single true ortholog of
ODC though a number of exceptions do exist. In the fish of
the Salmonidae family, including salmon and trout, where
the entire genome has undergone complete duplication
within the last 100 million years (McKay et al. 2004), two
ODC paralogs are present. Something similar has occurred
in the frog Xenopus laevis which also has two true ODC
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Table 1 Alteration in the 18 amino acids key for ornithine decarboxylation activity: Lys69, Asp88, Argl54, Lys169, Gly171, His197, Ser200,
Gly387, Tyr389, and Phe397 (the numbering of human ODCI1 is used)
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Table 1 continued
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Species and protein names are shown on the left. Single letter amino acid name abbreviations are used throughout. “Wild type” positions are
indicated by “~”. Deleted amino acids are indicated by “A”. Missing sequence data are indicated by “?”. Invertebrate genes are shown in brown,

vertebrate in green, and Ascomycotal fungi in blue

orthologs, most likely resulting from “a recent” gene
duplication (Evans et al. 2004)—the two proteins are 95%
identical and 97% similar at the amino acid level. The
second ODC ortholog of X. laevis, ODC1-2, described here
for the first time, is not to be confused with the gene des-
ignated XODC2 (Cao et al. 2001), which is an ortholog of
AZIB1 and is discussed below. As should be expected, in
all true vertebrate orthologs of ODC, the 18 key residues

are identical to their counterparts in hODC suggesting that
these genes are functional ODCs.

In addition to the “local” duplications of ODC descri-
bed above, our analysis identified two paralogous groups of
“ODC-like” proteins that, to our knowledge, have never
been described before. In the case described first we ten-
tatively designate the encoding gene as ODC2/AZIC. This
group of genes is present in three ray-finned fishes—
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Gasterosteus aculeatus, Tetraodon nigroviridis, and Fugu
rubripes. No expressed sequence tags (ESTs) correspond-
ing to these genes can be identified but the genes are
maintained without inactivating frameshift mutations and
are phylogenetically closer to each other than to ODC1 in
the corresponding organism. Application of MLOGD (Firth
and Brown 2006), testing a coding model against a non-
coding model, resulted in a positive coding signature—
indicating that they are likely under purifying selection and
therefore expressed. It is worth noting that they are under
less stringent purifying selection than the members of the
ODCI1 group and are diverging at about twice the rate of
ODC1 (Fig. 1). Similarly Ka/Ks was calculated to be
~0.30 for the AZIC clade, compared with ~0.17 for
AZIA and AZIB (ODCp), and ~0.06 for ODCI. In part
because sequence data for this clade is incomplete, it is
difficult to predict the biochemical properties of its
members.

The second group, whose origin is independent, is
present in mammals—monotremes, marsupials, and euthe-
rian mammals—indicating that this paralog diverged from
ODC1 prior to the radiation of extant mammals. Like
ODC2/AZIC in ray-finned fish, this mammalian gene is
rarely expressed, as judged by the low number of known
ESTs. This is the most likely reason why the paralogous
group has never been noted before. Nonetheless, appli-
cation of MLOGD again resulted in a positive coding
signature indicating that they are likely to be functional,
though the few mammalian ESTs available do not provide
clues as to specific function. Like the analog in fish, the
members of this mammalian orthologous group are
diverging faster than their ODCI1 counterparts (Fig. 1) and
this gene is under less stringent purifying selection than
the gene encoding ODC1 (Ka/Ks ~ 0.18 compared to
Ka/Ks ~ 0.06 for ODC1) though, here, the degree of
purifying selection is not dissimilar to that calculated for
AZIA or AZIB. In most members of this subfamily, the
region surrounding Asp332 aligns poorly to the same
region in ODCI1 and only some have an aspartate residue
in the vicinity suggesting possibly impaired ODC activity.
Additionally, the ortholog in cattle, Bos taurus, has two
alterations to the 18 key amino acids—Argl54Trp and
Gly235Arg—which are expected to inactivate its decar-
boxylation activity. In total the evidence suggests that at
least some or most members of this subfamily might have
biochemical activity other than ornithine decarboxyl-
ation—e.g., antizyme inhibition—and are tentatively
designated ODC2/AZID. In the ape lineage (humans,
chimps, and gorillas) this gene has undergone several
frameshift and nonsense mutations that would be pre-
dicted to lead to severe truncations though curiously the
mRNA continues to be expressed in humans (data not
shown).
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The root of the phylogenetic branch containing all
orthologs of AZIA is located close to the root of the other
vertebrate homologs of ODC-indicating that the subfamily
evolved in, and is specific to, the vertebrate lineage.
Further evidence supporting this hypothesis comes from
analysis of the AZIA ortholog from the lamprey (Petr-
omyzon marinus). In lampreys the ortholog of AZIA has
remained a functional ODC, as judged by the 18 key
amino acids. In fact the two ODC paralogs in lamprey can
only be assigned to the ODC and the AZIA orthologous
groups, respectively, on the basis of features within their
5" UTRs which clearly distinguish the two groups (Ivanov
et al. 2008). It is noteworthy that this 5 UTR feature
unambiguously puts AZIA members in one orthologous
group and ODC1 and AZIB members in another group,
independent of the phylogenetic support presented in
Fig. 1.

Some vertebrate orthologs of AZIA are present in more
than one copy per genome. Like the ODC gene, there are
extra copies in X. laevis and Salmonidae as a result of
relatively recent whole genome duplications but, in addi-
tion all ray-fin fish appear to have a paralogous pair of
AZIA genes apparently resulting from a single ancient
gene duplication event. These are designated here as
AZIA1 and AZIA2. AZIA1 has been cloned and studied
previously (Hascilowicz et al. 2002), but to our knowledge
AZIA?2 is described here for the first time. In individual
fish species it appears that the AZIA1 mRNA is more
abundant than the mRNA for AZIA2 but specific experi-
ments would be required to untangle the functions of the
two forms. As might be expected for ODC homologs that
have evolved in a direction independent of decarboxyl-
ation activity, AZIA genes have accumulated numerous
alterations in the 18 key amino acids. In one ortholog or
another, at least 14 of the 18 positions are altered. Indi-
vidual genes have as many as 11 (7. nigroviridis AZIA1)
and as few as 4 (in all mammals) changes. Four residues,
Asp88, Argl54, Arg277, and Asp332, involved in binding
and coordination of PLP or interacting with the substrate,
are altered in all known AZIA orthologs (Table I;
Fig. S1). All other alterations are lineage specific. The
most parsimonious analysis suggests that the original
inactivating mutation was Arg277Ser.

The first cloned AZIA gene was from rat. At the time, it
was noted with curiosity that it has both residues essential
for decarboxylation—Lys69 and Cys360. Many AZIA
orthologs, however, carry incapacitating alterations in
these two essential positions-providing additional evidence
that the products of members of this gene subfamily do not
perform decarboxylation.

While ODC and AZIA orthologs are apparently present
in all vertebrates, including lampreys, the AZIB paralogous
group is only found in tetrapods. In Xenopus the AZIB
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ortholog has been designated XODC?2 (Cao et al. 2001) and
unlike AZIB proteins in mammals, it is likely an active
ornithine decarboxylase as judged by the 18 key amino
acids all of which are identical to hODC (Fig. S1). The
XODC2 mRNA expression pattern is different from that of
XODCI indicating that their roles are at least partially
nonredundant. However, the XODC?2 pattern of expression
is also markedly different from that of human AZIB1 and
its expression is not confined to brain and testes as is the
human ortholog. The AZIB orthologs in mammals contain
numerous deviations in key amino acids for them to be
functional ornithine-, or any other, decarboxylase. To the
Cys360Val noted previously in mouse and human AZIB,
several other important changes can be added. These
include Asp88Ser in all mammals; Argl54Cys in human,
macaque, mouse, rat, cattle, and dog; Cys360Ala in dog
and cattle; Lys169Arg in mouse and rat; Lys69Gly in
mouse; Lys69Arg in rat; Glu274Arg in dog; Glu274Lys
and Asp361Ser in cattle; and Asp361Glu in mouse. The
chicken, Gallus gallus, AZIB ortholog has some of the
same key residues altered as those in eutherian mammals,
specifically Argl54 and Cys360; however, none of the
changes are the same. Cys360 in the reptile, Anolis
carolinensis, shares the same alteration, Cys360Gly,
which exists in birds—indicating that perhaps they were
inactivated as ODCs in a single event. In platypus (O.
anatinus), neither the Cys360 nor the Asp88 are altered but
other inactivating alterations exist—e.g., Argl54Ser and
Asp364Glu. This pattern is consistent with AZIB evolving
from ODC to AZI in at least three separate events. For this
reason we propose calling these forms AZIA1 (in marsu-
pials and eutherian mammals), AZIB2 (in monotremes),
and AZIB3 (in chicken and gecko). It remains to be seen if
all three have similar biochemical properties.

ODC Homologs in Invertebrates

In most invertebrates ODC exists in a single copy. The
most fascinating exception involves the ODC homologs in
the mosquitoes Aedes aegypti, Culex pipiens, and Anoph-
eles gambiae, each with no less than 6 paralogs. The main
ODC paralog in mosquitoes, determined by similarity to
other insect ODCs, and designated here as ODC1, is highly
transcribed as judged by the number of supporting ESTs.
Most of the others are supported by one or zero ESTs,
suggesting that they are transcribed infrequently. In the
phylogenetic tree of eukaryotic homologs of ODCs, these
other paralogs form three distinct clusters. ODC1 ortho-
logs, as indicated above, cluster with the other insect ODCs
and not surprisingly appear to be functional ODCs—a
conclusion based on the fact that their 18 key residues are
identical to hODC. None of the other mosquito ODC
homologs cluster with insect ODCs and all have at least

one alteration in a key amino acid (see Table 1 and
Fig. S1). Curiously, mosquito ODCs2-6, with few excep-
tions, do not form neat orthologous clusters in the three
species examined. Instead, some of these ODC homologs
have corresponding orthologs in only one of the two other
mosquito species. Several others appear to result from gene
duplication events that postdate the divergence of three
species from each other, about 150 million years ago
(Gaunt and Miles 2002). The possible exception are the
homologs designated here as ODC2/AZIEL. The A. gam-
biae paralog designated ODC3/AZIES has no changes in
the 18 key amino acids present in hODC but the region that
normally contains Asp332 has no identifiable aspartate and
is poorly conserved relative to A. gambiae ODC1 (Fig. S1).
ODC2/AZIE] paralogs have two deviations shared in all
three species—Ser200Cys and Asp332Arg (in that case the
region normally surrounding Asp332 is well conserved
relative to A. gambiae ODC1). The first change would be
predicted to destabilize PLP binding while the second to
affect binding to the substrate and dimer formation, in
addition to PLP binding. All other paralogs contain chan-
ges in the 18 key residues that are predicted to be even
more disruptive of ODC function. Four of them, designated
here A. gambiae ODC4/AZIE3 and ODC6/AZIE4, A. ae-
gypti ODC6/AZIE2 and C. pipiens ODC6/AZIE2, on the
basis of their amino acid sequences, are predicted to have
no decarboxylation activity at all: A. gambiae ODC4/
AZIE3 has Lys69Gly while ODC6/AZIE4 has Cys360Met;
A. aegypti and C. pipiens ODC6/AZIE2 have Lys69Arg
and Lys69Gly, respectively, and both share Cys360A. In
fact A. aegypti and C. pipiens ODC6/AZIE2 have,
respectively, 13 and 11 of the 18 key amino acids altered.
Although at this point purely speculative, it seems highly
likely that many, or all, of the mosquito ODC homologs
with alterations in the 18 key amino acids are analogs of
the vertebrate antizyme inhibitors. The surprisingly large
number of ODC homologs in mosquitoes suggests that the
enzyme could play an unusual role in their physiology and
could be a potential target for mosquito control or disease
transmission.

Caenorhabditis elegans and related nematodes have two
homologs of ODC. They are 27% identical and 45% sim-
ilar to each other at the amino acid level, indicating an
ancient divergence. Members of the first group, here des-
ignated ODCl, are diverging from each other at a signifi-
cantly lower rate than members of the second group. Like
the extra ODC homologs in mosquitoes, the second group
in C. elegans does not cluster with other animal ODCs but
instead forms its own cluster. ODC1 is a functional ODC as
shown by recombinant expression (Macrae et al. 1995).
Complete disruption of C. elegans ODCI leads to total loss
of ODC activity in the animals indicating that it is the sole
ODC (Macrae et al. 1995) and suggesting a nonredundant
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role for proteins belonging to the second group. The latter,
ODC2/AZIF, are described here for the first time. Their
lack of ODC activity is entirely consistent with analysis of
their amino acid sequence. No less than 12 of the 18 key
residues are altered in the protein from C. elegans—most
significantly Lys69Ala and Cys360Leu (Table 1). The sit-
uation is similar in two other nematode orthologs of this
protein, in Caenorhabditis briggsae and Ancylostoma
ceylanicum. On the basis of amino acid sequence analysis,
members of this group cannot be active decarboxylases;
they have completely lost the ability to catalyze decar-
boxylation, to bind PLP, and also possibly to form homo-
and hetero-dimers. Once again the most likely explanation
is that they have acquired antizyme inhibitory activity.
There is a second curious parallel with the ODC1-AZIA
pair in vertebrates. The non-AUG initiated conserved
uORF (Ivanov et al. 2008) is present only in the ODC
inactive paralog (i.e., in AZIA in vertebrates and ODC2/
AZIF in C. elegans). Unlike ODC2/AZIC and ODC2/
AZID in vertebrates, C. elegans ODC2/AZIF has very
abundant mRNA as judged by the number of ESTs—per-
haps a hundred times or more abundant than C. elegans
ODCI.

Ciona intestinalis, a chordate, appears to have six ODC
homologs. One of the paralogs, designated by us ODCI,
clusters with other animal ODCs and has no alterations in
the 18 key amino acids. By contrast, the other five para-
logs, ODC2/AZIG] to ODC6/AZIGS, form their own
separate cluster which means they are closer to each other
than either is to any other eukaryotic ODC homolog (the
grouping is supported by 100% probability in our analy-
sis—see Fig. 1). One, ODC4/AZIG3, has His197Phe and
Ser200Asp alterations. The other four share an alteration of
Asp361 to Ala. Two of them, ODC5/AZIG4 and ODC6/
AZIGS, also share Cys360Gly which is predicted to com-
pletely abolish decarboxylation activity. There is a distinct
possibility that these two, and perhaps all five, have
evolved to become antizyme inhibitors.

Another interesting example of an invertebrate organism
with multiple homologs of ODC is the lancelet, Bran-
chiostoma floridae, a chordate. This organism also has
three homologs of ODC. Two of them have an unaltered set
of the 18 key amino acids. One, designated ODC1, clusters
with other animal ODCs and is almost certainly a func-
tional enzyme. The same is probably true for the second,
ODC2, which is more distantly related to other animal
ODC:s. Curiously, B. floridae ODC2 clustered with C. in-
testinalis and the slime mold Dictyostelium discoideum,
ODC in our analysis (99% probability—see Fig. 1). The
third B. floridae paralog, however, has several very unusual
features. In the larger phylogenetic tree, the protein clusters
with the DapDCs. Significantly it carries the alteration
Asp361Glu which exists naturally in the DapDCs, and is a
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position known to be important for substrate specificity.
Another key feature shared with DapDC is an arginine in
helix 11 which is absolutely conserved in these enzymes
but is not present in ODCs. In at least one automatically
generated database (from the Joint Genome Institute), this
protein is already classified as DapDC. We refer to it as
ODC3/DapDC pending confirmation of its biochemical
activity. To our knowledge this is the first putative DapDC
known from metazoans and the gene appears to be a
product of horizontal gene transfer.

Several other invertebrates also have more than one
ODC paralog. One example is in Drosophila melanogaster
which has two copies of the ODC gene (Rom and Kahana
1993), both arising in the Drosophila species subgroup
(data not shown). In both proteins all 18 key positions are
identical to hODC but the second paralog has an
Asp332Tyr alteration that is expected to have a deleterious
effect on binding to PLP, the substrate, and for dimer
formation. The entire region normally surrounding Asp332
is poorly conserved in D. melanogaster ODC2 but well
conserved in ODC1. The biochemical properties of these
paralogs have not been investigated, however, based on
their sequence, the second is another putative antizyme
inhibitor and is here designated ODC2/AZIH. All orthologs
of ODC2 in the Drosophila species for which sequence
information is available, share the Asp332Tyr alteration
(data not shown). The wasp Nasonia vitripennis also has
two homologs of ODC. ODC1 groups with the other insect
ODC:s (Fig. 1) while the second homolog forms a separate
unrelated phylogenetic branch (data not shown). Just like
ODC2/AZIH in Drosophila, to which it is not related by
common descent, Asp332 is altered, in this instance to His.
As with Drosophila ODC2/AZIH, this is expected to
inactivate the enzyme, and we tentatively designate it
ODC2/AZI). Hydra magnipapillata, a cnidarian, appar-
ently has as many as four ODC homologs. For only two
could we compile sufficient sequence for analysis. In
ODC1, the more highly expressed paralog judged by the
number of ESTs, all 18 key positions are identical to
hODC. In the second homolog three alterations are
observed—Ser200Thr, Arg277Lys (Table 1) and Asp332-
Ser (Fig. S1). These three alterations are expected to
completely inactivate ODC activity, and this second
homolog is tentatively designated ODC2/AZIK. The flat
worm, Schmidtea mediterranea, has at least three ODC
homologs. In ODC1 all 18 key positions are identical to
hODC. Both the second and third paralogs have a number
of alterations in the 18 key amino acids. The second has the
alterations Ser200Ile and Glu274Thr (sequence informa-
tion for the last 6 key amino acid positions is lacking). The
third has alterations Ser200Asn, Arg277Thr, and
Asp332Glu. The alterations are expected to lead to loss of
ODC activity and the proteins are two more potential
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antizyme inhibitors and designated ODC2/AZIL1 and
ODC3/AZIL2.

ODC Homologs in Fungi

Although most fungi have a single homolog of ODC, a
number of them have more than one. The ODC paralogs in
the Ascomycota subphylum Pezizomycotina are especially
interesting. Only about a third of the species in this sub-
phylum show evidence for more than one homolog of ODC
per genome. But where more than one copy is present, the
paralogous groups usually have deep roots implying
divergence for a significant period of time and/or a higher
rate of divergence for one of the paralogs. Like the ODC
paralogs in mosquitoes mentioned above, wherever suffi-
cient EST data are available, the evidence suggests that one
of the two paralogs is transcribed many fold in excess of
the other(s). The abundantly transcribed copy is designated
here as ODCI. In all the cases the ODC1s are more closely
related to the other known fungal ODCs than to any of the
extra Pezizomycotina ODCs. From the extra paralogs only
the Botryotinia fuckeliana paralog we designate ODCS3,
which appears to have arisen from ODC]1 through a rela-
tively recent gene duplication, groups together with other
ODC1 Pezizomycotina paralogs (Fig. 1). The rest of the
Pezizomycotina ODC paralogs form three distinct clusters,
the members of which we designate ODC2,3/AZIM,
ODC2/AZIP, and ODC3/AZIR, respectively. One cluster
consists of: Aspergillus clavatus ODC2/AZIM, Neosar-
torya fischeri ODC2/AZIMI, N. fischeri ODC3/AZIM2
(resulting from a relatively resent duplication of ODC2/
AZIM), Aspergillus terreus ODC2/AZIM, and B. fuckeli-
ana ODC2/AZIM. The second cluster consists of: Uncin-
ocarpus reesii ODC2/AZIP, Coccidioides immitis ODC2/
AZIP, and Aspergillus fumigatus ODC2/AZIP. The third
cluster consists of: Gibberella moniliformis ODC3/AZIR
and Fusarium oxysporum ODC3/AZIR. Members of
ODC2,3/AZIM do not have any alteration in the 18 key
amino acids but they appear to lack Asp332 and, like some
other putative AZIs, the region immediately surrounding it
is poorly conserved in this group (Fig. S1). This alteration
is expected to affect substrate specificity, PLP binding, and
dimer formation. Several members of the same cluster also
share Ser200Thr (Table 1), expected to affect PLP binding.
Proteins in the ODC2/AZIP cluster, like members of the
ODC2,3/AZIM cluster, have alteration of Asp332 and
again the region surrounding it is poorly conserved. Pro-
teins in the third cluster have diverged from the main ODC
paralog more than those in the first two. For example, the
proteins corresponding to F. oxysporum ODC1 and ODC3/
AZIR are only 21% identical and 40% similar to each other
at the amino acid level. In comparison, the corresponding
numbers for A. terreus ODC1 and ODC2/AZIM are 46%

and 63%, respectively, while the numbers for C. immitis
ODC1 and ODC2/AZIP are 37% and 55%, respectively. In
addition to the Ser200Thr they share with some of the
members of the ODC2/AZIM orthologous group, the
members of the ODC3/AZIR group have Asp332Ser and
Gly387Ala alterations which are likely to completely
inactivate decarboxylation.

At least three of the Pezizomycotina ODCI1 orthologs
have been shown experimentally to be functional ODCs
(Williams et al. 1992; Bailey et al. 2000; Guevara-Olvera
et al. 2000). Deleting the gene in Neurospora crassa or
Phaeosphaeria nodorum leads to complete loss of ODC
activity; however, since both of these organisms lack
AZIM/AZIP/AZIR orthologs, the results are not informa-
tive regarding the activity of these paralogs in general.

Perspective

Until now, no comprehensive phylogenetic analysis of the
antizyme inhibitor genes in eukaryotes has been attempted.
There has been some erroneous discussion of orthologs of
antizyme inhibitor in invertebrates and attempts to
demarcate the extent and spread of either AZIA or AZIB
has been limited. There is also significant confusion in the
naming and early classification of the protein we here label
AZIB. In this study we attempted to clarify all these issues
and in the process made several interesting discoveries, the
most important of which is the recurrent emergence of
apparently enzymatically inactive forms of ODC.

Overall, the structure of the phylogenetic tree for the
main paralogs of ODC matches the known phylogenetic
relationship of the organisms to which they belong. The
most notable exception is the ODC of Trypanosoma brucei
which clusters with ODCs in the vertebrate branch of the
tree. This clustering has been noted previously and was
attributed to horizontal gene transfer (Steglich and Scha-
effer 2006). As discussed above, Branchiostoma floridae
ODC3/DapDC is almost certainly another example of
horizontal gene transfer. The significance of the clustering
of flat worm homologs (Dugesia japonica ODC and Sch-
midtea mediterranea ODC3/AZIL2) with Plasmodium
ODC is less clear. Plasmodium ODCs are unique in that
they are bifunctional enzyme fusions of S-adenosyl-l-
methionine decarboxylase and ornithine decarboxylase
(Wrenger et al. 2001). There is no hint of such fusion in flat
worms. The future availability of additional flat worm
ODC sequences may allow productive revisiting of this
unusual clustering.

In all but one of the 68 cases of proteins that vary from
human ODC in one or more of the key 18 positions, the
same organism has at least one other ODC homolog with a
complete set of the key amino acids. The one exception is
the ODC homolog in Pichia guilliermondii which is
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supported by a single high throughput genomic sequence
and could well be a sequencing error (Table 1). This
strongly implies the possibility that the paralog that devi-
ates from the consensus has evolved into a protein with a
function other than decarboxylation of ornithine. We pro-
pose that the paralogs with multiple alterations have no
decarboxylation activity at all and that some, or all, are
instead antizyme inhibitors. Since ODC functions as a
dimer and the active site is formed in the interface between
the two monomers, one alternative possibility is that some
of the inactive paralogs form heterodimers with the enzy-
matically active paralog and inactivate it—in effect serving
as ornithine decarboxylase inhibitors. Currently no ODC
homolog is known to possess this activity; however,
mutants of mammalian ODC1 can be made which do
exhibit this activity (Coleman et al. 1994; Tobias and
Kahana 1993). If such activity is demonstrated for any of
the newly identified and presumably catalytically dead
ODC paralogs, this would add yet another layer of com-
plexity to the already known multitudinous layers of ODC
regulation.
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