GENOMICS 29, 490-495 (1995)

Structure and Evolution of the Human IKBA Gene

CARYN Y. IT0,* NiLs ADEeY,T VicTorIA L. BAUTCH,*T AND ALBERT S. BALDWIN, JR.* 111

*Curriculum in Genetics and Molecular Biology, TDepartment of Biology, and fLineberger Comprehensive Cancer Research Center,
University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599

Received February 17, 1995; accepted July 10, 1995

IkBa belongs to a gene family whose members are
characterized by their 6-7 Ankyrin repeats, which
allow them to interact with members of the Rel family
of transcription factors. We have sequenced a human
IkBa genomic clone to determine its gene structure.
The human IkBa gene (IKBA) has six exons and five
introns that span approximately 3.5 kb. This genomic
organization is similar to that of other members of the
Ankyrin gene family. The human IKBA gene shares
similar intron/exon boundaries with the human BCL3
and NFKB2 genes, which is consistent with their con-
served Ankyrin repeats. To examine further the evolu-
tionary relationship between human IkBa and other
members of its gene family, we performed a phyloge-
netic analysis. Although the resulting phylogenetic
tree does not identify a common ancestor of the IkBa
gene family, it indicates that this family diverges into
two groups based on structure and function. © 1995 Aca-

demic Press, Inc.

INTRODUCTION

Interactions between transcription factors of the Rel
family and members of the IkBa gene family have
evolved to regulate genes mainly involved in immune
and inflammatory responses (for review, see Grilli et
al., 1992; Nolan and Baltimore, 1992). The Rel family
includes the oncoprotein Rel, RelA (p65), NF-«B1 (p50),
NF-«kB2 (p52), RelB, and the Drosophila morphogen,
Dorsal. The Rel homology domain in the N-terminus of
these transcription factors allows these proteins to bind
DNA and to dimerize with certain members of this fam-
ily. Various homo- and heterodimers of Rel family
members preferentially interact with the Ankyrin re-
peats present in IxBa (Mad-3), NF-xkB1 (p105), Bcl-
3, and other proteins belonging to the IkBa family to
mediate different functions in the cell (for review see
Beg and Baldwin, 1993). IkBa interacts with p65 (Rel
A), which together with p50 (NF-xB1) makes up NF-
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kB. This Rel-Ankyrin protein interaction causes the
cytoplasmic retention of NF-«B, and therefore NF-«B
is inhibited from binding to its target sequences and
activating transcription in the nucleus (Baeuerle and
Baltimore, 1988).

The precursor proteins, NF-«B1 (p105) and NF-«xB2
(p100), contain a Rel homology domain in their N-ter-
mini and Ankyrin repeats in their C-termini. Thus, the
Ankyrin repeats in the C-termini of these proteins are
also capable of interacting with their Rel homology do-
mains, forming an intramolecular Rel-Ankyrin pro-
tein complex that results in cytoplasmic compartmen-
talization (Rice et al., 1992; Hatada et al., 1992; Nau-
mann et al., 1993a,b; Mercurio et al., 1993). Upon
proteolytic processing, NF-«B1 and NF-«B2 lose their
C-terminal Ankyrin repeats and are modified into p50
and p52, respectively. The processed proteins retain
the N-terminal Rel homology domain and therefore the
ability to dimerize with other Rel proteins and bind
DNA, but unless they are coupled to IkBa, they are
localized in the nucleus.

Bcl-3 has been identified only in mammalian species,
and its function differs from those of other 1xBa family
members. Bcl-3 is found in the nucleus and preferen-
tially interacts with NF-«B1 (p50) or NF-«xB2 (p52) ho-
modimers bound to DNA, and, unlike other Rel-An-
kyrin interactions, this protein—DNA complex results
in transcriptional activation (Wulczyn et al., 1992;
Bours et al., 1993; Fujita et al., 1993; Franzoso et al.,
1993).

In recent years, the genes encoding members of the
IxBa family have been mapped by chromosomal trans-
locations or by standard FISH mapping techniques
(Ohnoetal., 1990; Nerietal., 1991; LeBeau et al., 1992;
Ten et al., 1992; Mathew et al., 1993). The data show
that the human genes in this family are not organized
on a single chromosomal locus, but are scattered
throughout the genome. This organization suggests
that this gene family did not recently arise from simple
duplication events. Furthermore, members of this fam-
ily have been found in organisms as distantly related
as flies, birds, and mammals, suggesting ancient ori-
gins. To understand better the evolution of this gene
family, we have cloned and sequenced the human IKBA
gene and compared it to other members of the Ankyrin
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gene family. The IKBA gene contains six exons and five
introns spanning 3.5 kb. Comparisons of the human
IKBA gene with those encoding BCL3 and NFKB2 indi-
cate that these genes share similar splice junctions and
genomic organization. This gene organization is consis-
tent with phylogenetic analysis that shows IKBA di-
verged from BCL3 and NFKB2 at least before mamma-
lian and avian speciation, respectively.

MATERIALS AND METHODS

Isolation of the human IkBa genomic clone. A human placental
genomic library was screened as described previously (Ito et al.,
1994). Briefly, 1 x 10° phage plaques were screened using a5’ EcoRI/
Pstl fragment from the human IkBa cDNA using the methods of
Benton and Davis (1977). Two phage clones were isolated, and clone
N\7-1 was further characterized by restriction enzyme mapping. The
coding region of the gene was mapped to three Sacl fragments by
Southern hybridization (Southern, 1975) using the 1kBa cDNA clone
as a probe. The three Sacl fragments were subcloned into pUC 19
for further analysis.

Mapping the intron/exon boundaries in the human 1B« gene.
The following pairs of PCR primers were designed using sequences
from the IkBa cDNA clone, 5'-AGACCTGGCCTTCCTCAAC-3’ and
5'-GTTGAGGAAGGCCAGGTCT-3',5'-CCAACCAGCCAGAAAT-
TC-3" and 5’-CCAGCTCCCAGAAGTGCC-3’,5’-CACTGCACACTG-
CCTAGCCC-3' and 5'-GGGCTAGGCAGTGTGCAGTG-3’, 5'-CCC-
TCCCTGTAAATGGTGTAC-3’ and 5'-GTACACCATTTACAGGA-
GGG-3'. These primers were used to amplify regions of the cDNA
and the genomic Sacl subclones. Sizes of the genomic and cDNA
PCR products were compared on a 1% agarose gel run in 1X TAE
to identify any introns. The introns were then sequenced in both
directions using the primers mentioned above as well as the M13/
pUC forward and reverse sequencing primers (NEB, Beverly, MA)
using the Applied Biosystems automated sequencer at the UNC DNA
sequencing facility.

Computer analysis of the 1kBa genomic and amino acid sequences.
The intron/exon boundaries in the human IKBA gene were compared
to the intron/exon boundaries present in the human BCL3 (McKei-
than et al., 1994) and NFKB2 (p100/p52) (Fracchiolla et al., 1993)
genes using the PILEUP computer program (Feng and Doolittle,
1987). Human NFKB1 (p105/p50) (Kieran et al., 1990), mouse NF-
kB1 (Ghosh et al., 1990), chicken NF-kB1 (Capobianco et al., 1992),
human NFKB2 (p100/p52) (Neri et al., 1991), human BCL3 (Ohno
et al., 1990), Drosophila Cactus (Geisler et al., 1992), chicken IxBa
(pp40) (Davis et al., 1991), rat 1xBa (Tewari et al., 1992), human
IKBA (Haskill et al., 1991), and pig IkBa (de Martin et al., 1993),
Drosophila Notch (Wharton et al., 1985), and human Tan-1 (Ellison et
al., 1991), obtained from the GenBank/EMBL database, were aligned
using PILEUP. A phylogenetic tree based on amino acid similarity
was generated using PAUP (phylogenetic analysis using parsimony,
Swofford, 1990) computer programs. The analyzed sequences encom-
passed the Ankyrin repeats of the above members of the Ankyrin
gene family. The resulting phylogenetic tree was replicated 100 times
in a bootstrap confidence analysis.

RESULTS

Human IKBA Gene Structure

A lambda phage clone, \7-1, containing 15 kb of re-
combinant insert DNA, was isolated from a human pla-
cental genomic library using a fragment of the IxBa
cDNA as a probe. The coding region of the IkBa gene
was localized to three Sacl fragments, which were then
used to determine the structure of the IkBa gene by
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FIG. 1. A schematic diagram of the genomic IxBa clone, A7-1.
The enlarged diagram at the bottom represents the IKBA gene struc-
ture. The open boxes correspond to the exons, the arrow represents
the translation start site, and the stop codon is shown in exon 6. S,
Sacl restriction enzyme sites.

PCR analysis (shown in Fig. 1). The introns that were
identified by PCR analysis were then sequenced to de-
termine their splice junctions (Fig. 2). The human
IKBA gene is relatively small, spanning 3.5 kb. It has
six exons, ranging in size from 89 to 550 bp, and five
introns ranging in size from 107 to 621 bp. The tran-
scriptional start site was previously characterized
downstream of a putative TATA box (Ito et al., 1994),
and the translation start site is located in the first exon.
The translation stop site and polyadenylation signals
are located in exon 6. The Ankyrin repeats are encoded
by exons 2 through 5. Ankyrin repeats | and Il are
interrupted by introns 1 and 2, respectively, while re-
peats 111 through VI are encoded on single exons (see
Fig. 3). Computer comparison of the genomic sequence
of this gene to itself did not identify duplicated se-
quences (data not shown).

Because the first introns of several genes have been
shown to contain important regulatory elements that
serve as transcriptional enhancers, we analyzed the
first intron of the IKBA gene for such sequences. Com-
puter analysis of the first intron identified a putative
NF-«B site (shown in Fig. 2). This NF-«B site is identi-
cal to one of the NF-«B sites in the HIV LTR enhancer
(Nabel and Baltimore, 1987) and may serve to regulate
this gene (see Discussion). Several putative regulatory
elements were also identified; however, due to their
weak homology to their respective consensus se-
quences, they are not considered significant.

Comparison of the IKBA Gene to Other Members of
the Rel and IkBa Gene Families

To compare the gene organization of IKBA with other
members of this gene family, we compared the nucleo-
tide sequence of IKBA to the human genes BCL3 and
NFKB2 using the PILEUP computer program. This
analysis showed that several splice junctions are con-
served among these genes, and exon sizes and the ar-
rangement of their Ankyrin repeats were also con-
served (Fig. 3). Exon/intron boundaries 3, 3, and 3 in
IKBA correlate, respectively, to exon/intron bound-
aries 3, 2, and ¢ in BCL3 and to boundaries 12, i, and

£ in NFKB2. An additional splice junction between ex-
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gagctctgac cgaagtttge tttattttge ctgtaccaat tctaccaagt agatgaatte agtccatgge
ttgcaggett ggaggtggag gtggagtgga gagcataaat tatatttctg caggtgaaac cagagcatag
tgagccgaaa ccccttteta cccaggtgge gtgaatgggt ccaactgcta ctgtecccca ggacaagaga
gcaaggaggg gcgggcagga tgggactacc ttgagectce cgeaggatge ctggcaacta ctttettagt
ggtccttaag gtccaatcge gggttaagge actaactaaa ctcattctte agectectte tctaagttcet
cctcgaattt gggtgcccag aagtaggctc acgatccttt ttetgeggga gcacaatgta ggtcagatag
cataaacgaa tagctactta tgaacacaat agctactctg ctattgcaag gtatccacaa ccaccactac
aaacattaac accttgcttt acttgggaaa caaaaaaaat catggtccta ttcagcagtt tccccataca
gggagegttt geccctccee cagtcaacag ggetgttcat cectaggaag tgatttgaga gttetccaag
gatttaggct ttcactcctc caaagctttc acaacttcta cetggegggg gtgegtgggyg gggtgggagge
gaacgtaaaa gttccetttge tgcaaagage ctggtatagg cagaaacacc ggcgeggect gecageccect
aaccacagtg cgtccttecce cttagaagtc tggggaaagc aaatccctac geccagecat catttecact
cttgcgtttt caaaagatca aaaacggaaa ggaccggcag ttggcaaacce ccaaagaggg accgcccate
aggtcggcgt ccttgggatce tcagecageeg acgaccccaa ttcaaatcga tegtgggaaa ¢cgcagggaa
agaaggctca cttgcagagg gacaggatta cagggtgcag getgcaggga agtaccgggyg ggagggggcc
tggteggaag gactttccag ccacteggeg ctcatcaaaa agttccetgt cegtgaccet agtggetcat
cgcagggagt ttcteccgatg aaccccaget cagggtttag gettettttt ccccctageca gaggacgaag
ccagttctet ttttetggte tgactggett ggaaakbgoce egagcctgac ccegecccag agaaatccec
+1
agccagegtt tatagGGCGC CGCGGCGGCG CTGCAGAGCC CACAGCAGTC CGTGCCGCCG TCCCGCCCGC
CAGCGCCCCA GCGAGGAAGC AGCGCGCAGC CCGCGGCCCA GCGCACCCGC AGCAGCGCCC GCAGCTCGTC
CGCGCCRTET TCCAGGCGGC CGAGCGCCCC CAGGAGTGGG CCATGGAGGG CCCCCGCGAC GGGCTGAAGA
AGGAGCGGCT ACTGGACGAC CGCCACGACA GCGGCCTGGA CTCCATGAAA GACGAGGAGT ACGAGCAGAT
GGTCRAGGAG CTGCAGGAGA TCCGCCTCGA GCCGCAGGAG GTGCCGCGCG GCTCGGAGCC CTGGAAGCAG

qtegt
g

CAGCTCACCG AGGACGGGGA CTCgtaagtg 9999 g g9gcgg
cgegeggect gggggtggga ggegecggge ctggagcecg ageeg gegatge ag
tact

Seccaschoy Jagasgosse GgetauIecs Lazeasaeay capecyicgs casesvcces
gacccgtect ctaggeeggg ggeggggcgg cageggggac gegaagtccce cggttgcata aggeggggeg
ggagtttett 't gt ggtegttocg agetggeggy

geecgetgge ggg gag cagecgggag ggg
agggegggge ggtctggecg gegeccgeeg gggecgeggd gggagay tgggegect
gccaggaaca ctcagctcat aataaccteg geggecteg geet gaa ggect
t c ccect cggtgcactc accacccctg gggtttttee

geg gecag gcg 999 g
ctcteottece cacagGTTCC TGCACTTGGC CATCATCCAT GAAGAAAAGG CACTGACCAT GGAAGTGATC
CGCCAGGTGA AGGGAGACCT GGCCTTCCTC AACTTCCAGA ACAACCTGCA GCAGgtgege cgcttgectg
gecegggtte tototgacce tgggacgtag ctgatgtage agagtcaccc cagatccttt ctgaattcag
ggccactgag cactattcac cct ttt tactt t g gaaggaaatt
ccactgattt ggtgaggtct g ggagect ctg g g t
gtctaggagg agcag ggag gggttga gg cteg gggtgtgggt ttggtccatg
gcttacttte tetggtctet cttgcatteg tagACTCCAC TCCACTTGGC TGTGATCACC AACCAGCCAG
AAATTGCTGA GGCACTTCTG GGAGCTGGCT GTGATCCTGA GCTCCGAGAC TTTCGAGGAA ATACCCCCCT
ACACCTTGCC TGTGAGCAGG GCTGCCTGGC CAGCGTGGGA GTCCTGACTC AGTCCTGCAC CACCCCGCAC
CTCCACTCCA TCCTGARGGC TACCAACTAC AATGgtatgt ctgoctccct gecctgecce accecectegg
agggcaggtg acgtggagaa ggggcaggtg gg tta aggagtccag gea tt
catttggaag gttgagaaaa tatgtgtgca aagtgcctat tggatgcectt tataaagttc tttcagaace
cagactgtgg gttcttaaaa ttcagaagat aagactactt gttccataaa agaataggtg aaaggagtga
gggttgaaac aggtggttat acttttttcc ttttgttctt ccagGCCACA CGTGTCTACA CTTAGCCTCT
ATCCATGGCT ACCTGGGCAT CGTGGAGCTT TTGGTGICCT TGGGTGCTGA TGTCAATGCT CAGgttggtg
cttoctgece ccgacgeact gagtcagget cctegtgett atgttgtgag cagaaattcc aaatgcagece
ataagcatct caaattcctt ttggtgtcag GAGCCCTGTA ATGGCCGGAC TGCCCTTCAC CTCGCAGTGG
ACCTGCAAAA TCCTGACCTG GTGTCACTCC TGTTGAAGTG TGGGGCTGAT GTCAACAGAG TTACCTACCA
GGGCTATTCT CCCTACCAGC TCACCTGGGG CCGCCCAAGC ACCCGGATAC AGCAGCAGCT GGGCCAGCTG
ACACTAGAAA ACCTTCAGAT GCTGCCAGAG AGTGAGGATG AGGAGAGCTA TGACACAGAG TCAGAGTTCA
CGGAGTTCAC AGAGGACGAG gtgagtctgt gaactccttc ggcgetctaa ctaatgaggt gocattccct
tcaccctcec aggcccctag agctgetect tatcagaggg gtatctacat aatgagtcote tcaaatttet
gtgcataacce agtatcccaa gaatgtacct geccccccee tttttttaat agettactet ttttttaaag

gaag ta g t ccctcagect gtaaagttca ttatatttgg gcectatggaga atggagtcca
agagttattt ccagtagtgg cctccccate ccggtagett ggcagagetc cgetccggaa gettaacgtg
tcttttttec ccttgtttge agCTGCCCTA TGATGACTGT GTGTTTGGAG GCCAGCGTCT GACGTTAILGA
GTGCAAAGGG GCTGAAAGAA CATGGACTTG TATATTTGTA CAAAAAAARA GTTTTATTTT TCTAAAAARA
GAAAAAAGAA GAAAAMATTT AAAGGGTGTA CTTATATCCA CACTGCACAC TGCCTAGCCC AAAACGTCTT
ATTGTGGTAG GATCAGCCCT CATTTTGTTG CTTTTGTGAA CTTTTTGTAG GGGACGAGAA AGATCATTGA
AATTCTGAGA AARACTTCTTT TAAACCTCAC CTTTGTGGGG TTTTTGGAGA AGGTTATCAA AAATTTCATG
GAAGGACCAC ATTTTATATT TATTGTGCTT CGAGTGACTG ACCCCAGTGG TATCCTGTGA CATGTAACAG
CCAGGAGTGT TAAGCGTTCA GTGATGTGGG GTGAAAAGTT ACTACCTGTC AAGGTTTGTG TTACCCTCCT
GTAAATGGTG TACATAATGT ATTGTTGGTA ATTATTTTGG TACTTTTATG ATGTATATTT ATTAAAGAGA
TTTTTACAAA TG

FIG. 2. Genomic sequence of the human IKBA gene. The 5’
flanking sequences are in lowercase letters, the exons are denoted
by capital letters, and the introns are in boldface, lowercase letters.
The 5’ sequence containing three NF-«B sites and the transcription
start site have been previously characterized (Le Bail et al., 1993;
Ito et al., 1994). The three NF-«B sites in the promoter and the one
site in the first intron are in boldface type and are underlined. The
transcription start site is indicated by +1, and the translation start
site and termination site are underlined.

ons 4 and 5 in IKBA is conserved between exons 5 and
6 in BCL3, and the splice site between exons 6 and 7 in
BCL3 is conserved between exons 18 and 19 in NFKB2.
Since BCL3 shares four splice junctions with IKBA and
NFKB2, which share three splice junctions, the data
suggest that these genes evolved from a common ances-
tor which, like BCL3, contained all five of these splice
junctions.

To explore further the evolution of the IkBa gene
family, a phylogenetic tree was constructed based on
the Ankyrin repeats of protein sequences of a variety of
members of the IkBa family. There were no significant
differences between the phylogenetic trees using either
the entire protein sequences or the regions encom-
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passing the Ankyrin repeats (data not shown). The
maximum parsimony method that relies on shared dif-
ferences in amino acid sequences was chosen to con-
struct the phylogenetic tree. To root the tree, the Dro-
sophila Notch protein and its human homologue Tan-
1 were used in this analysis. Notch also contains six
Ankyrin repeats that were shown to be significantly
similar to the human BCL3 gene (Ohno et al., 1990)
and other members of the IkBa gene family (Nolan
and Baltimore, 1992). In a distance matrix analysis
comparing the percentage similarity of amino acids,
Notch and Tan-1 are least similar to the members of
the 1kBa family (compare rows 1 and 2 with 3-14 in
Table 1) and were therefore chosen as the outgroup to
root the tree.

The phylogenetic tree (Fig. 4) shows that the Ankyrin
repeats in Notch and Tan-1 diverged from the Ankyrin
repeats in other family members before the speciation
of vertebrates and invertebrates. This tree also shows
that IKBA, NFKB1, and NFKB2 diverged from each
other before mammalian and avian radiation because
there exists both a mammalian and a chicken homo-
logue for these proteins. Because mouse Bcl-3 is the
only homologue of human BCL3 cloned at this time,
the divergence of Bcl-3 from the others can be traced
back only to the speciation of rodents.

This phylogenetic analysis groups the proteins into
two major clades according to their structure and func-
tion. Cactus and the IkBa homologues are grouped to-
gether in one clade, and these two cytoplasmic inhibi-
tors preferentially interact with the transcriptional ac-
tivators, Dorsal and the RelA (p65) subunit of NF-«B,
respectively. The I«Ba proteins seem to be highly con-
served, especially between the rat, pig, and human ho-
mologues, probably contributing to the low bootstrap
values. The other major clade includes Bcl-3 together
with NF-«kB1 and 2. These proteins associate with NF-
kB1 (p50) or NF-kB2 (p52) and seem to be grouped
accordingly. This grouping suggests that the Ankyrin
repeats present in NF-«B1 and 2 evolved to interact
with their own Rel domain, p50 and p52, respectively.
Bcl-3, which interacts with p50 as well as with p52,
diverges from NF-kB1 and 2 and is placed in a separate
group. However, the branch between Bcl-3 and NF-xB1
and 2 has a relatively low bootstrap value based on a
50% minimum consensus and therefore should not be
considered absolute.

DISCUSSION

To better understand the evolution of the IkBa gene
family, we have characterized the IKBA genomic orga-
nization and compared its gene structure to other mem-
bers of this gene family. When the genomic sequence
of IKBA is compared to itself, there are no duplicated
sequences in the human IKBA gene. Moreover, the se-
guences of its Ankyrin repeats are more similar to their
respective counterparts in other family members than
to other repeats within the gene. The second Ankyrin
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FIG. 3. Structure comparison of the human IKBA, BCL3, and NFKB2 genes. Gene structures were compared using the PILEUP computer
program. The boxes represent the exons numbered above them. The numbers below the exons correspond to their size in basepairs. The
shaded boxes within the exons represent the Ankyrin repeats, designated by roman numerals.

repeat is the most conserved in this gene family, and
the pattern of these repeats is also conserved (Nolan
and Baltimore, 1992). The conservation of the Ankyrin
repeats is consistent with our finding that the human
IKBA gene shares four of the five intron/exon bound-
aries with the human BCL3 gene, and three of these
intron/exon boundaries are also observed in the gene
encoding human NF-«B2. The conservation of the
splice sites in this gene family suggests that these An-
kyrin repeats may have arisen from duplications in
a common ancestor prior to divergence of this gene
family.

To determine how the Ankyrin gene family might
have evolved, a phylogenetic tree was constructed. The
resulting tree separates this family into clades ac-

cording to structure and function. Therefore, while
these proteins share a basic three-dimensional struc-
ture as predicted by their shared Ankyrin repeat pat-
tern and sequence (Bork, 1993), a possible evolutionary
scenario based on this phylogenetic tree could be that
subtle differences in the amino acid substitutions in
the Ankyrin repeats and flanking sequences occurred
throughout evolution, which contributed to their speci-
ficity of interaction with various members of the Rel
family. The Rel transcription factors diverge into two
groups that include NF-«B1 and NF-«B2 in one clade
and Dorsal, c-rel, and RelA (p65) on another (Schmid
et al., 1991). Likewise, the IkBa gene family also di-
verges into a group that interacts with either or both
NF-kB1 and 2 and another group that interacts with

TABLE 1

Distance Matrix Analysis Comparing the Percentage Amino Acid ldentities over the Length of the Proteins
to Determine the Protein with the Least Percentage Sequence Similarity to Be Used as an Outgroup to Root
the Phylogenetic Tree

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 1.0000 0.8201 0.3718 0.3621 0.3609 0.3722 0.3609 0.3722 0.3797 0.4000 0.3915 0.3872 0.3830 0.3410
2 1.0000 0.3419 0.3319 0.3640 0.3808 0.3682 0.3766 0.3975 0.3787 0.3574 0.3617 0.3532 0.3682
3 1.0000 0.9009 0.5299 0.5299 0.5043 0.5940 0.5214 0.4316 0.4231 0.4316 0.4103 0.4444
4 1.0000 0.5431 0.5388 0.5259 0.5560 0.5345 0.4483 0.4483 0.4483 0.4181 0.4569
5 1.0000 0.9560 0.8388 0.5421 0.6044 0.5191 0.5149 0.5106 0.4851 0.4291
6 1.0000 0.8498 0.5438 0.6022 0.5277 0.5191 0.5191 0.4979 0.4291
7 1.0000 0.5458 0.6007 0.5106 0.5021 0.5021 0.4979 0.4406
8 1.0000 0.6751 0.4766 0.4723 0.4809 0.4596 0.4674
9 1.0000 0.5234 0.5106 0.5021 0.4979 0.4598
10 1.0000 0.9617 0.9532 0.8553 0.5234
11 1.0000 0.9404 0.8468 0.5191
12 1,0000 0.8426 0.5064
13 1.0000 0.5021
14 1.000

Note. 1, Drosophila Notch; 2, human Tan-1; 3, human Bcl-3; 4, mouse Bcl-3; 5, mouse NF-«B1; 6, human NF-«B1; 7, chicken NF-«B1; 8,
human NF-«B2; 9, chicken NF-«B2; 10, pig 1«kB-a; 11, human I«B-«; 12, rat I1kB-a; 13, chicken 1«B-«; 14, Drosophila Cactus.
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FIG. 4. Phylogenetic analysis of the IxBa gene family. A phyloge-
netic tree was generated by parsimony analysis of an alignment of
the Ankyrin repeats. Notch and Tan-1 were defined as the outgroups
based on the distance matrix analysis and were then used to root
the tree (see Table 1). The branch lengths are proportional to the
number of amino acid differences indicated by the numbers above
the branches. The boxed values at each branch point were the results
of a bootstrap analysis and represent the number of times that a
particular node was obtained in 100 recalculations.

Dorsal, c-rel, and RelA. Thus, the divergence of the
IkBa family is reflective of their interactions with the
Rel family and resembles the divergence of the Rel
family.

Other evolutionary clues to help identify a progenitor
and understand the evolution of this gene family might
be present in the 5’ and 3’ flanking regions or introns
sequences. NF-kB sites have been identified in the por-
cine, murine, and human IkBa promoters and shown
to regulate inducible gene expression (de Martin et al.,
1993; Chiao et al., 1994; Le Bail et al., 1993; Ito et al.,
1994). The first intron of the IkBa gene also contains
a putative NF-«B site. This site is identical to the NF-
kB site found in the HIV LTR, which has been pre-
viously characterized to confer UV-inducible transcrip-
tion (Stein et al., 1989). Therefore, this site may func-
tion as a transcriptional enhancer. The IkBa promoter
is relatively weak (personal observations) and may re-
quire an enhancer to augment its activity. NF-«<B and
IkBa have been linked in an autoregulatory loop (re-
viewed in Beg and Baldwin, 1993), and this intronic
NF-«B site may also participate in the regulation of
the IkBa gene. The intron sequences of the IkBa gene
in other species or other family members is not avail-
able for comparison. The finding of this NF-«B site in
the introns of the IkBa gene in other species or other
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family members would indicate a functional role for
this putative regulatory element. The intron sizes may
also serve as clues to link family members and further
elucidate the evolution of this gene family. The events
involved in the evolution of the Ankyrin gene family
and their roles in Drosophila axis formation and mam-
malian hematopoietic function and development may
be clarified as more family members are discovered and
their gene structures, functions, 5’ and 3’ flanking re-
gions, and regulatory elements are elucidated.
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