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Abstract During T cell differentiation, medullary thymic
epithelial cells (MTEC) expose developing T cells to tissue-
specific antigens. MTEC expression of such self-antigens
requires the transcription factor autoimmune regulator
(Aire). In mammals, defects in aire result in multi-tissue,
T cell-mediated autoimmunity. Because the T cell receptor
repertoire is randomly generated and extremely diverse in
all jawed vertebrates, it is likely that an aire-dependent T
cell tolerance mechanism also exists in nonmammalian
vertebrates. We have isolated aire genes from animals in all
gnathostome classes except the cartilaginous fish by a
combination of molecular techniques and scanning of
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expressed sequence tags and genomic databases. The
deduced amino acid sequences of Aire were compared
among mouse, human, opossum, chicken, Xenopus, zebra-
fish, and pufferfish. The first of two plant homeodomains
(PHD) in human Aire and regions associated with nuclear
and cytoplasmic localization are evolutionarily conserved,
while other domains are either absent or divergent in one
or more vertebrate classes. Furthermore, the second zinc-
binding domain previously named Aire PHD2 appears to
have greater sequence similarity with Ring finger domains
than to PHD domains. Point mutations in defective human
aire genes are generally found in the most evolutionarily
conserved regions of the protein. These findings reveal a
very rapid evolution of certain regions of aire during
vertebrate evolution and support the existence of an aire-
dependent mechanism of T cell tolerance dating back at
least to the emergence of bony fish.

Keywords Comparative immunology - Autoimmunity -
Transcription factors - Autoimmune regulator

Introduction

As T cells develop in the thymus, they undergo a series of
rearrangements of the T cell receptor variable (V) diversity
(D), and joining (J) genes, resulting in the formation of
a randomly generated antigen receptor repertoire with
virtually unlimited diversity. In one form of negative
selection in the thymus, medullary thymic epithelial cells
(MTEC) expose developing T cells to a broad range of
tissue-specific self-antigens (reviewed in Kyewski and
Klein 2006). The expression of many of these antigens in
the thymus requires the transcription factor autoimmune
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regulator (Aire; Anderson et al. 2005). In mammals, aire is
expressed primarily in subsets of MTEC and thymic
dendritic cells, although in very low amounts in other
tissues as well (Heino et al. 1999). Aire upregulates expres-
sion of genes encoding tissue-specific self-antigens in
MTEC (e.g. insulin, retinal antigens); T cell recognition of
these self-antigens either results in deletion of autoreactive
cells or in selection of tissue-specific T-regulatory cells that
afford protection from destructive autoimmunity (Mathis
and Benoist 2007). The mechanism of Aire transcriptional
regulation is unknown, but tightly clustered genes in
many regions of the genome seem to be activated under
its influence suggesting a remarkable type of global control
of gene expression (Johnnidis et al. 2005). Autoimmune
polyglandular syndrome type 1 (APSI, also known as
autoimmune polyendocrinopathy—candidiasis—ectodermal
dystrophy) is the result of an autosomal recessive defect
in aire (The Finnish-German APECED Consortium 1997),
characterized by autoimmunity of endocrine organs, ecto-
dermal dystrophies, insulin-dependent diabetes, gonadal
atrophy, hypothyroidism, and/or pernicious anemia (Ahonen
et al. 1990).

The functional regions described for human Aire (545
amino acids) include a deoxyribonucleic acid (DNA)-binding
“human Sp100, Airel, NucP41/P75, and Drosophila DEAF1
domain” (SAND), four LXXLL nuclear receptor boxes
(NRB), a homogeneously staining region (HSR), two zinc
finger-binding plant homeodomains (PHD1 and PHD2), a
proline-rich region (PRR), a nuclear localization signal
(NLS), and a C-terminal domain (CTD; Fig. 1). Nuclear
matrix localization and nuclear transport are affected by
mutations in the NRB and NLS, respectively (Ilmarinen
et al. 2006; Pitkanen et al. 2001), while the HSR functions in
homodimerization (Meloni et al. 2005). The SAND domain
interacts with DNA in a nonspecific manner (Bottomley

et al. 2001). The Aire PHD1 domain is a Zn finger DNA-
binding domain, possibly having ubiquitin ligase activity
(Uchida et al. 2004).

As originally proposed by Kyewski and Klein, aire-
dependent T cell-negative selection likely arose simul-
taneously with T/B cell-dependent adaptive immunity
(Kyewski and Klein 2006), which originated when jawed
vertebrates emerged some 500 million years ago. Therefore,
we investigated the presence of aire orthologues in non-
mammalian vertebrates. We isolated aire genes and com-
plementary DNAs (cDNAs) from representatives of three
nonmammalian vertebrate classes, an amphibian (Xenopus
tropicalis), a bird (Gallus gallus), and a bony fish (Danio
rerio). Partial expressed sequence tags (EST) or genomic
sequences were also obtained from other species. We
compared the deduced amino acid sequences and genomic
organizations to published human and mouse Aire proteins.
Through these comparative analyses, conserved and diver-
gent domains and regions were revealed, and we found
that some parts of aire evolved rapidly. Furthermore,
we propose a reclassification of the domain previously
described as Aire-PHD2 as a Ring-finger domain (Ring)
based on phylogenetic analysis.

Materials and methods
Blast search EST and genomic sequences

All BLAST searches (www.ncbi.nlm.nih.gov) used the
following ascension numbers and sequences: human
Aire: CAA08759, NM_000383 and mouse: CAB36909,
BC103511. Genomic or EST databases of each respective
species were searched using BLASTx, tBLASTn, and
tBLASTx with BLOSSUM 45 matrix. The following
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Fig. 1 Aire domain composition in vertebrates. Comparative view of
the Aire protein from human, mouse, opossum, zebrafish, frog, and
chicken. The number of amino acid residues is shown at the bottom.
The figure is to scale, and domain assignment is based on the deduced
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amino acid sequence compared to human Aire-1 (see Fig. 2 for
accession numbers). Light and dark gray shades represent unique
domains. Green, NRB; tan, HSR; yellow, NLS; blue, SAND; red,
PHD1 and PHD2; orange, CTD; purple PRR
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sequences were obtained: frog (X. tropicalis): DT431622,
DT431623, BX709411, CR566920, genomic scaffold 55
(www.genome.JGl-psf.org v4.1), Japanese pufferfish
(Takifugu rubripes): genomic scaffold 73 (www.genome.
JGI-psf.org, v4.0), green-spotted pufferfish (Tetraodon
nigroviridis): chromosome 15 (www.genoscope.cns.fr),
Turkey (Meleagris gallopavo): AY235111, opossum:
ENSMODGO00000011425 (www.ensembl.org).

Isolation of total RNA from frog, chicken, and zebrafish

Multiple organs were collected and pooled from 20 X
tropicalis and 20 X. laevis frogs approximately 2 months
postmetamorphosis. Thymi from multiple adult zebrafish
were obtained and pooled. Total ribonucleic acid (RNA)
was prepared from the thymus of a single leghorn chicken
(G. gallus) using TRI reagent (Sigma, MO) as per manu-
facturer’s protocol and the Trizol Reagent (Invitrogen, CA)
for all frog and zebrafish tissue samples.

cDNA preparation from total RNA

First-strand cDNA was made from 1 pg total RNA using the
SuperScript III First-Strand Synthesis System (Invitrogen) as
per manufacturer’s instructions.

RT-PCR amplification of aire from chicken, frog,
and zebrafish

Chicken and frog (X. tropicalis) polymerase chain reac-
tion (PCR) primers for amplification were designed from
the HSR to PHD1 and from PHD1 to the CTD, based on
homology to human aire based on tBLASTn comparison.
The initial primers for zebrafish partial aire were designed
according to short homologous sequences using tBLASTn
comparison of the zebrafish genome aligned to human
aire. Partial sequences were obtained with the SMART
RACE cDNA Amplification Kit (Clonetech, CA); primers
were then designed to amplify the full-length aire by
reverse transcriptase (RT)-PCR. Frog primers used in this
experiment are described in Supplemental Figs. 1 and 2: X.
tropicalis primers: 5-GCACTGAGATAGCTGTGGCCGT-
3, 5'-GAGTTAATATGTTGCGATGGATG-3', 5'-CATC
CATCGCAACATATTAACTC-3', 5'-ATGTTCTGA
AATGCGCATTGCAG-3'; chicken primers: 5-GCCGTG
CCATGCTCTGGAATGC-3', 5'-TGCTGAAACTG
CACCGCACGGAGATCG-3', 5'-CACGCATGAGCTG
CATTGCCACGTC-3', 5'-CGACCACGAGGATGAG
TGTGCAGTGT-3"; zebrafish primers: 5-ATGTCTAAGG
TGGAGAGTTTTGAAGAGT-3', 5-GTGAACTTCATTGG
AAATAGCCTTGGG-3'. All PCR reactions were performed
using Taq polymerase (Invitrogen) and 1 pl cDNA with the
following settings: 94°C/5 min, 35 cycles of 94°C/30 s,

50-60°C/30 s, 72°C/2—4 min. PCR products were cloned
into the pCR2.1 vector, and sequences were verified by the
University of Maryland, Baltimore Genomics Core facility.
The following sequences were deposited in the National
Center for Biotechnology Information database: X. tropicalis:
EU004201, X. laevis: EU042188, EU042189: zebrafish;
EU042187, and chicken: EU030003—EU030008.

Northern blot analysis and RT-PCR of aire transcripts
in frog

Approximately 20 pg total RNA from thymus and other
tissues was loaded on agarose gel and electrophoresed for
18 h at 20 V. The RNA was blotted onto a nitrocellulose
membrane. A DNA probe (bold print, Supplemental Fig. 1)
was PCR-labeled with **P-deoxycytidine triphosphate (Mertz
and Rashtchian 1994) and hybridized under high stringency
conditions as previously described (Bartl et al. 1997). The
blot was exposed to film for 3 weeks. aire transcripts were
detected from cDNA from a multi-tissue panel from X
tropicalis as described for cDNA amplification for sequenc-
ing and primers as described above.

cDNA library construction and screening from X. tropicalis

Total RNA, containing ~20% thymus RNA, from X. tropi-
calis was obtained as described above. Poly(A) messenger
RNA (mRNA) was isolated by using a PolyATtract mRNA
isolation system (Promega, WI). The Uni-Zap cDNA library
was constructed from 5 pg mRNA using the Zap-cDNA
Gigapak III Gold Cloning Kit (Stratagene, CA). A >*P-
labeled probe, as used in Northern blot analysis, was used
to screen the library under high stringency conditions (Bartl
et al. 1997).

Comparative and phylogenetic analysis

Deduced amino acid sequences of aire exons as well as
PHD and related RING domains were aligned with default
Clustal W (Thompson et al. 1997) parameters (including
gap opening penalty of 10 and gap extension penalty of 0.05).
Accession numbers used were: human Aire NP_000374,
mouse Aire AAI03512, human WSTF AAC97879, human
KAP1 AAB37341, human MEKK1 AAC97073, human
KSHV-K3 AAB62674, and human C-MIR NP_001002266.
Bioedit (Hall 1999) was used to create pairwise sequence
identity matrices for Table 1. The PHYLIP (Felsenstein
1989) suite of programs were employed for the phylogenetic
analysis of the PHD domains. After CLUSTAL W align-
ment, multiple datasets for bootstrap analysis were randomly
generated in Segboot, and Prodist calculated distances from
those using maximum likelihood estimates. Neighbor-
joining trees were created for each with Neighbor, and
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Table 1 Deduced amino acid percent identity of each exon to human aire

Human exon Mouse Opossum Chicken X. tropicalis Zebrafish

1 89 60 66 44 43
2 86 71 62 38 43
3 65 23? 42 25 4

4 68 60° 40 36 36
5 87 68 8 9 63
6 76 66 NA 14 30
7 48 50 27 30 22
8 95 85 78 79 76
9 56 32 15 21 18
10 48 34 NA 8° 13
11 75 45 NA NA 22
12 51 22 22 NA 19
13 81 39 39 30 25
14 73 44 63 39¢ 37
Overall 74 53 46 27 37

SAND domains is contained within human exons 5-7; PHDI contained
within human exons 8 and 9; RING/PHD2 is contained within human
exons 11 and 12; CTD is within human exons 13 and 14. NA No analo-
gous exon, therefore, subsequent exons numbers shift forward by one
#Opossum exon 3 plus 5’ end of exon 4

® Opossum 3’ end of exon 4

°X. tropicalis exon 10 plus 5" end of 11 (rest of 11 has no nonfrog
analogue)

9 Chicken exon 11, frog exon 13, see Supplemental Fig. 4 for detailed
alignment

Consense was used to draw the consensus tree topology.
Default settings were used to create this tree, including
Dayhoff’s PAM matrix, no outgroup rooting, and Majority
Rule (extended). One thousand bootstrap replications were
analyzed. Trees drawn with the Fitch algorithm gave similar
topology to the neighbor-joining tree shown.

Results and discussion
Sequences of various vertebrate classes

The different domains and regions of Aire, as delineated in
mouse and human, are displayed in Fig. 1. A predicted Aire
protein sequence for opossum was obtained by a BLASTx
search of the genome, and it was aligned to mouse and
human Aire. Other than the deletion of one NRB in opos-
sum, all of the regions aligned well in the Aire sequences
from the three mammalian species. Sequences exhibited
low identity between the mammalian species, particularly
within the PRR (Fig. 2, Supplemental Fig. 4, Table 1).

Analysis of frog and chicken Aire reveals poor domain
homology within the tetrapods

Our original plan was to isolate aire from Xenopus for use in
functional studies of tolerance during ontogeny (Kyewski
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and Klein 2006). Portions of the X. tropicalis aire sequence
were obtained using tBLASTx searches with the human
sequence as bait on the X. tropicalis genomic database.
On scaffold 55, a sequence was found that was similar to
the human and mouse Aire HSR, NRB, PHDI1, and CTD
(Fig. 1). PCR amplification from thymus cDNA was then
performed to obtain partial aire cDNA sequences; addition-
ally, several partial sequences were acquired that overlapped
with the PCR clones in the X. tropicalis EST databases
(Supplemental Fig. 1). We then screened a X. tropicalis
thymus/spleen/intestine cDNA library with these probes and
isolated one full-length aire cDNA clone (Supplemental
Fig. 1). Unexpectedly, frog Aire is quite divergent from
human and mouse, both in sequence and domain/region
composition (Figs. 1 and 2). The second PHD domain is not
present in the frog protein; frog aire contains one large exon
in a similar position that encodes a sequence with little
similarity to any of the known aire genes, notably lacking
the characteristic Zn-binding residues (C/HXXC) in the
deduced amino acid sequence (Fig. 2). This unique region
was confirmed by numerous PCR-amplified and cDNA
library-derived clones as well as three EST sequences.
Furthermore, we verified this unusual aire sequence in the
closely related X. laevis (Supplemental Fig. 1). Together,
these data suggest that certain aire domains are poorly
conserved between mammals and frog.

Frog aire is predominantly expressed within the thymus

A panel of RNA from numerous tissues was extracted from
postmetamorphic X. tropicalis. A single band of approxi-
mately 2,400 bp was observed on a Northern blot only in
the thymus (Fig. 3a). A faster migrating band was identified
in the brain, which may represent an alternatively spliced
transcript. A RT-PCR also was performed, and amplifica-
tion of aire was most prominent in the thymus (Fig. 3c).
Low levels of aire expression were seen in the testes and
brain, consistent with a study in humans (Klamp et al.
2006). These data show that despite the poor conservation
in sequence between mammals and frog, like in mammals,
aire expression is highest in the thymus of amphibians and
the gene is likely involved in tolerance induction.

Chicken aire shows further domain diversity
within the tetrapods

Because of the low similarity between frog and mammalian
Aire, we wanted to study its structure in representatives of
other vertebrate classes. Partial sequences of chicken (class
Aves) aire were obtained through BLAST searches of the
chicken genome database using human and mouse sequen-
ces as queries. With no ESTs in the chicken databases,
chicken aire PCR primers were then designed in the
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Fig. 2 Aire amino acid sequence alignment. The deduced amino acid
sequence of Aire for each species was aligned using ClustalW followed
by manual manipulation for each domain. Dots indicate identical amino
acid residues, dashes represent absence of an amino acid, and domain
designation is color coded and represented above the human sequence.
Notation on the bottom line denote mutations observed in human APS1
patients: cross, mutation resulting in premature stop codon; minus sign,
deletion of specified residues resulting in frameshift; p/us sign, insertion
of residues resulting in frameshift; plus sign enclosed in parentheses,

putative exons 1 and 14 (based on the human sequence) in
the hopes of amplifying the majority of the cDNA. PCR
amplification of thymus cDNA uncovered four major splice

c

insertions in introns that result in disruption of splicing; point mutations
are noted by the single letter amino acid substitution. Residues 418 and
311 are represented by more than one mutation separated by slash.
Sequences for alignment were derived from the following accession
numbers or sequence databases: human Aire: CAA08759, NM_000383;
mouse: CAB36909, BC103511; X. tropicalis: EU004201, DT431622,
DT431623, BX709411, CR566920, genomic scaffold 55 (www.
genome.JGl-psf.org v4.1); zebrafish: EU042187, chicken: EU030003-
EU030008; opossum: ENSMODG00000011425 (www.ensembl.org)

variants or potential isoforms (Supplemental Fig. 2). The
sequences obtained by PCR were then aligned to the
chicken genomic database. The chicken genome project is
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Fig. 3 Detection of aire mRNA expression in various frog tissues.
a Northern blot analysis of tissue array from X. tropicalis. 20 nug of
total RNA was used, and the blot was probed with a DNA fragment
extending from PHD 1 to the CTD (Supplemental Fig. 1). Tissues are
noted above each lane. b An image of ribosomal 18S and 28S RNA

only partially completed, and large gaps within the genomic
region for aire were evident (Shiina et al. 2007). Using the
same specific primers as were used for cDNA amplifica-
tion, the chicken aire was amplified from genomic DNA.
Consistent with the compact nature of the chicken genome,
chicken aire spans only ~3,500 bp. The aire cDNA was
then aligned to the genomic DNA sequences and further
compared to a partial turkey genome sequence (Supple-
mental Fig. 2); the deduced amino acid sequences were
compared to the human, chicken, and frog sequences
(Figs. 1 and 2). Unlike frog Aire, certain conserved residues
of the SAND and PHD2 domains are evident. However,
two of the PHD2 ion-binding residue pairs (C/HxxC) are
absent (Fig. 2 and Supplemental Fig. 4), and parts of the
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bands was used as a loading control. ¢ RT-PCR analysis of the tissue
array from young frogs aged 2 months, using 35 cycles, primers from
the HSR to upstream of PHD1 and ¢cDNA made from 1 pg of RNA.
All size markers are noted in the leftmost lane

exon encoding PHD2 are fused to the second exon of
PHDI1 (equivalent to exons 8 and 10 in human), thus
eliminating the PRR. From these data, aire has clearly
undergone significant diversification in more than one class
of tetrapods. However, like the frog protein, chicken Aire
retains several domains found in the human—HSR, 3 NRB,
NLS, PHDI, and CTD—which are presumed to be
indispensable for function.

Aire from teleost fishes is more similar to mammals
than to frog or chicken

After observing large variations in the domain composition
of Aire in tetrapods, we isolated aire from the zebrafish.
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The full-length aire cDNA was sequenced using primers
designed from the 5’ and 3’ untranslated region, and the
translated sequence was compared to those of other species.
In addition to HSR, NLS, PHDI, and CTD found in all of
the tetrapods analyzed, zebrafish Aire also contains the
PHD2 and SAND domains (Fig. 1). No sequence similarity
was observed between the human PRR and the zebrafish
sequence; however, a segment of the zebrafish and frog
Aire contains a serine-rich region downstream of the PHDI,
which might serve the same function. The sequences were
further compared for amino acid identity (Fig. 2). Our
results indicate that the Aire domain composition is more
highly conserved between the fishes and mammals than
representatives of other tetrapod classes. aire transcription
was determined by RT-PCR of a multiple-tissue cDNA
panel, and expression was only detected in the thymus (data
not shown). Deduced amino acid sequence comparisons
between zebrafish Aire and the two species of pufferfish
were obtained by Clustal W with minor manual adjustment.
These alignments revealed gaps within the SAND domain
between pufferfish and zebrafish, suggesting variance
even among teleosts (Supplemental Fig. 3). Additionally,
a sequence was identified from the Elephant shark genome
homologous to a small portion of the teleost PHD1 (data
not shown). However, at this time, we are unable to verify
that this fragment is in fact aire from cartilaginous fish.

Analysis of protein translations
The NRB, NLS, and HSR are conserved

We analyzed the N-terminal sequence of Aire containing
the HSR, NRB, and NLS for all species (Fig. 2). Numerous
residues of the HSR are involved in dimerization (Meloni
et al. 2005), which is essential for the function of Aire in
humans; APS1 is observed in numerous patients with HSR
mutations (Fig. 2). The human HSR has a predicted tertiary
structure containing four alpha helices and encompasses
two NRB, and this feature is present in all vertebrate classes
studied. The conserved nature of the HSR in other verte-
brates when compared to humans suggests that this domain
is also required for dimerization in other vertebrates.

NRB are common in transcription factors and are
essential for proper nuclear localization. The NRB is an o~
helical motif required for ligand-dependent binding of
coactivators of transcription to nuclear receptor proteins.
The N-terminal and C-terminal NRB, as well as the inverted
NRB at amino acid position 27-33, are conserved in all
species (Fig. 2, Supplemental Fig. 4). NRB bind accessory
factors 1 or 2 complexes with variable specificity, and they
have been organized into three major classes (Chang et al.

1999). Two general consensus sequences within the Aire
NRB were detected that differ from the three described NRB
classes, a charged (D/E)L(R/D)XLL and uncharged A(L/I)
LXXLL or ALXXLL (Fig. 2, Supplemental Fig. 4). These
data show that the Aire NRB comprise a unique subset of
evolutionarily conserved NRB (with unknown ligands).

Potential NLS are evident in all species in which aire has
been isolated (Fig. 1, yellow box). Our analysis of human
Aire shows two potential NLS (Fig. 2, amino acid residues
110-133 and 155-167). Residues 113—133 have been deter-
mined to function as a monopartite NLS that interacts with
the minor binding site of importin-& family proteins,
including «3 and «5 and a lesser extent to «1 (Ilmarinen
et al. 2006). These previous studies of the Aire NLS were
based on mutagenesis of residues 113, 114, and 131-133.
Loss of NLS activity was evident only after mutation of
residues 131-133, indicating a likely monopartite NLS. In
contrast to these findings, minor-site binding is typically
consistent with bipartite NLS, while monopartite NLS bind
to the major binding site. These findings did not take into
consideration upstream residues 110-111 that may replace
the deleted residues at 113-114; our data show that an
equivalent to the human Aire at residues 110-111 or 113—
114 (R or K) is conserved in all species, as well as residues
corresponding to human Aire 131-133. Based on the con-
served nature of the NLS and previous data showing minor
groove binding, we theorize that the Aire NLS at residues
110-133 still potentially functions as a bipartite NLS.

A second potential NLS is found downstream of this
first NLS at 159—-167. A consensus sequence of GXXX
KXPPKK(D/E) is observed, and similarity to a subset of
monopartite NLS exists. However, NLS typically conform
loosely to consensus sequences, which are mostly identi-
fied by amino acid composition and confirmed by muta-
genesis assays (Nair et al. 2003). Further study is needed
to analyze the function of these conserved residues in
relation to nuclear localization. However, the conserved
nature of the residues 159—167 suggests that this motif is a
candidate for investigation as a second Aire NLS.

The SAND domain is poorly conserved

As mentioned, the SAND domain has been implicated in
direct DNA binding. The presence of a SAND domain has
been reported previously in human Aire (Kumar et al.
2001). We aligned the SAND domains from each species
(Supplemental Fig. 4) and found that conserved residues in
this domain are present in zebrafish and mammalian Aire.
However, a few of these residues are observed in chicken or
frog suggesting either a different function of the SAND
domain or that the absence of this domain does not impair
Aire function.

@ Springer
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The PHDI domain is highly conserved between species

The Aire PHD1 domain is well conserved in all vertebrates
examined. Aire PHD1 has been predicted to function in
protein/protein interactions because the 3D structure shows
overall negatively charged residues on the surface (Bottomley
et al. 2005). These negatively charged residues are also
conserved in all species. Moreover, the region between the
third and fourth H/CXXC Zn-binding motif has been found
to be crucial for the PHD domain binding affinity. Based on
these findings, it is likely that Aire PHD1 binds a similar or
the same substrate in the sequences analyzed. The chicken
aire PHDI exon exhibits a unique genomic arrangement
where the second portion of it is fused on the same exon as
PHD?2 (Supplemental Fig. 2). At this time, we can only

a * * * *
human AIRE PHD1
mouse Aire PHD1 e H..--..--—-...... -.
opossum Aire PHD1 .---R.D......... B -.
frog Aire PHD1 ---S.D...S..... R e -
chicken Aire PHD1 .--QD........ G..-—. === ... -.
danio Aire PHD1 E---H.D...... K.oom=im==i o=
human AIRE PHD2 ---LAPGAR.G..G..--TD---VLR.TH-.
mouse Aire PHD2 ---PAPSAR.S..G..--T.---VLR.AH-.
possum Aire PHD2 ---LSA..T.G..QGS--ED---.LH.AQ-.
danio Aire PHD2 ---VGIRMA.GI.YLT--RG--E..T.PQ-.
chicken Aire PHD2 -------- T.GR.FSS--IS----- APQR-
WSTF PHD  ----- ARCKVCR. .KK--..DDK..L. .E-
KAP1 PHD ----DSATI.R..QKP--.D---.VM.NQ-.
MEKK1 RING ---REPLIC.PI.LL.MLD.E S.TV.EDG.
KSHV-K3 RING -MEDEDVPV.WI.NEELGN. ---RFRAC. -.
C-MIR RING ---TPSSQD.RI.HCEG-DDESP. .TPCH-.

b

mouse Aire PHD1

human AIRE PHD1

speculate that this is a consequence of the general
compaction of the chicken genome and this potentially has
no functional significance (Schmutz and Grimwood 2004).

The proline-rich region is characteristic only of mammalian
Aire

Alignment of the region downstream of the first PHD
domain shows that the PRR is present only in mammals
and that even among mouse, human, and opossum, it is
divergent in sequence (Table 1 and Supplemental Fig. 4).
The “homologous” region in the frog and fish is a serine-
rich section, and chicken totally lacks this portion of the
protein, as the PHD - and PHD2-coding regions are joined
in exon 8. There are no obvious PRR repetitive patterns in

* * * *

Q---KNEDECAVCRDG--GE---LICCDG-CPRAFHLA---CLSPPLREIP--SGTWRCSSCLQ--ATVQEVQPRAEE -

....... ---......Q0...--..L....C...--GR..QNLSQP.V-
....... ---..E...TD..--..M...GC.IV--GK.HQDGHHG.E-
.S...8---.. V... TH..--...... DT.NT--GRPMSDGQPEMG-
...... P---..V...PRV.--....Q....VAKLGRLR.ADTA. - -~
...... S---..V...TS..--R.....QL.QS--NRLKDRTYTHV- -
AA...WR---.HF.AGTSR.--GTGL. .R..SG--DVTPAPVE-----
AA...WR---.HF.TAAAR.--GTNL. .K. .SA--DSTPTPGT-----
S.V..WH---.YF.ANSSRTG--.MVK.KP.SE--VP.LTAEE-----
LQ.Y.AL---.NF.-------- N.RT..RN.SR--SWGPGNDN-----
Lmmmmm s m e .TRDGD.--G.L.L....TG----IP.TG------
.NK....F---..R.A.Y.V.--D.E.Q.PA.QP--. .---~-------~-
EFC...D---.HL.A.QDV.--GEE.S.LCHVLPDLKEED .DLACKLN
RNKL.HH---.M.IWAE.CRRNREPLI.PL.RS---KWRSHDFYS---
TGELENVHRS. ..TW.TISR----NTA.QI.GV----.YNTR------
TGSL.FVHQA. .QQWIKS----.D.RC.EL.KY--EFIM.TK------

opossum Aire PHD1

chicken Aire PHD1
302
772 — 0 .
409 danio Aire PHD1
frog Aire PHD1
484
KAP1 PHD
MEKK1 RING
857 744
836 KSHV-K3 RING
C-MIR RING
454
chicken Aire PHD2
71%
danio Aire PHD2
824
- _ opossum Aire PHD2
scale: 100 690

Fig. 4 Amino acid alignment of Aire PHD domains with RING
domains and phylogenetic tree. a PHD domains of Aire from the
discussed species were aligned with non-Aire PHD domains and
RING finger domains. Hyphens show gaps introduced in the
sequences, and dots show identity with top human AIRE sequence.
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mouse Aire PHD2

983,
human Aire PHD2

Asterisks mark Zn-binding residues. Shaded boxes denote conserved

tryptophan residues. b Neighbor-joining tree drawn from alignment in

a. Bar at the bottom shows genetic distance. Support out of 1,000
bootstrap replications is shown at nodes
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Aire as is observed in other proteins with PRR (Williamson
1994). In human and mouse, there exists a potential NRB
(ALXXLL) within the PRR, but it is unclear whether this
sequence is functional. Based on these data, we hypothesize
that the PRR is likely to be structural in nature because it is
neither represented by missense mutations in human disease
(Fig. 2) nor conserved evolutionarily.

PHD?2 aligns with ring finger domains instead of PHD
domains

The Aire PHD2 is a putative Zn-binding domain with nega-
tive charges on the predicted exposed surfaces (Bottomley
et al. 2005). The frog completely lacks PHD2, and the first
half of the chicken PHD?2 is fused on the same exon as the
second half of PHD1. A phylogenetic analysis was per-
formed including the Aire PHD domains and several other
proteins containing Ring finger domains (Fig. 4); note that
PHD and Ring domains are members of the “treble class
family” of Zn-binding domains, but there is only weak
structural similarity between them (Grishin 2001). The Aire
PHD?2 from all species groups more closely with ring finger
domains (Ring). Additionally, the PHD1 and other PHD
domains contain a conserved tryptophan, but the position of
the PHD2 tryptophan is consistent with those of Ring but
not PHD domains. Based on these observations, we pro-
pose that Aire PHD2 of all species is better classified as a
Ring domain.

The Aire C-terminal domain is well conserved

The CTD contains a NRB in all species except zebrafish
(Fig. 2) and a highly conserved area of charged residues.
There is no correlation between this “motif” and domains of
known function. The CTD is the third most highly con-
served region of Aire (Table 1), and mutation or deletion of
this domain results in APS1 in humans. We theorize that the
CTD provides an essential function in the Aire protein, yet
this function remains unknown.

Fig. 5 Genomic arrangement of
the aire coding region in human Human
(14 exons), mouse (14), opos- 1
sum (14), chicken (12), and
zebrafish (14). The frog is
omitted because the genome
seems to be misassembled in
several introns. The figure is to
scale, and nucleotide positions
are shown on the x-axis. Exon 8,
encoding a portion of PHDI, is

Mouse
Opossum |
Zebrafish | ||

Chicken

The aire genomic organization is not evolutionarily
conserved

aire from mouse, chicken, opossum, and zebrafish were
compared to the human orthologue (Fig. 5). The first four
exons of aire are relatively conserved in both their amino
acid translation and exon size among evolutionarily distant
animals. The PHD1 is encoded by exon 8 in human or the
equivalent for each species, and human exon 13 and 14 (or
similar 3’ exons) encoding the CTD are also highly con-
served. Other exons are deleted, joined, or of various sizes
when comparing the vertebrate species: SAND, PRR,
PHD?2, and two of the four NRB. These data show that
the genomic arrangement of aire is relatively divergent
between humans and other vertebrates. Furthermore, the
more conserved regions of aire correlate with greater exon
conservation (Table 1).

Comparative analysis and human disease

Point mutations in aire alleles of APS1 patients (Heino
et al. 2001; Podkrajsek et al. 2005) correlate well with
evolutionarily conserved residues. Of the 17 point muta-
tions that result in amino acid substitutions, 14 occur in
residues that are 100% conserved in the species analyzed
(Fig. 2). Conversely, the insertions and deletions that result
in human APS1 occur predominantly within the exons that
are the least evolutionarily conserved. Eight of 20 insertions
and deletions within the coding sequence of Aire occur in
exon 10 alone; this exon encoding the PRR is the least
conserved domain within aire and is flanked by an intronic
microsatellite DNA sequence in Aves (Supplemental Fig. 3).
Numerous microsatellite DNA sequences flank human aire
on chromosome 21q22.3 (Chen et al. 1998). Because point
mutations occur somewhat randomly and insertions and
deletions occur predominantly at areas of genomic insta-
bility, we theorize that certain areas of the aire coding
region, exon 10 for instance, span regions of greater genomic
instability.

in red for reference

1000 3000

5000 7000 9000 11000 13000 15000 17000 19000
bp
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Conclusions

Comparative analysis of Aire among different vertebrate
classes revealed that the most conserved domains are the
NLS, NRB, HSR, PHDI1, and CTD. With the exception of
the PHDI, the most highly conserved regions of Aire are
involved in nuclear localization, transport, and dimeriza-
tion. Together, this suggests that Aire interacts with a major
cofactor or cofactors through the PHD1, which is conserved
through evolution, and potentially links to other coactiva-
tors that are not conserved. Conversely, the SAND domain
or other DNA interaction domains have evolved rapidly and
perhaps act in a more indiscriminate manner with binding
partners. We show that the PHD2 domain shows greater
sequence similarity with Ring than to other PHD domains.
Furthermore, our findings show that, not unexpectedly,
evolutionarily conserved residues correlate with mutations
in human aire that result in autoimmunity.
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Supplemental Figure 1

DNA: TGGTGTTTGCCCCCCTTTTGTGCTATTACTGCATTTTAAATATGTATNGEATACAGGATTCCCAGGATGTCGGAGCGAGACCCTTCCCCATREAGIT CGCACTCTCC

AA - M--S--E--R--D--P--S..P..S..S.. Q--D--L--R--T--L--
Forward 1

DNA: TGAAATGGTACCGCACTGAGATAGCTGTGGEBCGEEACCTGTTCCCTCTGCTGCACGGCATGATGGACAGAGAATEAIBAGAGATTCCAGGAAACACAGCGGGTTGGGG

AA: L-K-W--Y--R--T--E--1--A--V--A--\V--T--D--L--F--P-- L--L--H--G--M--M--D--R--E--L-|--T--E--E--R--F--Q-- E-T--Q--R--V--G--

X.1. AV TDL FPLLHGMMDRELITEEHK FQETQQAG

DNA: AGGACAGTGGTGCTCAAAAGGCTTCCCATACTCTTTTCACGTGGGUINMEIPBATTTGCCCATCATCCAAGGCTTCTGGTCTCTCCTGTCTAOKIALTCAACAGCTACC

AA: E-D-S--G--A--Q--K-A--S--H--T--L--F--T--W--L--L-- S..-C--D--L--P--I-+I--Q--G--F--W-:S--L--L+-S--T--D-- Y-l--L--N--S--Y--

XLEGSGAQKASHALFTW LLSCDLPTIQGFWSLLS TDYILKSY

DNA: CACGTCTCTCAGGAATTCACAGCTTACTTTTTGCAGTTACNGGCTE2ATETEAGGCTCGGAGACAACCCCCTACCAACAAACCTGTATCTBATCCGAGGCTAAACGAA

AA: P.R--L--S--G-+|-*H--S--L--L--F--A--V--T--G--S--S.. H--H--K--A--R--R--Q--P--P--T--N--K:-P--V--S--H..P-- K--P--Q--A--K--R--

XLPRLSGIHSALCADT - SSHRKARRPPHTNKPVS LLKSHAKRR

DNA: AAGCTGGAGCAAACAAAGACACTTTTGCAGTGTATCCATTGCGCGBUDEAGCCAAAACAAAGCCTCCGCGGAAAGCTGAAAAACCTATGAET I MAGICTTATACACC

AA: K--A--G--A--N--K--D--T--F--A--V-.Y--P--L--R-‘A-- G- P..P--A--K--T--K--P--P--R--K--A--E--K--P--M--S--L.- D--C--P-:L-+|--H--

XLKAGGEKDTSSANSLS AGPPAKTKPPRKAEKPL ALDCLLTRQ

DNA. CTCCACAGAAAATCCCAAGCGTATTGACTGTGAATCAGAATGAC/ATGABICTC TACACCATCAGCAAACCACCGGCCAACACAGGTTCTABEERIGCATGCAGATGG
AA:  P-P-Q-K-l-P-S-Vo LT VN Q--N--D- K- K- P-Ve-SeY o Tol S Ko PP AN TG-S N - D--R--S-*M--Q--M:-
XLSPQKISSVLTANQSE MKPVSYTISKPAANTGS SIDRSTQK

DNA: AAAGAGAACTAGAAGCTGTAGAAAAGAACCCAACTCAGCCTTTGRARTBEATCCTAAGCTTATCTCTCAGCAGGTTGGTTCCATTGCCATOTIT&CTGAATTGCCTC

AA: E-R-E--L--E--A--V--E--K-:N--P--T--Q--P--L--K--L-- T-L--R--P--K--L-I--S--Q--Q--V--G--S-+|--A--L--S-+ V..P--A--E--L--P--

XLEKELQAVEKNPTQPL KLTLRPKLISQQVGSIA PSVPAELP
__ Reverse 1/Forward 2

DNA: AATACCAGAGTAATGACGATGAGTGCTCAGTGTGCAGAGATGAGETAATAT GT TGCGATGGAT GCCCACGGTCCT TTCACCTTTCCTGCT TGGTGCOGCCT TTGACCCATATTC

AA: P.Y--Q--S-:N--D--D--E--C--S--V--C--R--D--G--G-E-- L.-1--¢--¢--D--G--C--P--R--S--F--H--L--S--C--L--V-- P-.P--L--T--H--I--

XLQYQSNDDECSVCRDG GELICCDGCPRSFHLSC LVPPLTHI

DNA: CAAGCGGCACATGGAGAT GTGATACT TGCAATACAGGGAGACCTAT GT CAGAT GGACAACCT GAGAT GGGGGAAACCACTGGGT TAT CT AAGAAGCCCT CACAGGAGT CTGCAGAGECCC
AA: Q--S--G--T--W--R--C--D--T--C--N--T--G--R--P--M--S-- D--G--Q--P--E--M--G--E--T--T-G--L--S--K--K--P--S.. Q--E--S--A-E--A--
XLPSGTWRCDACNTQRP TSDGQPEKGETTVLSKK PSQESAEA

DNA:  AAAGCCAGAAGAGAAT GAAAGTCT GT GAGAT GCT AGCAGACAAGCATGACAGCATCATACAGAAGT CCAGCT CAAT CCAGAACCAGATTTACCCTCAGATAGTAGOCCAGCCGGAGATCT



AAT Q-S-Q-K-R-M-K-V- ~A--D--K--H--D- S
X.I.QSQKRMK VCE K

Q- KSS Sl Qe N- Q- I--Y -
HDSII1QK RTLNN

Q-PE-I-
SNTI P VI

.C-- A
M QLV Q

DNA: GOCCAAAACCT ACAGCCAGAACACAGACCTGCT CACAACAACAAAGCTCTT ACCAAGCT OCCCCTCAGCCT CAGECCTGOCCCCAGT CACT TTCAAGCCTCT GCATGTCT CAGACACCCT
AA:  C-P-K--P.-T--A-R-T--Q--T--C--S--Q--Q--Q--S--S- Y--Q--A--P--P--Q--P--Q--A--C--P--Q--S--L--S--S--L- .C--M--S--Q--T--P--
XLCPKPTGRTQNCSQQQ SSFQML QPQACPRSLS NLCISQAP

DNA AGGCAGT TTTGCTCGCAACTT T TGOCCAGGT CTCATATT AGAACCT CACAT CAGCTGCAGACCAACT CTCAACAT TTGT CTATTCCACAACCTTGT TCCACAT CTGGT GGTCAGATAC
AA : L-R-Q--F--C--S-Q--L-L--P--R--S--H---R--T--S-- H--Q--L--Q--T--N--S--Q-:H--L--S-:|--P--Q--P--C--S-- T.S.G--G--Q-:I-
XLVRQICSQFLPRSOQIR TSQQPQANPQHLSTPQP CSTSLPPI

DNA: CTTGTACTACTCTCACCCTTCAGTCCCAGAACTGCACTACTCCACEMENCAGCTCCTGCCAAACACCTAGCGTCCAAACTCAGCATAGCATSOTITTACAGAAAGAGC
AA: P.C-T-T-L-T-L-Q--S--Q-N.C-T--T--P--P--D- N.-T--R--S--C--Q--T--P--S--V--Q--T--Q--H--S--T--P-- C--A-L-Q-K-E-
XLPCTTLTFPSQNYPTP ADNTCTSQTPSVQTQHS KPCALQKE

DNA: CTTGTCCTCCAGCATCACCACAACCTAAACTCTGCATTCCACATGIXEOTGTCATTAACTCTCCCACTGAACCCCAGTCTGAGATCAGTGERMATETIGCCAGGGCGAAG
AA : P-C-P--P--A--S--P--Q--P--K--L--C-I--P--H--A--P-- L--l--A--l--N--S--P--T--E--P--Q--S--E-|--S--A--R-- E--P--S--Q--G--E-
XLPCPLASLEPTLCIPL VPLNGINSATEPQFEVS PRPPVQGE

DNA: TGCCCATCCTGCCAATACCCAGGGCAACAGAATCCAACTCTGGTBEGTTCRAGAAGAGATGGTACCTGCACCAGTACCTCTTCAATCTENMINAGI CAAGGTTCCAG

AA : V..P-|--L--P-]--P--R--A--T--E--S--N--S..G--T--S-. S--A--Q--E--E--M--V--P--A--P-.V-.P--L--Q--S+-E - G--E--L--K--V--P-
XLVPILPIPGTTESNSG TSSAPEEMVPAPVALQA EIGELKVP

Reverse 2
DNA: CAGAAGTCGCAGGAAGCAACTTGACATTGAGTCGACATGAACT CGRMITIEIIT GAGAGCTCCTTTGATTGCTTCCTGCAATGGGCATTTCAGAZG2ZGTCCTGTGCAGTGAC
AA : A--E--V-‘A--G--S-:N--L--T--L--S--R--H--E--L--E--C-- L--I--A--E--S--S--F--D--C--F+-L--Q--W--A--F--Q-:N-- [--S--R--P--V--Q--*
XL ADAAGSNLTLSRHEL ECLIAESSFDCFLQWATF QNIS

DNA3’' CATAATCCTGTATGAGGATAGCATATTCCAGGGCACCTTGACTGTGBTAAAACACCAATGGAGGGAGTAACTGCTGAGGAATATAGAGSRMATAGTAATTTTAAAAACGTG
TTTTATCAGAATTTAACCCATAAGCATATAATATAAACATAAACKCATTTGTGATTGCTTAATAAAGTTATTTCCTGCTCATCAAAAAAAAAAAA



Supplemental Figure 2
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O T OO OV T OO T OO T ot OO o R I
Chi cken genome GGGCTGOCT GT AACAGCAATCTGCCT AAT TCTCCCT TCT CAGOCT T COCGGCGT GET CATCGTGACGOCAGGTGTCCTT CACCAT TAGT GGCAGGTGACA
110 120 130 140 150 160 170 180 190 200
O L OO FOOOL O OO O T ot R R
Chi cken genome CCACACCACGT GECCT TGTACAGAAATGAGT GGGACT GCAGGAACCT GATGAGT TTCCAGCAGT CGGGGCAT ACAT TAAAGGGGAGCGT GAGEGCTGTCT
210 220 230 240 250 260 270 280 290 300
O T OO O A e T Forward 1...|...]Exon 1..[...]...
Chi cken genome COCGEECT GOAGTACCAT GEECAA G T GEEAGT GEACAGAGACCTGOGECACCT GCT GAAACTGCACOGCACGGAGATCGCCAT GGLGGT GGAT GATGTC
310 320 330 340 350 360 370 380 390 400
O OO OO0 OO OO T ot O R ool
Chi cken genome TTCCOGCT GCT GCACGACCTT GCT GACCATGACATCGTCOCT GAACACATCT TCAAGGT CAGECCGT CEEGECACGACCETGLTCCTGECCACACT GT CAG
410 420 430 440 450 460 470 v 480 490 500
_ O o T 1O O OO O O T o o JJExon 2..]......]
Chi cken genome CACGEGEECTCECT CBTGECACT TEEGT GIGTGT CCACGET TEETGGT GECATCCECACGAGACACT GAGCCAGACGGAGCGAGAGEGCT COCACOGTGE
510 520 530 540 550 560 570 580 590 600
L OO OO O OO OO T ot O R ool
Chi cken genone GTTCCACGCACTGCTCACCTGACT OCTGGACOGCGACGCOGCOGOCGTCOGT GACT TCT GBGCT GT CCT CT TCAAGGACTACAACCT GGAGCGCTACACC
610 620 630 ‘40 650 660 670 680 690 700
O oo R o N
Chi cken genome CGGCTCOGGOCOCTOCATAGCGCCTroccosoAGGT \GGAGGOCAGGCT GGAAGAGT CAGCACCCT TGGAGECTGCACGCAAGCAGT GGT CAGACT GTGOC
710 720 v 730 740 750 760 770 780 790 800
_ B ool JEXON B o] N
Chi cken genome CATCTCOGTCOCT GTT COAGAGGT GGACCTT GGGCAACAGT GCAGCAGCAGACGOCCAT OCCOCEGCOCCACAGCACCGACCOCACAGAGAACCCAAGGT
810 820 830 840 850 860 870 ¥ 880 890 900
N OO TP O OO OO T ot O R ool
Chi cken genome AAGAGAAAAGCOCCTGAGGAGOGGGACGGRGOCCACATGACACAACCCT CACCACAGCACACCACCAGCOCT G TA T CLAGGIT CLACAT AGEGT GT ACG
910 920 930 940 950 960v 970 v 980 990 1000
N ool JExon 4..]....|...]
Chi cken genome TAGGGAAGAGATGTAGGGGGGCACTCATGGCGTCACCCCTGGTGACAGI’(IZCCI:OAAOA(IZACFAGG(XZTCCTG(IZAAAGBCAAGGACFGFGAAGAAC{ZC
1010 1020 1030 1040 050 1060 1070 1080 1090 1100

ool ool - N I
Chi cken genome AGAGAGTGOGGACAcroc:AOGoACAcoc:OGrACCAGCGGTGAGTGCCAATCCCTCTGGCACCTGGGGGGACAAGOACAGGCACAAATATCTCCCCAGAGT
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ol o |
AATCCCAGT TGTGT GGTGGCAGT CTGEGCECAGCCAT TAGAGOCCCAGAGCCACCCGECTGGRCAAACT AGGGECAGCAAT GAGGCAGT GTTTGCCTGT G

1220 1230 1240 1250 1260 1270 1280 1290 1300

AT ey 00 (S e ) (o) e Sy ool |
CACCTCTT GGEECCAT AGT AGAGGOCTCAGEECAGGCTGAGCCCOCCTGOCCACAAACCTCCOGACT GOCT CAGTGCAGAGGGECAGT CATGGTGGCAGCC

1320 1330 1340 1350 1360 1370 1380 1390 1400

AR ST e (P e ey P e e ST m
AGT GAGGT GOCTGT CACCT GCGGGGCTACTGAGGGAAAGCAT GT CCT CATCAGACACGT GCCAGGAGCTGGEGT AAGT GCAGGCACCAEEECAGCCCCCAGGE

1420 1430 1440 1450 1460 1470 1480 1490 1500

I3 ey e (P o ) (e e e g e P P |
CTCCCAAATACTAAGT TTCAGCCCCAGT ATAAGGAGCACCCCACOCCTCCT TGGGAAGECCCOCAAAGATGCAGAGATATGACAGAGAT GBCACCTGCTG

1520 1530 1540 1550 1560 1570 1580 1590 1600
ol [ EXON S . Vol
GAGCAGOGCTCCCCTCTCT TCCAGGCAGCACCAAGGCAGGCAGCAGAGCCAGBGACGAGT TCTGTGT OCCAGCT GCT GG T GACGACC TGEEGECEAGAAG

1620 1630 1640 1650 1660 1670 1680 _1690 1700

IS ESSY00e) (50  g) )  Sen AV
CAGGAGOCGCAGCCTGAAGOCTGCTT CT CGACCCAGGRCACCCCAAAGCGT ACGGCCOCCACTCACCAGCACACACCCT TACAGCCACACAAACT CTCAT

1720 1730 1740 1750 1760 1770 1780 1790 1800
Wil o] JEXON 6. ... o P g
AGCAGCAGGAGOCTTCOCT TTOCAGCTGAAGGET CGCCAAAGCACC T TGT T TCACACAGTGGAGAGATGTGT GT GACCACCTACGACCACCT GCCAGCAC

1820 1830 l 1850 1860 1870 1880 1890 1900

| e o] el
COCCTGTGCACAGCOAGGAACCTGOACTCTAOCAGGTGA@CCAAAAGGOAAAGTGGGGACATCACGCT@TOCTGGTAOATOCCTCTCTACTGGOCCAC

1920 1930 1940 1950 1960 1970 1980 1990 2000

AP Aoy e (0 o S ) o e A ool ]
TGCAGGCAGCCOGGAGCT CTGOCACCCCGLT GT CACCGEOCT ACAACAGOCT GGGAGCACCAGATCCCCGT COCAAATACGGOCCGEECT TTGTGTTGGC

2020 2030 2040 2050 2060 2070 2080 2090 0

R I R e o e e e
GAT GEGAGGTGACGEGAT GRGAGGTGOCAAGAT COCCTGCAGOCTGGCT GCATCOCGCT GOCGACGEOGAGCOCCT GTATCCOCACCCACAGCAGGACAA

2120 2130 2140 2150 2160 2170 2180 2190 2200
Forward 2..|..l.| .|| .EXON 7...|...]....| L Y g ot o g
CGAGGATGAGT GT GCAGT GTGOGGTGACGAOGGOGAGCT CAT CT GCT GOGAT GGCT GOCOCAGGACCTT CCACCTCCOCTGOCT GGT GCCACOGCTGACE




Chi cken genoﬁé."”
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Chi cken genoHé
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Chi cken genoﬁé
Turkey genome

2220 v 2230 2240 2250 2260 2270 2280 2290 v2300
] OO OO OO o T e A R
CGT GTCOOGAGGT GAGOCCOGOGCTGOCGTGAGGOCCAGCT GTACCT CATGT CCOCACT GCCOCTCACT GCT GT GCT GBAGT TGT GCAGCGGGACGT GGC
2320 2330 2340 2350 2360 2370 2380 2390 2400
Lol EXON 8o o] R

AAT GCAGCT CATGOGT GGCCAAGCT GEGCOGACT GCGAGAGGCAGACACGGCT GCAGAGCAGCT OCCTGCAGT COCAGACAAGGAGGAGCACGGT GCOCA

2420 2430 2440 2450 2460 2470 2480 2490 _ 2500

| OO TOOSL O OO OO O o o A R 4
GOCGAEGAGGAGECCACGGCAGCACCT GT GACOGCTGCTT CT CCAGCATCTCT GCACCOCAACGCTGCOCTACTCGT GAT GGGGACCC TGRS CAGTCOCT

e~~~ GATCTCCGCACCOCAACGCTGCOCCACGCGT GAT GGAGACOCOGGGT GAGTCOCC

2520 2530 2540 2550 2560 2570 2580 2590 2600

[ S R N

ol el
GCCGOCTTTOCOCACATCACACCCCACACCT CCCOGT TCCTTOCCAACTCGCT CAGAAGGECTTCAAGACACCT CGT TGGCT TGCAGAGGECTGIGECTTTGC
TOCGCCTGCOCCCACGTCACAGCCCAAGCCT CTCCATTCCT TCCTGCOGCT CGGAGCGCTCGCAAAT ACCT CGT TGGCT TGCAGAGGECTGI GECTTTGC

2620 2630 2640 2650 2660 2670 2680__ 2690 2700
.E XON e oo ] )

AGCT OCTGCACGGGCATCCCAGAAACAGGCAGCCACGAGAGCAGT GCAGCT GCT GRAGAACGOGT GCTCCT GACAGCAAAGE T T (T CLACCCAGEEOCE

GGCT OCTGOGT GAGCACCCCAGAAGCAGGCACGCT GBGAGAGCACOGCAGCT GCT GCAAACCACGTGCTT CAGGCAGCAAAGGT T GGT ACAGCCAGGGCCG
2720 2730 2740 2750 2760 2770 2780 2790 2800

O U POy Y e O I o e o N P o o o

GTACOGGT GOGGGGAACGCAGACGGT GCT GGGT AAAGAOGOCT GRAGRAA (GEGGAGEEGAAGCGAGAGEEAGAGGAGECCGA

GAACOGGT GOGCAGAAT GCAGGCGGT GCT GGGT GAAGGCGCT TGGAGGAACA
2820 2830 2840 2850 2860 2870 2830 2890 2900

ool V¥V  .l.Exon10.]

[T O R T
OGOGGCAGOGOGA

GOGACAAGGAGT GGOCGCAGGEGGAGERA CATCGAGCOCAT CCT CAACGCTGTCGT COACGAGGAAGAGCACAGCOCAGGAGCTGOGA

CCAGGGACAGGCGAAT GGT TGCTGEGECCGCAEEECACGECACCTAC

2920 2930 2940 2950 2960 2970 2980 2990 3000
| e [T T e LAY et (o ) I R ) LR e
COCCEBOCT COGGT COGT GCAGGACCGAAAAGG - AGCCCACGGENCC
ACATGGAGATGTT GCT GAAGATGT ACTGGAGGGEGGAAGAGCACAGCCCAGBGACTGT GACT GOGECCTGOGGEECOGT GAAGGACCGAAACGAGCGCATGA
3020 3030 40 3050 3060 3070 3080 3090 3100
| ol | ¥]exon AL, ] ol o] ]

AGAAGGTAGGGGGT GACGCAT CTCCT CCCACAGCT AAANAAT GGCT CAACCAGCAGCGT CCCCATGT OCAGCAGGGAAGAGCTCGACGCCC - TCCTGAGT
CCAGAGGT GEGGGT GACACAT CT TCCOCCACAGT TGGAGAACGGCT CAGOGAGCACT GACCCCATGT CCTGCAGGGAAGAGCTCAAATGCCCTCCTGAGT



3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
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Chi cken genome GAGGTAGGACACGOGGAGT GCAT COGCAGCACAT TCACAGGGACCACT T GGT GCACT GBGAAGCTCCAGAGCAGECCAGEGGECGCT GGGAAGGAAGAT G
Turkey genone GA~~GCTACACCCGGAGCATATTCOCAGGECACT ACT TGGT GOGTACGGCAGCT CCACAGT AGGTCGGT GGACACT GRGAAGGAAGATGAGAAACAGGGT
3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
_ o O O O T o I e e A | VW ..l..|Exon 12..]...]|
Chi cken genome AGAAAGAGGGT AAAGCAGAGAGGCTGAGAATAGA GC CTCACAACGEGT GT GOGAT COCACACGGAACGTGGGAT GBGAT O TCCAGT GG
Turkey genome AAACCCAAGAGACT GAGAAGAGAGTGAAAAT GGAGACTGACAACGAGTGGGCGATCT CTCT T TGAT TTGTGAGT GCCAT TCTGCAAGCAT GT CCGGT GCA
3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
e Reverse 2..|olofo o]l 1O OO 1O O OO O OO O O
Chi cken genone GCAT TCCAGAGCAT GBCACGAGOCCCT TGCAGACCCACACGGGOCGT TTGACT AGTGCOCGCT GCAGCOGT GGAAGGCCGAGGGAGACAAGACTACGGAGA
Turkey genone GOCT GGTGCOC TCAGCCAGAGRECAGT GCTGT GCCTGCTCAACTCOCCTGOCCTGGT GCACAGACAAT AGCAAGGCACTGT T TGCT CCCCAAACCT CCCGC
3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
N OO OO OO oo T o o A ool
Chi cken genome GAGGCAAAGAAAAGAAAAGAGCGAAAAGGAAGAAGAGCAACCAATAAAGAAGT GAGAAAACAAGCAAAAGGCAAACCGCACGOGAACTCAGT AGT GACGG

Turkey genone ACAGCATTCAGCCCAGATGTATGAGGGTAACTTGATC



Supplemental Figure 3
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Zebrafish NBKVESFEESDLRSQLRACRTEI AMAI HDPFPLLYGLADH\VI SEQI LRETLERKKKDG HKAl YSLLTLLLDQDT TVLKAFVWKNL CKEYNKECYPKLET
Takufugu ---MD.RDTN...L..QL..D....VD.S ..VF....K |.TD LOKD ..KESRE ....M...SW.ERRSIIR ..S..S.D..LDS....HK
Tetraodon ---ME G TN...L.KHL..D ... VD.S ..V.....K|.TD LQKD ..KESRE ....M...SW.QRRS.IR..S..F.D..LDS....K

110 120 130 14 0 150 160 170 180 190 200
OO T OO OO T O oY Y Y1 OO T S Y R e e ol
Zebrafish  VFMNLPKGLKQEVRQNGNPKL EL QARSQSCKKRGVSEKQLTHRT HHHHSKKSL T SSSGSKEKLMKK T DEAAHSQVSVENGYQAVST SVORAVTVSAGDL P
Takufugu  LIA. .. ORVAESKGSRDEK- - - - - - - ..SDDQ. - ---- TSH KKRN. ED. EQPKFHDKP. DEPG SDMYS. TGA. M3SASVCK. HTS. SS-- - S. . STK. .
Tetraodon LIT...S ----CGSRDAK----- - - K. SGSQ. - ---- TMYI KKRN. ED. QQPQHRDKS. . EPG SD. YS. TGA. . VSSLAPKTPTL. SS-- - S. . STK
210 220 230 24 0 250 260 270 280 290 300
OO T OO O T O oY Y 1 OO T St T e ol
Zebrafish DSCGTVEE! LI QOVI ESCG - - - - - AKKCI KVGGEF YSSCKLDETAGAQQT QTQTAHTSSHQUREPSSRAL ATPCL QYVVAVLTCYPQKMT FAVEHNDDE
Takufugu  VKHEAS. K. H K . FG. DEKTSG- | VRH. V. .. . V. .. C. QSE. . K- - - - RASKAVESI F. HKG. . LTD. == == == === = mmmmmm oo - ARV. . . .
Tetraodon VRHEASCK. N K . FG. DENTAGET. .R. M .D. M ... DQSE. . K- - - - RASKAVES| CGHKGG PTE. = - == <= =< mmmcmme oo SHV. ...
310 320 330 34 0 35 360 370 38 390 400
OO T OO0 OO T O Y O OO OO0 OO 1O UL O OO O T ]
Zebrafi sh CAVCKDGGEL| GCDGCPRAFHLSCLVPPLTSI PRGTVIRCGQL OQSNRLKDRT Y TH- - - VOPPATETSSG SAVDFSFFSS- L SSTSL STVSASSSAQSMEL
Takufugu ..A..............Q...T..D.......S.P.Q DWCGT. G RE TQOPPLAKSLQ N...NNAL..V.....S.....H A T. PTN. PR\ -
Tetraodon ..A..............Q...T..D.......S P...ONKD. TV. VEKPGEPVLAKLLQ N. . ANT.L..1.....-..AA .AA T. QTN. PR\ -
410 420 430 44 0 450 460 470 480 490 500
OO 1 OO OO T O Y Y1 UL T NSO T e o ]
Zebr afi sh RVGI RVACA CYLTRCELI TOPQCL QAYHALCNFPNGRTRCRNCSRSWEPGADNSSTCRSL QL SQHVB- - - - - DQGLTPSEQL LNRDEMDSVVG
Takufugu .C G .LLSVTEE. .V.RQAE. A TR L...GSF.TH H..K .Sl .LS...L. ESSAEGEAGS. . ... APVLONVLGHE. . TWP. PG, HK. . L. . I L

Tetraodon .R G .LLSVKEE..V.QQAG D. TH.L... QVFSHTLPL. K . Sl . SS. . . L. ESSAEREAESKT. . . DPVLONTLSHE. DAAVP. PG, HK. DL. . I L.
510 520
I
Zebrafish E-SSI DA LOAFHN SRPLSETQGYFQ

Takuf ugu DQr.F..........M....Ds. .CV.
Tetraodon DQP.F. .........M....DS .Cv.



Supplemental Figure 4

EXON 1 NRB- 1 HSR
human T------ R
nouse GG - - - - E NE
opossum $SS--------- )
chicken K G-
tropicalis .ERDPSPSS
zebr afi sh SKVES FEE

human mouse opossum |chicken |tropicalis |zebrafish
human ID 89% 60% 66% 44% 43%
mouse 89% ID 58% 64% 42% 45%
opossum (60% 58% ID 62% 46% 45%
chicken |66% 64% 62% ID 48% 51%
tropicalis |44% 43% 46% 48% ID 42%
zebrafish {43% 45% 45% 51% 42% ID
EXON 2 HSR
human Al i
nouse DS gL
opossum 4 R
chicken ! A
tropicalis Q
zebr afi sh BT TVLK

human mouse opossum |chicken |tropicalis |zebrafish
human ID 86% 71% 62% 38% 43%
mouse 86% ID 66% 60% 40% 40%
opossum |71% 66% ID 64% 45% 41%
chicken |62% 60% 64% ID 41% 38%
tropicalis |38% 40% 45% 41% ID 31%
zebrafish (43% 40% 41% 38% 31% ID
EXON 3 NLS 1
human PAVgKAL] RKA TPRCT.
e Y EAEmE
opossum RV =R SLR 1My ECRRAQPPSSSCLL SCNHA- - - - -
chicken -ESP STRPT- BCRTOZR AF’ERD A-MACOPSPOHTTER
tropicalis SSHHEARE- OPP- TNKPYSHEKIZO NKDTFAVYPERA- - - - - - -
zebrafi sh €\PKLEL QARSCSCKK[g VSEKQ_THRTHHHHSKKSLTSSS

mouse opossum |chicken |tropicalis |zebrafish

human 23% 42% 25% 4%
mouse 26% 38% 21% 6%
opossum ID 13% 17% 6%
chicken 13% ID 21% 4%
tropicalis 17% 21% ID 0%
zebrafish (4% 6% 6% 4% 0% ID

opossum exon 3 plus 5' end of exon 4




EXON 4 NLS 2
human €S OL[X AE[OSR
nmouse €S HL[N EDCNLESOHLZNE)
opossum ePP»—E KPPKKPEZN] =P$
chicken €l [ AN 3 ABJIER
tropicalis [ePP P1 KPVSLD I O
zebr afi sh e.--E N MIETD- JRAHSQVSVE
human mouse opossum |chicken |tropicalis |zebrafish
human ID 68% 60% 40% 36% 36%
mouse 68% ID 56% 20% 40% 36%
opossum |60% 56% ID 33% 50% 29%
chicken |40% 20% 33% ID 21% 17%
tropicalis |36% 40% 50% 21% ID 17%
zebrafish |36% 36% 29% 17% 17% ID
opossum 3’ end of exon 4
EXON 5 SAND
hunman Gl QJVMSASVQRAVG D 3
nouse G Q I\EASVQ'\’A @D 3
opossum Gl RSMBASVAR SELIZETCE\=e\|N
chicken €S TKACSRARDEFQY- - - - -
tropicalis PCOKI PSVLPVNONDKKPYS YT SKP
zebr afi sh Eve \@TMTESAEL
human mouse opossum |chicken |tropicalis |zebrafish
human ID 87% 68% 8% 9% 63%
mouse 87% ID 71% 8% 9% 63%
opossum |68% 71% ID 8% 9% 53%
chicken |8% 8% 8% ID 6% 8%
tropicalis |9% 9% 9% 6% ID 14%
zebrafish |63% 63% 53% 8% 14% ID
EXON 6
hurman GGSKKO QVGGEF YT REKFECHSGE SE 'L H
mouse FSKKO QVGEEFYTR krEDPSAM SSL|
opossum GGSKKCA QVGCGEF YT HEKFEDPSG SPART] TI PHH
chicken
tropicalis -- DRSMOVERELEAVE--------- L[ELTL LI SQQ
zebrafish [€€ WNE&SS RLDETAE QQT qQr HTSEH EESSR
human | mouse | opossum | chicken | tropicalis | zebrafish
human ID 76% 66% 0% 14% 30%
mouse 76% ID 64% 0% 16% 28%
opossum | 66% 64% ID 0% 18% 34%
chicken | 0% 0% 0% ID 0% 0%
tropicalis | 14% 16% 18% 0% ID 8%
zebrafish | 30% 28% 34% 0% 8% ID




EXON 7

human
nmouse
opossum
chicken
tropicalis
zebrafi sh

human mouse opossum |chicken |tropicalis |zebrafish
human ID 48% 50% 27% 30% 22%
mouse 48% ID 36% 22% 19% 19%
opossum |50% 36% ID 30% 25% 7%
chicken |27% 22% 30% ID 16% 5%
tropicalis |30% 19% 25% 16% ID 15%
zebrafish |22% 19% 7% 5% 15% ID

chicken exon 6

EXON 8 PHD-1
human -
nmouse -
opossum -
chicken - ODI\EDECAVClD(IBELI CCDGCPRAFHL[gCL VPPL[ZR

tropicalis - NDDECEVCRDGGEL | OCCDGCPREFHLECL VPPLT[gl Pj
zebr afi sh \=le NDDECAVONDGGEL | CCDGCPRAFHLECLVPPLTEI P

human mouse opossum |chicken |tropicalis |zebrafish
human ID 95% 85% 78% 79% 76%
mouse 95% ID 82% 78% 76% 76%
opossum |85% 82% ID 78% 82% 83%
chicken |78% 78% 78% ID 73% 78%
tropicalis |79% 76% 82% 73% ID 80%
zebrafish |76% 76% 83% 78% 80% ID

chicken exon 7

EXON 9 PRR

human TR SEL - - QATYQEVOPR- - EP -(:E L L L L T T TP

nouse S - QQNL SC- - PlgEs e

opossum %N? - - HQRCHH- 'HS ————————————————————————————

chi cken V@ e'LRE DT EQL' HGSTCCGRCFSSI SAPQRCPTRDGDP

tropicalis 3 M ETT LSKK ——————————————————————————————

zebr afi sh - SNE- LKBR- - - - - - - - - - TYTHVG = - s m o mm e m e e e e m e
human mouse opossum |chicken |tropicalis |zebrafish

human ID 56% 32% 15% 21% 18%

mouse 56% ID 38% 16% 29% 18%

opossum |32% 38% ID 9% 27% 19%

chicken [15% 16% 9% ID 12% 9%

tropicalis |21% 29% 27% 12% ID 30%

zebrafish |18% 18% 19% 9% 30% ID

chicken exon 8



EXON 10

S| ONQl YPQI VACRE! CPKPTART
-- - SLESTHAS - TVERSSSACSI ELQ - - -

hunan REA =EVR .P PLACNDTTLVYKH- PAPP = LD
nouse RSA =KTR 'S LKASSDAAVTYVIN- - LAPHP LEP
opossum RTQEK g EIEPSHEL VATFARKGP- [BPI AP‘PSLNPAI PLATC
tropicalis ------ PSQCSAEAQSQ(R!\/KVCEI\/LADKHDA Il CK
zebrafish  ------------- PRATETSYESAVDFSFFS- -

human mouse opossum |tropicalis |zebrafish
human ID 48% 34% 8% 13%
mouse 48% ID 21% 6% 13%
opossum |34% 21% ID 10% 15%
tropicalis |8% 6% 10% ID 4%
zebrafish [13% 13% 15% 4% ID

no chicken analog, tropicalis exon 10 plus 5' end of 11 (rest of 11 has no non tropicalis analog)

EXON 11
human  ----- ARCGVCG
mouse @ ARCEVOG
opossum EDT[eeYe- CSEDNRHONSOSR
zebr afi sh - SDCERVA Rvi[sel [@YI TRC NI TlePeel ()}

human mouse opossum |zebrafish
human ID 75% 45% 22%
mouse 75% ID 33% 22%
opossum |45% 33% ID 23%
zebrafish |22% 22% 23% ID

no chicken or tropicalis analogous exon

EXCN 12

human - AELAP PAK- -

nouse PRPAPCGLAKV

opossum =\/| TAEEDAL SSCVSALESVK-

chi cken EETGSHESSAAAG ERVLLAA-

zebrafish [€R TR@RNOSRSWIECNDNSSTCRSLGQ - ----------
human mouse opossum |chicken |zebrafish

human ID 51% 22% 22% 19%

mouse 51% ID 18% 18% 15%

opossum |22% 18% ID 19% 18%

chicken |22% 18% 19% ID 12%

zebrafish |19% 15% 18% 12% ID

chicken exon 9, no tropicalis analog




EXON 13

human =
nmouse =
opossum 1=
chicken =
tropicalis iE
zebr afi sh LSC}NSEQ LT =

human mouse opossum |chicken |tropicalis |zebrafish
human ID 81% 39% 39% 30% 25%
mouse 81% ID 39% 43% 30% 21%
opossum |39% 39% ID 30% 26% 36%
chicken [39% 43% 30% ID 35% 18%
tropicalis |30% 30% 26% 35% ID 18%
zebrafish (25% 21% 36% 18% 18% ID
chicken exon 10, tropicalis exon 12
EXCN 14 CTD
human
nmouse
opossum
chicken
tropicalis
zebr afi sh

human mouse opossum |chicken |tropicalis |zebrafish
human ID 73% 44% 63% 39% 37%
mouse 73% ID 67% 59% 42% 56%
opossum |44% 67% ID 46% 50% 73%
chicken |63% 59% 46% ID 35% 50%
tropicalis |39% 42% 50% 35% ID 50%
zebrafish |37% 56% 73% 50% 50% ID
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