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kB. This Rel–Ankyrin protein interaction causes the
IkBa belongs to a gene family whose members are cytoplasmic retention of NF-kB, and therefore NF-kB

characterized by their 6–7 Ankyrin repeats, which is inhibited from binding to its target sequences and
allow them to interact with members of the Rel family activating transcription in the nucleus (Baeuerle and
of transcription factors. We have sequenced a human Baltimore, 1988).
IkBa genomic clone to determine its gene structure. The precursor proteins, NF-kB1 (p105) and NF-kB2
The human IkBa gene (IKBA) has six exons and five (p100), contain a Rel homology domain in their N-ter-
introns that span approximately 3.5 kb. This genomic mini and Ankyrin repeats in their C-termini. Thus, the
organization is similar to that of other members of the Ankyrin repeats in the C-termini of these proteins are
Ankyrin gene family. The human IKBA gene shares also capable of interacting with their Rel homology do-
similar intron/exon boundaries with the human BCL3 mains, forming an intramolecular Rel–Ankyrin pro-and NFKB2 genes, which is consistent with their con- tein complex that results in cytoplasmic compartmen-served Ankyrin repeats. To examine further the evolu-

talization (Rice et al., 1992; Hatada et al., 1992; Nau-tionary relationship between human IkBa and other
mann et al., 1993a,b; Mercurio et al., 1993). Uponmembers of its gene family, we performed a phyloge-
proteolytic processing, NF-kB1 and NF-kB2 lose theirnetic analysis. Although the resulting phylogenetic
C-terminal Ankyrin repeats and are modified into p50tree does not identify a common ancestor of the IkBa
and p52, respectively. The processed proteins retaingene family, it indicates that this family diverges into
the N-terminal Rel homology domain and therefore thetwo groups based on structure and function. q 1995 Aca-

ability to dimerize with other Rel proteins and binddemic Press, Inc.

DNA, but unless they are coupled to IkBa, they are
localized in the nucleus.

Bcl-3 has been identified only in mammalian species,INTRODUCTION
and its function differs from those of other IkBa family
members. Bcl-3 is found in the nucleus and preferen-Interactions between transcription factors of the Rel
tially interacts with NF-kB1 (p50) or NF-kB2 (p52) ho-family and members of the IkBa gene family have
modimers bound to DNA, and, unlike other Rel–An-evolved to regulate genes mainly involved in immune
kyrin interactions, this protein–DNA complex resultsand inflammatory responses (for review, see Grilli et
in transcriptional activation (Wulczyn et al., 1992;al., 1992; Nolan and Baltimore, 1992). The Rel family
Bours et al., 1993; Fujita et al., 1993; Franzoso et al.,includes the oncoprotein Rel, RelA (p65), NF-kB1 (p50),
1993).NF-kB2 (p52), RelB, and the Drosophila morphogen,

In recent years, the genes encoding members of theDorsal. The Rel homology domain in the N-terminus of
IkBa family have been mapped by chromosomal trans-these transcription factors allows these proteins to bind
locations or by standard FISH mapping techniquesDNA and to dimerize with certain members of this fam-
(Ohno et al., 1990; Neri et al., 1991; LeBeau et al., 1992;ily. Various homo- and heterodimers of Rel family
Ten et al., 1992; Mathew et al., 1993). The data showmembers preferentially interact with the Ankyrin re-
that the human genes in this family are not organizedpeats present in IkBa (Mad-3), NF-kB1 (p105), Bcl-
on a single chromosomal locus, but are scattered3, and other proteins belonging to the IkBa family to
throughout the genome. This organization suggestsmediate different functions in the cell (for review see
that this gene family did not recently arise from simpleBeg and Baldwin, 1993). IkBa interacts with p65 (Rel
duplication events. Furthermore, members of this fam-A), which together with p50 (NF-kB1) makes up NF-
ily have been found in organisms as distantly related
as flies, birds, and mammals, suggesting ancient ori-

Sequence data from this article have been deposited with the gins. To understand better the evolution of this geneEMBL/GenBank Data Libraries under Accession No. U08468.
family, we have cloned and sequenced the human IKBA1 To whom correspondence should be addressed. Telephone: (919)

966-3652. Fax: (919) 966-3015. gene and compared it to other members of the Ankyrin
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HUMAN IKBA GENE 491

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.

FIG. 1. A schematic diagram of the genomic IkBa clone, l7-1.
MATERIALS AND METHODS The enlarged diagram at the bottom represents the IKBA gene struc-

ture. The open boxes correspond to the exons, the arrow represents
Isolation of the human IkBa genomic clone. A human placental the translation start site, and the stop codon is shown in exon 6. S,

genomic library was screened as described previously (Ito et al., SacI restriction enzyme sites.
1994). Briefly, 11 106 phage plaques were screened using a 5 * EcoRI/
PstI fragment from the human IkBa cDNA using the methods of
Benton and Davis (1977). Two phage clones were isolated, and clone PCR analysis (shown in Fig. 1). The introns that were
l7-1 was further characterized by restriction enzyme mapping. The identified by PCR analysis were then sequenced to de-coding region of the gene was mapped to three SacI fragments by

termine their splice junctions (Fig. 2). The humanSouthern hybridization (Southern, 1975) using the IkBa cDNA clone
IKBA gene is relatively small, spanning 3.5 kb. It hasas a probe. The three SacI fragments were subcloned into pUC 19

for further analysis. six exons, ranging in size from 89 to 550 bp, and five
Mapping the intron/exon boundaries in the human IkBa gene. introns ranging in size from 107 to 621 bp. The tran-

The following pairs of PCR primers were designed using sequences scriptional start site was previously characterized
from the IkBa cDNA clone, 5 *-AGACCTGGCCTTCCTCAAC-3 * and downstream of a putative TATA box (Ito et al., 1994),5 *-GTTGAGGAAGGCCAGGTCT-3*,5 *-CCAACCAGCCAGAAAT-

and the translation start site is located in the first exon.TC-3 * and 5 *-CCAGCTCCCAGAAGTGCC-3 *, 5 *-CACTGCACACTG-
The translation stop site and polyadenylation signalsCCTAGCCC-3 * and 5 *-GGGCTAGGCAGTGTGCAGTG-3 *, 5 *-CCC-

TCCCTGTAAATGGTGTAC-3 * and 5 *-GTACACCATTTACAGGA- are located in exon 6. The Ankyrin repeats are encoded
GGG-3 *. These primers were used to amplify regions of the cDNA by exons 2 through 5. Ankyrin repeats I and II are
and the genomic SacI subclones. Sizes of the genomic and cDNA interrupted by introns 1 and 2, respectively, while re-PCR products were compared on a 1% agarose gel run in 11 TAE

peats III through VI are encoded on single exons (seeto identify any introns. The introns were then sequenced in both
directions using the primers mentioned above as well as the M13/ Fig. 3). Computer comparison of the genomic sequence
pUC forward and reverse sequencing primers (NEB, Beverly, MA) of this gene to itself did not identify duplicated se-
using the Applied Biosystems automated sequencer at the UNC DNA quences (data not shown).
sequencing facility.

Because the first introns of several genes have been
Computer analysis of the IkBa genomic and amino acid sequences.

shown to contain important regulatory elements thatThe intron/exon boundaries in the human IKBA gene were compared
serve as transcriptional enhancers, we analyzed theto the intron/exon boundaries present in the human BCL3 (McKei-

than et al., 1994) and NFKB2 (p100/p52) (Fracchiolla et al., 1993) first intron of the IKBA gene for such sequences. Com-
genes using the PILEUP computer program (Feng and Doolittle, puter analysis of the first intron identified a putative
1987). Human NFKB1 (p105/p50) (Kieran et al., 1990), mouse NF- NF-kB site (shown in Fig. 2). This NF-kB site is identi-
kB1 (Ghosh et al., 1990), chicken NF-kB1 (Capobianco et al., 1992),

cal to one of the NF-kB sites in the HIV LTR enhancerhuman NFKB2 (p100/p52) (Neri et al., 1991), human BCL3 (Ohno
(Nabel and Baltimore, 1987) and may serve to regulateet al., 1990), Drosophila Cactus (Geisler et al., 1992), chicken IkBa

(pp40) (Davis et al., 1991), rat IkBa (Tewari et al., 1992), human this gene (see Discussion). Several putative regulatory
IKBA (Haskill et al., 1991), and pig IkBa (de Martin et al., 1993), elements were also identified; however, due to their
Drosophila Notch (Wharton et al., 1985), and human Tan-1 (Ellison et weak homology to their respective consensus se-al., 1991), obtained from the GenBank/EMBL database, were aligned

quences, they are not considered significant.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- Comparison of the IKBA Gene to Other Members ofpassed the Ankyrin repeats of the above members of the Ankyrin

the Rel and IkBa Gene Familiesgene family. The resulting phylogenetic tree was replicated 100 times
in a bootstrap confidence analysis.

To compare the gene organization of IKBA with other
members of this gene family, we compared the nucleo-RESULTS
tide sequence of IKBA to the human genes BCL3 and
NFKB2 using the PILEUP computer program. This

Human IKBA Gene Structure analysis showed that several splice junctions are con-
served among these genes, and exon sizes and the ar-A lambda phage clone, l7-1, containing 15 kb of re-
rangement of their Ankyrin repeats were also con-combinant insert DNA, was isolated from a human pla-
served (Fig. 3). Exon/intron boundaries 1

2,
2
3, and 3

4 incental genomic library using a fragment of the IkBa
IKBA correlate, respectively, to exon/intron bound-cDNA as a probe. The coding region of the IkBa gene
aries 2

3,
3
4, and 4

5 in BCL3 and to boundaries 15
16,

16
17, andwas localized to three SacI fragments, which were then

used to determine the structure of the IkBa gene by 17
18 in NFKB2. An additional splice junction between ex-
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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 IkBa 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-kB,
respectively. The IkBa 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

FIG. 2. Genomic sequence of the human IKBA gene. The 5* with NF-kB1 and 2. These proteins associate with NF-
flanking sequences are in lowercase letters, the exons are denoted kB1 (p50) or NF-kB2 (p52) and seem to be grouped
by capital letters, and the introns are in boldface, lowercase letters. accordingly. This grouping suggests that the Ankyrin
The 5 * sequence containing three NF-kB sites and the transcription

repeats present in NF-kB1 and 2 evolved to interactstart site have been previously characterized (Le Bail et al., 1993;
with their own Rel domain, p50 and p52, respectively.Ito et al., 1994). The three NF-kB sites in the promoter and the one

site in the first intron are in boldface type and are underlined. The Bcl-3, which interacts with p50 as well as with p52,
transcription start site is indicated by /1, and the translation start diverges from NF-kB1 and 2 and is placed in a separate
site and termination site are underlined. group. However, the branch between Bcl-3 and NF-kB1

and 2 has a relatively low bootstrap value based on a
50% minimum consensus and therefore should not beons 4 and 5 in IKBA is conserved between exons 5 and

6 in BCL3, and the splice site between exons 6 and 7 in considered absolute.
BCL3 is conserved between exons 18 and 19 in NFKB2.
Since BCL3 shares four splice junctions with IKBA and DISCUSSION
NFKB2, which share three splice junctions, the data
suggest that these genes evolved from a common ances- To better understand the evolution of the IkBa gene

family, we have characterized the IKBA genomic orga-tor which, like BCL3, contained all five of these splice
junctions. nization and compared its gene structure to other mem-

bers of this gene family. When the genomic sequenceTo explore further the evolution of the IkBa gene
family, a phylogenetic tree was constructed based on of IKBA is compared to itself, there are no duplicated

sequences in the human IKBA gene. Moreover, the se-the Ankyrin repeats of protein sequences of a variety of
members of the IkBa family. There were no significant quences of its Ankyrin repeats are more similar to their

respective counterparts in other family members thandifferences between the phylogenetic trees using either
the entire protein sequences or the regions encom- 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 cording to structure and function. Therefore, while
these proteins share a basic three-dimensional struc-the pattern of these repeats is also conserved (Nolan

and Baltimore, 1992). The conservation of the Ankyrin ture as predicted by their shared Ankyrin repeat pat-
tern and sequence (Bork, 1993), a possible evolutionaryrepeats is consistent with our finding that the human

IKBA gene shares four of the five intron/exon bound- scenario based on this phylogenetic tree could be that
subtle differences in the amino acid substitutions inaries with the human BCL3 gene, and three of these

intron/exon boundaries are also observed in the gene the Ankyrin repeats and flanking sequences occurred
throughout evolution, which contributed to their speci-encoding human NF-kB2. The conservation of the

splice sites in this gene family suggests that these An- ficity of interaction with various members of the Rel
family. The Rel transcription factors diverge into twokyrin repeats may have arisen from duplications in

a common ancestor prior to divergence of this gene groups that include NF-kB1 and NF-kB2 in one clade
and Dorsal, c-rel, and RelA (p65) on another (Schmidfamily.

To determine how the Ankyrin gene family might et al., 1991). Likewise, the IkBa gene family also di-
verges into a group that interacts with either or bothhave evolved, a phylogenetic tree was constructed. The

resulting tree separates this family into clades ac- NF-kB1 and 2 and another group that interacts with

TABLE 1

Distance Matrix Analysis Comparing the Percentage Amino Acid Identities 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-kB1; 6, human NF-kB1; 7, chicken NF-kB1; 8,
human NF-kB2; 9, chicken NF-kB2; 10, pig IkB-a; 11, human IkB-a; 12, rat IkB-a; 13, chicken IkB-a; 14, Drosophila Cactus.
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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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