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ARIADNE (ARI) proteins were recently identified in fruitfly (Drosophila melanogaster), mouse, and man because of their
specific interaction with the ubiquitin-conjugating (E2) enzymes UbcD10, UbcM4, UbcH7, and UbcH8. They are character-
ized by specific motifs and protein structures that they share with PARKIN, and there is increasing evidence that
ARI/PARKIN proteins function as E2-dependent ubiquitin-protein ligases. On the basis of homology and motif searches, 16
AtARI genes were identified in Arabidopsis. Analysis of the position of exons/introns and their chromosomal localization
indicates that the AtARI gene family expanded via larger and smaller genome duplications. We present evidence that
retroposition of processed mRNA may have also contributed to enlarging this gene family. Phylogenetic analyses divides
the AtARI proteins into three subgroups. Two groups are absent in yeast, invertebrates, and vertebrates and may therefore
represent new plant-specific subfamilies. Examination of the predicted protein sequences revealed that the ARI proteins
share an additional leucine-rich region at the N terminus that is highly conserved in all phyla analyzed. Furthermore,
conserved consensus signals for casein kinase II-dependent phosphorylation and for nuclear localization were identified.
The in silico-based analyses were complemented with experimental data to quantify expression levels. Using real-time
polymerase chain reaction, we show that the ARI genes are differentially transcribed. AtARI1 is highly expressed in all
organs, whereas no transcripts could be detected for AtARI11, AtARI13, and AtARI14. AtARI12 and AtARI16 are expressed
in an organ-specific manner in the roots and siliques, respectively.

Now that the sequence of the Arabidopsis genome
is completed, future challenges lie with the func-
tional characterization of all genes in their cellular,
developmental, and evolutionary context. Although
extensive bioinformatic efforts at Munich Informa-
tion Center for Protein Sequences (MIPS), The Ara-
bidopsis Information Resource (TAIR), and The In-
stitute for Genomic Research (TIGR) classified
around 69% of the genes, many of them remain
unknown or hypothetical (Arabidopsis Genome Ini-
tiative [AGI], 2000). One of the most frequently de-
tected domains in the Arabidopsis proteome is the
RING-finger, which is a Cys-rich region with a C-X2-
C-X9–39-C-X1–3-H-X2–3-C/H-X2-C-X4–48-C-X2-C signa-
ture coordinating two Zn2� ligands (Borden and
Freemont, 1996; AGI, 2000). Kosarev et al. (2002)
recently reevaluated the RING-finger domains of the
Arabidopsis proteome and identified through Inter-
Pro searches 387 domains that have the potential to
form the typical RING-type cross-brace structure
(Borden and Freemont, 1996).

RING-finger domains are regarded as protein in-
teraction domains, involved in diverse cellular func-
tions (Saurin et al., 1996). There is increasing evi-

dence that RING-finger proteins mediate transfer of
ubiquitin to proteins targeted for proteolysis via the
26S proteasome pathway (Freemont, 2000; Jackson et
al., 2000; Joazeiro and Weissman, 2000). In this path-
way, ubiquitin is transferred to a target protein
through a cascade of enzymes including ubiquitin-
activating enzymes (E1), ubiquitin-conjugating en-
zymes (E2 or Ubc), and ubiquitin-protein ligases (E3).
E3s, which have the highest diversity, interact di-
rectly with the target protein and are responsible for
the specificity.

E3s can be divided into two classes, with either
a HECT or RING-finger domain(s). Some RING-
finger-containing E3s are part of E3 ubiquitin ligase
complexes such as the SKP1, Cullin/CDC53, F-box
protein, the anaphase-promoting complex, and the
VHL-Elongin-C-Elongin-B (for review, see Jackson et
al., 2000) others are single-subunit enzymes. PRT1,
the first RING-finger protein suggested to be associ-
ated with ubiquitination of N-end rule substrates
(Potuschak et al., 1998), belongs to the latter subclass
of E3 ligases.

There is increasing evidence from recent genetic
and biochemical studies that regulated protein deg-
radation via the SKP1, Cullin/CDC53, F-box protein-
type E3 ubiquitin ligase pathway is involved in many
aspects of plant development. At present, this list
comprises regulation of auxin (Gray et al., 2001) and
jasmonate (Xie et al., 1998) signaling, flower morpho-
genesis (Samach et al., 1999), circadian rhythms (Nel-
son et al., 2000; Somers et al., 2000; Dieterle et al.,
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2001), leaf senescence (Woo et al., 2001), R gene-
mediated disease resistance (Austin et al., 2002; Aze-
vedo et al., 2002), and embryogenesis (Shen et al.,
2002). Proteins with RING-finger domains are classi-
fied based on the presence of additional protein mo-
tifs. The ARIADNE (ARI) class of RING-finger pro-
teins are characterized by the presence of an
N-terminal acid-rich cluster, followed by a C3HC4
RING-finger motif, a central in between RING-finger
(IBR) or B-box, and a second C3HC4 RING-finger
structure. At the C terminus, these proteins have a
potential coiled-coil domain and a Leu-rich region.
Because of their acid-RING-B-box-RING-coiled-coil,
they are also designated as the ARBRCC subgroup of
RING-finger or R-IBR-R proteins. ARI proteins have
been identified by their interaction with the E2 UBCs
UbcD10, UbcM4, UbcH7, and UbcH8 of fruitfly (Dro-
sophila melanogaster), mouse, and man, respectively
(Martinez-Noel et al., 1999; Moynihan et al., 1999;
Aguilera et al., 2000; Ardley et al., 2001). ARI proteins
share their R-IBR-R domain with PARKIN, a protein
involved in autosomal recessive familial Parkinson’s
disease. PARKIN functions as E2-dependent ubiquitin-
protein ligase and promotes the degradation of a syn-
aptic vesicle-associated septin, CDCrel-1 (Zhang et al.,
2000; Rankin et al., 2001). Disease-associated mutations
within the RING1 of the R-IBR-R domain destroy E3
activity (Shimura et al., 2000). Thus, there is increasing
evidence that the ARI/PARKIN proteins define a new
class of single-polypeptide RING-finger E3 ligases.

In this study, we classify and characterize ARI
proteins of Arabidopsis by reevaluating the pre-
dicted exon/intron distribution with computational
and experimental analyses. We demonstrate that
members of this multigene family are expressed in an
organ-specific manner. Sequence comparison and
phylogenetic analyses divided the AtARI proteins
into three subgroups. Two groups are absent in yeast,
invertebrates, and vertebrates including mammals
and may therefore represent new subgroups specific
to plants.

RESULTS

The Arabidopsis Genome Codes for 16 ARI Proteins

To identify the AtARI gene family of Arabidopsis,
database homology searches were performed starting
with the ARI proteins of fruitfly. The results were
evaluated based on the presence of ARI-specific pro-
tein domains: the acidic N terminus, the Cys-rich
domain of the RING1-IBR-RING2 structure (approx-
imately 200 amino acids), and the Leu-rich domain at
the C terminus. On the basis of these criteria, 16
AtARI genes were identified (Fig. 1; Table I). Seven
genes are currently annotated as ARI-like proteins
(AtARI1/9/10/11/13/14/16), one gene (AtARI6) as
an ARI pseudogene, and the remainder as hypothet-
ical, unclassified, putative RING zinc finger or un-
known proteins. The recently annotated ARI-like

genes At5g37560 and At3g454800 were excluded
from this analysis because they did not fit our criteria
and because they lack the acidic N terminus and the
C-terminal Leu-rich domain.

Although most of the characteristic domains are
present in AtARI proteins, only AtARI4/5/7/8/9/
10/11 have a complete RING1-IBR-RING2 domain.
The IBR with the signature C-X4–5-C-X15–24-C-X-C-X4-
C-X2-C-X4-H-X4-C (C6HC) is conserved in all AtARI
but AtARI12 (Fig. 1). AtARI1/2/3 have a mutated
RING2 with a Leu instead of the central His, whereas
in AtARI12, the central C-X1–3-H residues of RING2
are missing. In addition to the truncated RING2, the
AtARI14 and AtARI16 of the remaining AtARI13/
14/15/16 contain a RING1 domain that has lost the
first two Cys residues.

The sequence alignment further reveals highly con-
served amino acids such as Val, Leu, Ile, Trp, and Gly
between the acidic N terminus and RING1. The po-
sitions of Leu/Ile are conserved in ARI proteins of
diverse organisms (see below), and this region is
subsequently referred to as Leu-rich1 domain.

The acidic N terminus is rich in Ser residues, and
several are positioned in consensus phosphorylation
sites (S/T XX D/E) of casein kinase II (CKII; Pinna,
1990). In addition, two well-conserved CKII signa-
tures are present in the Cys-rich region between
RING1 and IBR domain (Fig. 1). Thus, ARI proteins
might be targets for CKII-dependent phosphoryla-
tion, which may provide a mechanism for regulating
their activity. Protein stability may be another mech-
anism by which ARI proteins are regulated. In fact,
PEST signatures are predicted for AtARI1/2/3/11 in
the acidic N terminus.

To uncover the possible subcellular localization of
the AtARI proteins, we searched for different signa-
tures specific to cellular compartments. Neither of
the AtARI proteins carry a signal peptide or a trans-
membrane domain. Because of their basic amino acid
composition, and as suggested by PSORT, most AtARI
family members may be localized in the nucleus (Ta-
ble I; Reinhardt and Hubbard, 1998). This conjecture is
supported by AtARI5/7/8/10/11, which have a clas-
sical SV40-type seven-residue pattern (pat7) of P-X2-
K-X-K-R nuclear localization sequence in the highly
conserved region of RING2 (Horton and Nakai, 1997;
Fig. 1). Nevertheless, a transient cytoplasmic localiza-
tion cannot be ruled out.

Phylogenetic Analysis Subdivides the ARI
Protein Family

Visual inspection of the AtARI protein alignment
already shows that AtARI proteins fall into three
groups: A with AtARI1/2/3/4, B with AtARI5/6/7/
8/9/10/11/12, and C with AtARI13/14/15/16.
These groups exhibit less than 44% sequence and 33%
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Figure 1. Protein alignment of the AtARI family. Black, dark gray, and light gray shading indicate amino acid similarities in
80%, 70%, and 60% of the sequences analyzed, respectively. Periods represent gaps, stars below sequences indicate
confirmed, and circles postulated intron positions. The conserved acid-rich, Leu-rich1 and 2, RING1-IBR-RING2, and the
coiled-coil regions are marked at the top of the alignment with solid and dotted lines, respectively. The CKII phosphorylation
signatures, the nuclear localization signal (PAT7), and the conserved His (H) of RING2 are indicated above the alignment.
The small letters in the AtARI4 protein sequence mark the putative amino acids of the putative first and third intron.
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amino acid similarity, whereas the nucleotide and
amino acid similarity within groups is higher (Fig. 2).

To determine the evolutionary relationship among
the ARI proteins, phylogenetic analyses were per-
formed with protein sequences of plant, algae, yeast,
invertebrate, and vertebrate origin. Because full-
length cDNA information was not available for all
organisms, we also constructed the phylogram sepa-
rately with the Leu-rich1 and -2 and the RING1-IBR-
RING2 domain (Fig. 3). In total, we calculated four
multiple sequences alignments and neighbor-joining
trees with ClustalX v1.8 (Saitou and Nei, 1987). For
the RING1-IBR-RING2 domain, we used human and
rat PARKIN proteins as the outgroups. The tree to-
pology of the different protein domains was similar
to that of the full-length proteins and was largely
supported by high bootstrap values (Fig. 3).

The phylogenetic analysis also divides the AtARI
gene family into three subgroups. Group A radiates
closer to ARI proteins of yeast, invertebrates, and
vertebrates. This suggests that group A includes
the closest homologs to the yeast and animal ARI
proteins. In addition to AtARI5/7/8/9/10/11/12,
group B also contains ARI proteins of barley (Hv),
rice (Os), and C. reinhardtii (Cr). No other plant
proteins cluster into group C with AtARI13/14/15/
16. Thus, the current lack of ARI sequences from
other plant families including Brassicaceaes is insuf-
ficient to determine whether group C proteins are
specific to Arabidopsis at the level of family, class,
or phylum. The findings that only plant ARI pro-
teins are present in groups B and C and that several
ARI proteins of rice group into clade A and B
support the existence of plant-specific ARI genes,

Table I. ARI gene family members in Arabidopsis

The numbering follows the phylogenetic analysis.

Family Namea Gene Structure

Open Reading Frame Name
(AGI)

ESTs/Full-Length
cDNA TC

Sequences (TIGR)
Protein Amino Acids/kD

Nuclear
Localizationb

New Old

%

Subgroup A
AtARI1 At4g34370 F10M10.140 6 ESTs AAK92801 597/68.8 60.9

AY050864
AY117264
TC129475

AtARI2 At2g16090 F7H1.11 3 ESTs AAL57664 593/67.8 52.2
AY101519
AY065022
TC147587

AtARI3 At3g27710 MGF10.11 AY072185 BAB02695 537/62.2 52.2
AY096743 AAM20377

AtARI4c At3g27720 MGF10.12 Pseudogene 502/58.5

Subgroup B
AtARI5 At1g05890 T20M3.16 AY120783 AAM53341 552/62.5 73.9
AtARI6 At1g63760 F24D7.5 Pseudogene 551/62.6

AtARI7c At2g31510 T9H9.3 AV562500 562/64.0 73.9
AFL19/07/H23
RAFL09/44/E08

AtARI8 At1g65430 T8F5.21 31 ESTs AAL32886 567/64.8 65.2
TC133535
TC133534
AY062808

AtARI9 At2g31770 F20M17.19 AAD32295 543/62.9 69.6
AtARI10 At2g31760 F20M17.20 AAD32296 514/59.4 21.7
AtARI11 At2g31780 F20M17.18 AAD32294 542/62.4 73.9
AtARI12c At1g05880 T20M3.15 496/56.4 65.2

Subgroup C
AtARI13 At5g63750 MBK5.23 BAB10468 536/61.6 73.9
AtARI14 At5g63730 MBK5.21 BAB10466 506/59.0 69.6
AtARI15d At5g63760 MBK5.24 6 ESTs 452/51.8 21.7

TC146548
AtARI16 At5g08730 T2K12.80 CAC35878 500/56.6 65.2

aThe numbering of the AtARI genes follows the pattern derived from the phylogenetic analysis. bResult of the k-nearest neighbors
prediction after Horton and Nakai (1997). cReannotated by the authors. dAlternatively spliced 3�-UTR intron.
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which diverged before the split between mono- and
dicotyledons.

The Distinct ARI Gene Structures

Predicting the sites of splicing correctly is still
a challenge for genome annotators. To get a reliable
annotation, we combined computational analyses
with experimental approaches and confirmed the
exon/intron borders by either sequencing reverse
transcriptase (RT)-PCR products or by comparing
our proposed splicing differences to full-length
cDNAs or to the tentative consensus (TC) sequences
of TIGR (Seki et al., 1998, 2002; Quackenbush et al.,
2000; Table I). With this combined approach, we
identified the AtARI genes unambiguously. We stress
that one-half of these had previously escaped identi-
fication because of erroneous splicing predictions.

No expressed sequence tags (ESTs) have been de-
posited for AtARI11/13/14 in the publicly available
databases, and we were unable to detect expression.
Therefore, we predicted their exon/intron splice sites
by GENESCAN analyses and based on the most fa-
vorable similarity to the characteristic AtARI protein
structure.

Despite the conserved nucleotide and amino acid
sequence, the number of exons varies between one
(AtARI3/6) and 15 (AtARI5/7/8; Figs. 1 and 2).
Group C members (AtARI13-16) have the most uni-
form exon/intron structure with a single intron in the
coding region of the RING2 domain (Fig. 1; Table I).

Group B members (AtARI5-12) exhibit the greatest
differences. This group includes an intronless pseu-
dogene (AtARI6), and members with the highest
number of introns (AtARI5/7/8/12) share the same
exon/intron structure (Fig. 1; Table I). One exception
is AtARI12, which lacks the first intron and has dis-
placed the seventh and ninth introns (Fig. 1).

AtARI9/10/11 have only two introns at the same
position where AtARI12 and AtARI5/7/8 have their
11th/12th and 12th/13th, respectively. On the basis
of protein similarity and conserved exon/intron
splice sites, we propose that the second intron of
AtARI11 has shifted (Fig. 1).

The group A members do not share any introns
with the other classes and can be divided into two
subgroups. One subgroup has no introns (AtARI3) or
has predicted introns at questionable positions
(AtARI4). The other two genes AtARI1 and AtARI2
share their first four introns but not the C-terminal
one(s).

Evidence for AtARI Genes Generated by Retroposition

Retroposition has been suggested in animal sys-
tems as one means of generating intronless pseudo-
genes. Retroposition is thought mechanistically to
occur by reverse transcription of mature mRNA after
integration in the genome at sites unlinked to the
active founder gene (Brosius, 1999). Thus, pseudo-
genes generated by retroposition may maintain some
5�- and 3�-untranslated region (UTR) sequence simi-
larities to the mRNA of the founder gene. After in-
tegration, pseudogenes accumulate various defects,
including missense or nonsense substitution, inser-
tions, or deletions that lead to frame-shifts in the
coding region.

As indicated above, one intronless pseudogene,
AtARI6, was identified with high nucleotide similar-
ity to AtARI5, a gene with 14 introns (Fig. 2; Table I).
But there is at least one other gene, AtARI3, which
does not contain an intron and exhibits a high-
sequence similarity to the intron containing AtARI1.
AtARI3 also exhibits a high-sequence similarity to
AtARI4, which was predicted to carry three introns.

Figure 2. Degree of nucleotide and amino acid similarities between the AtARI family members. Values indicate the
percentage of similarity obtained by pair wise comparisons between cDNA (left) and protein sequences (right). The
similarities of AtARI members of a particular subgroup are marked light gray and of clustered genes dark gray.
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Interestingly, one difference between AtARI3 and
AtARI4 at the sequence level is an insertion of a
single nucleotide that introduces a stop codon at
codon 61 (Fig. 4). To avoid this stop codon, gene
prediction programs propose a 52-bp intron. With
the proposed second intron, an exon is generated that
codes for a stretch of four and two modified versions
of a nona peptide motif of EKTRKRKKE (Fig. 4). A
deletion of seven nucleotides is at the 3� end of the
proposed third intron; this destroys the open reading
frame coding for highly conserved amino acids be-
tween AtARI3 and AtARI4 (Fig. 4).

We tried to confirm the exon/intron positions for
AtARI4 but could only amplify fragments without
introns. To prevent genomic contaminations we (a)
pretreated RNA with DNase before cDNA synthesis
and (b) confirmed that other PCR reactions with the
same cDNA did not amplify genomic fragments.
Thus, the gene either is not expressed or is expressed
at very low expression levels irrespective of splicing.

The unspliced transcript codes for a truncated
AtARI4 protein of 60 amino acids.

Moreover, the intronless nature of AtARI3/4 points
to a second retroposition event into a locus that sup-
ported the transcription of the retroposed gene. A
local gene duplication (see below) produced a second
copy, which subsequently accumulated mutations.
Thus, retroposition might be one of the mechanisms
for the expansion of the AtARI gene family.

Chromosomal Distribution and Homology of the
AtARI Genes

The observation that AtARI members differ in their
gene structure points to different evolutionary histo-
ries of this gene family in Arabidopsis. Systematic
analysis of the Arabidopsis genome suggests that at
least four large duplications followed by chromo-
some fusions, inversions, translocations, gene losses,
and smaller duplications occurred during evolution/
speciation (Koch et al., 1999; Blanc et al., 2000; Vision
et al., 2000). To determine whether AtARI genes are,
in part, the result of genome duplication events,
we analyzed the chromosomal distribution of the
AtARI genes using the Genome and Redundancy
Viewer at MIPS (http://mips.gsf.de/proj/thal/db/
gv/gv_frame.html). The 16 AtARI genes are distrib-
uted on all five chromosomes at 10 loci that code for
up to three genes (Fig. 5A). AtARI5/12 and AtARI7/
9/10/11 are in duplicated blocks estimated to have
originated 100 million years ago, long after the diver-
gence of monocots and dicots (Vision et al., 2000).
Two loci at the end of published duplication events
on chromosome V, AtARI16 and the cluster of
AtARI13/14/15, might have originated by a second,
younger (approximately 50 million years ago) dupli-
cation event.

Figure 3. Conservation of the RING1-IBR-RING2 domain and phy-
logenetic analysis. Phylogenetic tree generated from alignment of the
Cys-rich region from the ARI proteins of Arabidopsis (AtARI1–
AtARI15), fruitfly (DmARI1 and DmARI2), Brewer’s yeast (Saccharo-
myces cerevisiae; Sca), fission yeast (Schizosaccharomyces pombe;
Sp594204) Caenorhabditis elegans (Cea, Ceb, Cec, and Ced), mouse
(Mus musculus; MmUIP48), human (HsARI2), rice (Oryza sativa;
Os103891, Os1000404, Os1000524, and Os1013304), Xenopus
leavis (XlTC7286), barley (Hordeum vulgare; HvTC18378), Chlamy-
domonas reinhardtii (CrTC1712), maize (Zea mays; TC12636), and
two PARKIN proteins of human (HsParkin) and rat (RnParkin). The tree
was calculated using the neighbor-joining method with 1,000 boot-
strap replicates of the ClustalX 1.8. The two PARKIN proteins (HsPar-
kin and RnParkin) were used as outgroup, and the phylogram was
drawn using TreeView. The bootstrap values are placed at the nodes.
Clades are shaded with different gray levels for better distinction.

Figure 4. Differences of the coding sequences and the predicted
exon/intron borders between AtARI3 and AtARI4.
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In addition, clustered genes such as AtARI3/4 and
AtARI9/10/11 share 78% to 86% nucleotide and 71%
to 82% amino acid identity (Fig. 2). These high se-
quence similarities imply that the clusters might have
originated from recent smaller duplications, for exam-
ple because of unequal crossing-over. This mechanism
is supported not only by the sequence identity of the
coding region but also extends to the 5�- and 3�-UTRs
of AtARI3/4 and AtARI9/10 (Fig. 5, B and D). In
addition, the second intron of AtARI9/10/11 is highly
homologous, whereas the first intron exhibits some
similarities between AtARI9/10 but is larger and has
already diverged in AtARI11 (Fig. 5, B and C).

A different picture emerges for the clusters
AtARI5/12 and AtARI13/14/15. Here, sequence
identities drop to 56% and 75% at the cDNA and to
44% and 61% at the amino acid level, respectively
(Fig. 2). One possibility to explain this divergence is
that the AtARI5/12 and AtARI13/14/15 are older
duplications that have already diversified. Interest-
ingly, AtARI5 exhibits a higher homology to other
AtARI members outside the cluster and, in particular,
to the unclustered pseudogene AtARI6, which does

not localize to a region of larger genome duplication
(Figs. 2 and 5, A and E). Instead, AtARI6 localizes
close to two clusters of putative disease resistance
protein genes. As pointed out earlier, the AtARI6
pseudogene does not have any intron and exhibits
high homology to AtARI5, indicating that it might
have been formed by retroposition via a mRNA in-
termediate. In addition, AtARI6 possesses features
indicative of a relatively recent origin, being almost
identical in the “coding” region and exhibiting ho-
mologies at the 3�-UTR (Fig. 5E).

AtARI Genes Are Differentially Expressed and
Alternatively Spliced

ESTs or cDNAs are good preliminary sources for
information about potential differences in expres-
sion, e.g. organ-specific expression or altered pat-
terns of expression during development. Searching
different databases, full-length cDNAs were identi-
fied for AtARI1/2/3/5/8 and ESTs for AtARI7/15
(Table I). For example, six ESTs are deposited for
AtARI1 and for AtARI15 and 31 for AtARI8. No ESTs

Figure 5. Chromosomal distribution of and homologies between the AtARI gene family. A, The 16 AtARI genes are localized
throughout the Arabidopsis genome as single genes or in clusters, which are specified with brackets. Gene positions on the
physical map of AGI at TAIR are indicated in megabases for each gene. The five chromosomes are labeled by roman
numerals, and the large genome duplications are represented by dotted lines. B to E, Dot-blot analysis of clustered (B–D) and
potentially retropositioned (E) AtARI genes was done using the identity matrix of the program Dotlet, using a sliding window
of 25 nucleotides and gray scale settings of 37% to 78%. The black diagonals denote regions of high nucleotide identities.
Gaps in the diagonals represent either mismatches or introns. B compares the genomic sequence between AtARI9 and
AtARI10, C between AtARI9 and AtAIR11, D between AtARI3 and AtARI4, and E between the 14-intron-containing AtARI5
and the pseudogene AtARI6. Note that the region of sequence identity between AtARI9/10, AtAIR9/11, AtARI3/4, and
AtARI5/6 extends into the 5�- and/or 3�-UTR. Start and stop codons, introns, the orientation of the sequences (5�–3�), and
special features as the repeat region of AtARI4 are indicated.
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were identified for AtARI4/9/10/11/12/13/14/16
or for the pseudogene AtARI6 (Table I).

To determine the organ-specific expression pattern
of each AtARI member, real-time PCR was performed

on RNA isolated from roots, leaves, stems, flowers,
and green siliques. In addition, we measured expres-
sion levels for two housekeeping genes, UBIQUITIN
EXTENSION PROTEIN5 (UBQ5) and �-TUBULIN9

Figure 6. Real-time PCR expression profiles of individual AtARI genes and the housekeeping genes UBQ5 and TUB9. A, The
absolute copy number of individual AtARI, UBQ5, and TUB9 transcripts per nanogram total RNA of all organs analyzed (r,
root; l, leaf; st, stem; fl, flower; sil, silique). B, The relative level of individual AtARI, UBQ5, and TUB9 mRNAs in each organ
as the percentage of the absolute copy number shown in A. Stars mark data where expression was close to the detection
limit. C, The relative quantification of individual AtARI genes normalized with the housekeeping gene TUB9. Note that
AtARI12 and AtARI16 exhibit the highest degree of organ specificity. At least three different RNA isolations were analyzed,
and each cDNA was measured in triplicate. The expression of the AtARI4/AtARI9/10 was below the limit for a reliable
quantification with real-time PCR. AtARI11/13/14 could not be amplified at all and are not included.
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(TUB9), which are genes transcribed at intermediate
levels (Fig. 6A). Surprisingly, UBQ5 is expressed at
significantly lower levels in siliques, whereas TUB9
is expressed more uniformly in the organs tested
(Fig. 6B).

Although low amounts of amplification products
were generated of AtARI4/9/10 cDNAs, they were
below the detection limit of the real-time PCR which
is about 5 cDNA copies ng�1 RNA. No cDNA could
be amplified for AtARI11/13/14. For these genes,
ESTs have also not been deposited in public data-
bases. Thus, either these AtARI members are ex-
pressed at extremely low levels or in specific tissues
and at distinct developmental stages that were un-
derrepresented in our organ samples.

Organ-specific transcription, i.e. in roots and green
siliques, was detected for AtARI12 and AtARI16, re-
spectively. In contrast, AtARI1/2/3/7/8/15 are ex-
pressed to a similar level in all organs (Fig. 6, B and
C). The highest expression level was detected for
AtARI1 followed by AtARI15 (Fig. 6A). The other
AtARI members are expressed at low levels with less
than 20 cDNA copies ng�1 RNA. The expression of
AtARI3 and AtARI16 was close to the detection limit.
The results obtained by measuring the absolute levels
of transcript copy number were consistent with the
relative quantification based on the ratio of AtARI
transcript number to the transcript number of the
housekeeping genes TUB9 and UBQ5 (Fig. 6, B and C).

Alternative splicing is one possibility to increase
the number of proteins and their translation effi-
ciency. We detected such an alternative splicing
event for AtARI15 because two different mRNA
forms exist at the 3�-UTR of the AtARI15 (Fig. 7A).
The smaller transcript lost the 3�-UTR intron during
pre-mRNA splicing. The larger transcript retains this
intron (Fig. 7B). We consider genomic contamination
unlikely to account for this observation because we
have rigorously attempted to minimize genomic con-
tamination. In addition, and more importantly, our

finding of alternative splicing is further substantiated
by the existence of a cDNA clone (GenBank accession
no. BE520707) that maintained the 3�-UTR intron.
This intron can form two hairpin structures at its 5�
and 3� end that flank a highly T-rich central sequence
(Fig. 7C) and thus may have functional relevance for
the stability and/or localization of the mRNA or the
translational efficiency.

DISCUSSION

Retroposition and Large and Small Duplications Are
Three Modes of AtARI Gene Family Expansion

The completion of the Arabidopsis genome allows
the analysis of gene families, their evolution, func-
tional redundancy, and divergence. It is a striking
feature of the Arabidopsis genome that the propor-
tion of proteins belonging to families of more than
five members is higher (37.4%) than in other model
organisms as fruitfly (12.1%) or C. elegans (24.0%;
AGI, 2000). The AtARI gene family also conforms to
this empirical observation. Although our database
searches identified 16 AtARI genes in Arabidopsis,
only two ARI genes are present in fruitfly and four in
C. elegans.

Vision et al. (2000) explained this pronounced re-
dundancy in the Arabidopsis genome through at
least four different large-scale duplication events. In
fact, at least two AtARI gene clusters are located in
such large duplicated stretches between the top and
the bottom of chromosomes 1 and 2, respectively
(Fig. 5A). In addition, the sequence and structural
homology of AtARI13/14/15/16 and their vicinity to
an intrachromosomal duplication on chromosome 5
suggest that they also originated through one of the
large-scale duplications. Thus, part of the expansion
of the AtARI gene family can be traced back to the
large-scale duplication events that have already been
described.

Figure 7. Alternative splicing of a 3�-UTR intron of AtARI15. A, The two real-time PCR amplicons of AtARI15 were separated
on a 1.5% (w/v) agarose gel and stained with ethidium bromide. Sequencing of the two amplicons revealed that the 303-bp
fragment is spliced, whereas the 475-bp fragment corresponds to the unspliced form of the AtARI15 transcript. Lane M was
loaded with a 100-bp DNA size marker (MBI Fermentas, Vilnius, Lithuania). B, Schematic diagram of AtARI15 with the
alternatively processed 3�-UTR intron. C, The 3�-UTR of the AtARI15 mRNA can form two potential hairpin structures. The
�G value of the hairpin structure of �19.9 kcal mol�1 was calculated according to Mathews et al. (1999). The hairpin
structures start 33 nucleotides downstream of the stop codon, include 117 nucleotides, and stop 30 nucleotides before the
3� site of the alternatively spliced intron.
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More than one-half of the AtARI genes cluster as
tandems with up to three copies. This observation is
again consistent with published data showing that
17% of all Arabidopsis genes are organized in tan-
dem arrays (AGI, 2000). Most of the clustered AtARI
genes exhibit a high sequence similarity and con-
served intron positions. This indicates that they may
have originated recently. The fact that the sequence
identity extends to non-coding regions points to a
duplication through an unequal crossing-over mech-
anism (Fig. 5, B–D).

However, duplication events do not suffice to ex-
plain the abundance of the AtARI family members.
Interestingly we identified three intronless AtARI

genes that may have derived from a mRNA-
mediated mechanism. One of them, AtARI6, is anno-
tated as a pseudogene with short 5�- and 3�-UTR
sequences of 380 and 179 bp, respectively, and the
putative open reading frame codes for a premature
stop codon. AtARI6 shares 90.7% nucleotide identity
to AtARI5 cDNA, indicating that this AtARI member
may be the founder gene. AtARI3/4 may have simi-
larly arisen from reinsertion of processed mRNA into
the genome. Although, the annotation of AtARI4 in
the public databases proposes three introns, our anal-
yses do not support these predictions. Moreover, we
propose that AtARI4 is another pseudogene and that
the insertion of a single nucleotide introduced a stop

Table II. Primer sequences and amplicon sizes for real-time PCR analysis and exon/intron border confirmation

Gene
AGI Gene

Name
Primer Pairs

Fragment Length

Genomic cDNA

bp

UBQ5 At3g62250 5�-AACCCTTGAGGTTGAATCATCC-3� 426 426
5�-GTCCTTCTTTCTGGTAAACGT-3�

TUB9 At4g20890 5�-GTACCTTGAAGCTTGCTAATCCTA-3� 470 360
5�-GTTCTGGACGTTCATCATCTGTTC-3�

AtARI 1 At4g34369 5�-CCCACTCCCCTTGCTCTTG-3� 410 240
5�-TTCGCTCTTTCCATCTGCTTCT-3�

AtARI 2 At2g16090 5�-AATGGTGAAGTGGTGTCCGAGT-3� 425 340
5�-ACCCGAGATTCTAGCCCAAGTG-3�

AtARI 3 At3g27710 5�-CATTGCGGGAGTGCGATACG-3� 280 280
5�-CAAAAATGCTGCCCACACTTACAA-3�

AtARI 4 At3g27720 5�-GGAAGGAACATTTTACCGTGAGG-3� 255 128 predicted
5�-GAACATTCCACCTCATCAACATCG-3�
5�-AACGCGGAAGAGTCCGATTTG-3� For sequencing

AtARI 5 At1g05890 5�-ACCCTTCTTGTCCTGCTGCTATT-3� 1100 390
5�-AGAAAAGTTAACCGGCGAATGTG-3�

AtARI 7 At2g31510 5�-GCATATGGATACTACCTACCTGAGC-3� 650 285
5�-GCAAGCCGCATGTGAGTCTCA-3�
5�-ATGGATTCTGAAGAAGACATGC-3� For sequencing

AtARI 8 At1g65430 5�-AACGCCGAGAGATGGCAAAGAACTCT-3� 1,950 400
5�-TCCTGCCAGTTTTGTGCGGAATTCA-3�

AtARI 9 At2g31770 5�-GCAAGACTTGCTGGGCTGGTT-3� 430 430
5�-GATAGGACGCTTGCACTTGCATTCAGGAC-3�

AtARI 10 At2g31760 5�-GCAAACGTCCTATCGAGAAGAGC-3� 680 415
5�-TGGTCGCTTGGCGAGATTATC-3�

AtARI 11 At2g31780 5�-AGCGCAACAAGCGAGTATTTGC-3� 450 No expression
5�-CTACAGTCCTTCGCAGCAAACAC-3�

AtARI 12 At1g05880 5�-ACGTATCGCAGCTTAAGTTCATCCT-3� 400 230
5�-TAGGAAACTGCCAAGGAGGAGC-3�
5�-GTAGAACTTAAGCTGCGATACGT-3� For sequencing
5�-TGCGCCATTGATCTTAGTCCA-3�
5�-ATCCTTTGACGGTTCCTCCTCG-3�
5�-AAGGTAAGCATTTCATCTTCAGTG-3�
5�-GCCACACTTCTGCTTTCTCAC-3�

AtARI 13 At5g63750 5�-CCGGTTCTTGACTTGTGCCT-3� 465 No expression
5�-CTCTTCGACATCTCATACTCTGC-3�

AtARI 14 At5g63730 5�-CGACCAAAACCAAGACAGTGAC-3� 300 No expression
5�-CACGTTCCAGCGATCCTCAC-3�

AtARI 15 At5g63760 5�-GATTGATGCCAATACCAAGCCT-3� 450 340
5�-CCTTAGTACCTTAACGTCTTGC-3�
5�-CGAGAAGGTTTGCCCGAGGTA-3� For sequencing
5�-CAGGGCTTTTAGTTCCTGAGA-3�

AtARI 16 At5g08730 5�-ACGTACCTGTTGGATCAGTCA-3� 300 240
5�-GATTCAGGTGGAGAATCTGTG-3�
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codon at the 5� end of the gene. In addition, AtARI4
is interrupted by a large repeat located after the first
stop codon. Thus, one plausible scenario for the de-
velopment of the AtARI3/4 gene cluster would in-
volve a retroposition of a founder gene, probably
AtARI1, through a processed mRNA intermediate, a
duplication through unequal crossing-over leading
to the tandemly clustered AtARI3/4, and the accu-
mulation of mutations in AtARI4. Whereas AtARI3 is
expressed and retains its function, AtARI4 is a pseu-
dogene expressed at very low levels. Similar scenar-
ios are suggested to be a major driving force in
autosomal gene decay in fruitfly (Steinemann and
Steinemann, 1997). Finally, there is increasing evi-
dence that retroposition also contributes to the emer-
gence of new functional and nonfunctional gene cop-
ies in primates and in other mammalian genomes (for
review, see Brosius, 1999). Thus, it is reasonable to
speculate that retroposition may have had an impor-
tant role in Arabidopsis as well. Obviously, retropo-
sition provides a mechanism for the expansion of
gene families. We are aware that our analysis may
not show the complete picture because only the ac-
cession Columbia was used and because there is
evidence that the pattern of duplications can be dif-
ferent in other accessions (M.-T. Hauser, unpublished
data).

Phylogenetic Analysis Points to Plant-Specific
Subgroups of ARI Proteins

Gene evolution and divergence can be inferred by
comparing the degree of conservation of intron po-
sitions, protein structures, and domains and the ho-
mology of coding DNA and encoded amino acid
sequences. We have used these criteria to further
subdivide the AtARI family into three subgroups. By
including ESTs and full-length sequences of algae,
yeast, plants, invertebrates, and vertebrates, we in-
ferred the orthology of the Arabidopsis paralogs. The
phylogenetic analyses were done with full-length
protein alignments and of conserved domains. Re-
gardless of the size of the compared sequences, all
calculations revealed that vertebrate and invertebrate
sequences form two separate clades each with one of
the fruitfly DmARI1 and DmARI2 paralogs. Three
clades contain only plant sequences, and the AtARI
subgroups match to these clades. In addition, the
existence of ARI orthologous EST and gene sequences
from rice, maize, and barley suggests that at least
clade A and B arose before the split of the monocot
and dicot phyla. Furthermore, ARI ESTs were iden-
tified from cauliflower (Brassica oleracea), soybean
(Glycine max), potato (Solanum tuberosum), tomato
(Lycopersicon esculentum), wheat (Triticum aestivum),
and poplar, but the sequences were too small to be
included in our analysis (data not shown). We iden-
tified four ARI genes in rice. Three cluster in clade A
and one in clade B, indicating that different ARI

paralogs of this gene family exist also in other phyla
and have diverged to a higher degree in the plant
kingdom.

The proximity of plant clade A to the “animal”
clades suggests that class A members may be their
orthologs. It remains to be demonstrated whether
their functions and the function of the paralogous
classes are similar and to what extent they have
diverged.

Protein Domains of ARI-Like Proteins: First
Indications for Function and Regulation?

One objective of these detailed analyses was to
gather information that allows the prediction of the
biochemical or biological functions of the AtARI gene
family. To investigate the biological significance of
the AtARI gene family, we identified conserved do-
mains, subcellular localization signatures, and other
features that are the basis for further experimental
investigations on the AtARI proteins.

It has been demonstrated that the most characteristic
signature of the ARI proteins, the RING1-IBR-RING2
domain, interacts specifically with the E2 UBCs
UbcD10, UbcM4, UbcH7, and UbcH8 of fruitfly,
mouse, and man, respectively (Martinez-Noel et al.,
1999; Moynihan et al., 1999; Aguilera et al., 2000).
These data suggest that the ARI proteins are function-
ally linked to the ubiquitin/proteasome pathway. In-
teraction studies of the human ARI protein (HHARI)
revealed that the RING1 and part of the IBR motif is
necessary for the binding to UbcH7 (Moynihan et al.,
1999). The importance of the RING1 domain for inter-
action with specific UBCs was confirmed with
DmARI1 and DmARI2 of fruitfly and UbcD10 but also
with the mouse homolog UbcM4 (Aguilera et al.,
2000). Thus, the interaction of ARI proteins with spe-
cific UBCs is conserved between insects and mam-
mals. Ardley et al. (2001) further showed that the
distance between RING1 and the IBR is crucial for
maintaining the binding to UBCs. The RING1 domain
and the distance to the IBR is highly conserved in the
AtARI protein family with the exception of some sub-
group C members. Thus, it is intriguing to argue that
the AtARI proteins might interact with specific UBCs.
At least 37 potential UBC-like genes were recently
identified in the Arabidopsis genome that are candi-
dates for interaction with the AtARI proteins (Bach-
mair et al., 2001).

Given that the ARI proteins and PARKIN have the
RING1-IBR-RING2 domain in common, we antici-
pate that the proteins share functional similarities. It
has recently been shown that PARKIN acts as an
E2-dependent ubiquitin-protein ligase (Shimura et
al., 2000; Zhang et al., 2000; Rankin et al., 2001).
However, we are aware that this analogy may be
misleading because Zhang et al. (2000) mapped the
interaction domain of PARKIN with UbcH8 to
RING2. Second, Shimura et al. (2000) suggested that

The ARIADNE Gene Family of Putative E3 Ligase

Plant Physiol. Vol. 131, 2003 37



the ubiquitin-like (Ubl) domain of PARKIN functions
as a module necessary for binding the ubiquitinated
proteins. Because ARI proteins do not have a Ubl
domain, the binding domain for the ubiquitinated
substrates may be different in PARKIN. Third, Zhang
et al. (2000) identified CDCrel-1 to be a member
of the septin family as a target and showed that
PARKIN ubiquitinates and regulates CDCrel-1 deg-
radation. Septin proteins are well-conserved small
GTP-binding proteins of animals and fungi. Mem-
bers of this family are involved in vesicle transport or
fusion and cell division. In the Arabidopsis genome,
they have not been annotated, although several small
GTP-binding proteins with weak similarities are
present (M.-T. Hauser, unpublished data).

PARKIN ubiquitinates itself and thereby promotes
its own degradation (Zhang et al., 2000). On the basis
of this precedent, we searched for degradation sig-
nals. For AtARI1/2/3/5/7/11, potential PEST se-
quences were identified at the N terminus and would
support the hypothesis that ARI proteins might be
short-lived. Other indications for potential mecha-
nisms of regulation are the presence of several highly
conserved consensus sites for CKII-dependent phos-
phorylation in the acidic N terminus and in the two
Leu-rich domains.

Our results provide a framework for future analy-
ses that focus on demonstrating that ARI proteins act
as E3 ubiquitin ligases or part of E3 ubiquitin ligase
complexes and that investigate their regulation by
phosphorylation and degradation. Further objectives
lie in the identification of the interacting E2 UBC and
of their substrates, the degradation of which may be
promoted by the AtARIs.

MATERIALS AND METHODS

Sequence Analysis and Bioinformatic Methods

Sequence information of genes, proteins, ESTs, and cDNAs was retrieved
by searching public databases with the BLAST algorithm (Altschul and
Lipman, 1990; Altschul et al., 1997) at EMBL-European Bioinformatics
Institute (http://www.ebi.ac.uk/index.html), National Center for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov), TAIR (http://www.
ebi.ac.uk/index.html), TIGR (http://www.tigr.org/), and MIPS (http://
mips.gsf.de/; Schoof et al., 2002). Exon/intron splice sites were analyzed
and confirmed by comparing the genomic with EST and cDNA sequences,
by RT-PCR and sequencing (see below), and with GENSCAN (http://
genes.mit.edu/GENSCAN.html; Burge and Karlin, 1997, 1998). 5�- and 3�-
UTRs were analyzed using PLACE (http://www.dna.affrc.go.jp/htdocs/
PLACE/; Higo et al., 1999). For the secondary structure prediction of the
alternative spliced intron, we used the MFOLD program of Mathews
et al. (1999) (http://www.bioinfo.rpi.edu/applications/mfold/old/rna/
form1.cgi). Dotlet (http://www.isrec.isb-sib.ch/java/dotlet/Dotlet.html)
was used to identify similarities in introns and 5� and 3� sequences of AtARI
genes.

The protein sequence analysis was done with PSORT (http://psort.nibb.
ac.jp/), which identifies sorting signals and predicts the subcellular local-
ization and coiled-coil structures. PROSITE (http://npsa-pbil.ibcp.fr/
cgi-bin/npsa_automat.pl?page�npsa_prosite.html; Bairoch et al., 1997) was
used to detect protein modification signatures as consensus sequences for
protein kinases and structural domains as the RING-fingers. With the pro-
gram PESTfind (http://www.at.embnet.org/embnet/tools/bio/PESTfind/;
Rogers et al., 1986; Rechsteiner and Rogers, 1996), we searched for proteo-

lytic signals. Most of these on-line analyses programs can be found under
the ExPASy proteomics tools at http://us.expasy.org/tools/.

Nucleotide and protein sequences were aligned with the ClustalV
method developed by Higgins and Sharp (1989) of the MegAlign sequence
analysis software in the DNASTAR program package (DNASTAR, Inc.,
Madison, WI). The protein alignments were decorated with the GeneDoc
(v2.5.000; http://www.psc.edu/biomed/genedoc/; Nicholas et al., 1997).

Phylogenetic Analysis

For the phylogenetic reconstruction, we included ARI proteins of fruitfly
(Drosophila melanogaster; DmARI1, Q94981; and DmARI2, AAF46823), Brewer’s
yeast (Saccharomyces cerevisiae; Sca, CAA82089), fission yeast (Schizosaccharomy-
ces pombe; Sp594204, NP_594204), Caenorhabditis elegans (Cea, AAB93643; Ceb,
AAB93644; Cec, AAB93645; and Ced, AAB03121), mouse (Mus musculus;
MmUIP48, AF124664), human (Homo sapiens; HsARI2, CAA10276), and rice
(Oryza sativa; Os103891, AC103891; Os1000404, AAAA01004040; Os1000524,
AAA01000524; and Os1013304, AAAA01013304). The ARI protein sequences of
Xenopus leavis (XlTC7286, TC72869), barley (Hordeum vulgare; HvTC18378,
TC18378), Chlamydomonas reinhardtii (CrTC1712, TC1712), and maize (Zea mays;
TC12636, TC126367) were translated cDNA sequences, retrieved from the TC
sequences of the eukaryotic gene orthologs database at TIGR Gene Indices
(http://www.tigr.org/tdb/tgi/). The RING1-IBR-RING2 domain of human
(HsParkin, NP_004553) and rat (RnParkin, NP_064478) PARKIN proteins were
included as outgroup.

Alignments for the phylogenetic analysis were calculated with ClustalX
1.8 (http://inn-prot.weizmann.ac.il/software/ClustalX.html; Thompson et
al., 1997; Jeanmougin et al., 1998) and default parameter settings using
full-length and domain sequences of the Leu-rich region 1 and 2 and the
RING1-IBR-RING2 regions. The N terminus of the full-length multiple
protein alignment was adjusted manually. Neighbor-joining tree calcula-
tions were done with ClustalX v1.8 and default setting with 1,000 bootstrap
replicas (Saitou and Nei, 1987). The phylograms were drawn using Tree-
View (http://darwin.zoology.gla.ac.uk/�rpage/treeviewx/).

Plant Material and Growth Conditions

Arabidopsis accession Columbia was cultivated on sterile nutrient agar
plates and soil as previously described (Hauser and Benfey, 1994). Roots
and leaves were harvested from 21-d-old seedlings cultured under slight
agitation of 60 rpm at 22°C and 16-h light (80 �mol m�2 s�1)/8-h dark cycles
in Murashige and Skoog (1962) liquid medium supplemented with 2%
(w/v) Suc. Stems, flowers, and siliques were collected from plants growing
on soil at 20°C under similar light conditions.

Quantitative Real-Time PCR Expression Analysis and
Splice Site Confirmation

Total RNA was isolated with RNeasy Plant Kit (Qiagen USA, Valencia,
CA) or with TRI REAGENT (MRC, Cincinnati) according to the manufac-
turers’ protocols. cDNA was synthesized essentially as described by Karsai
et al. (2002). In brief, 2.5 �g total RNA was pretreated with DNase I (Roche
Diagnostics, Indianapolis) and reversed transcribed with Moloney murine
leukemia virus reverse transcriptase (M-MuLV RT, Invitrogen, Carlsbad,
CA) and d(T)18. The cDNA reaction was diluted 1:10 with water, and 1 �L
of the diluted cDNA (corresponding to 17 ng total RNA) was used as
template for real-time PCR analysis with the Rotor-Gene 2000 (Corbett
Research, Sydney) and our homemade SYBR green-I reaction mixture con-
taining 1:20,000 diluted SYBR green-I (Roche Diagnostics), 200 �m dNTPs,
10 mm Tris-HCl, pH 8.5, 50 mm KCl, 2 mm MgCl2, 0.15% (v/v) Triton X-100,
5 pmol of each primer, and 0.5 units of Taq DNA polymerase (Qbiogene-
Appligene, Heidelberg). Primers, AGI gene name, and the size of genomic
and cDNA amplicons are listed in Table II. After a first denaturation step for
90 s/94°C, 35 cycles followed with 10 s/94°C, 5 s/55°C, and 10 s/72°C. The
fluorescence was measured three times at the end of the extension step at
72°C, 81°C, and 84°C. The identities of the amplicons and the specificity of
the reaction were verified by agarose gel electrophoresis and melting curve
analyses. Absolute and relative copy numbers of individual mRNA species
was calculated with standard curves of known molar concentrations for
each of the 15 AtARI genes and the housekeeping genes TUB9 and UBQ5
(Karsai et al., 2002). At least three different RNA isolations and cDNA
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syntheses were used for quantification and each cDNA was measured in
triplicate.

Ambiguous exon/intron borders were confirmed by PCR (for primers
see Table II) of cDNAs and sequencing with the BigDye terminator cycle
sequencing chemistry (Applied Biosystems, Foster City, CA) and the ABI-
Prism 310 genetic analyzer.
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