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GTF2IRD2 is located in the Williams—Beuren syndrome
critical region 7q11.23 and encodes a protein with
two TFll-I-like helix-loop—helix repeats
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Williams-Beuren syndrome (also known as Williams syndrome) is
caused by a deletion of a 1.55- to 1.84-megabase region from
chromosome band 7q11.23. GTF2IRD1 and GTF2I, located within
this critical region, encode proteins of the TFlI-I family with mul-
tiple helix-loop-helix domains known as | repeats. In the present
work, we characterize a third member, GTF2IRD2, which has
sequence and structural similarity to the GTF2/ and GTF2IRD1
paralogs. The ORF encodes a protein with several features char-
acteristic of regulatory factors, including two I repeats, two leucine
zippers, and a single Cys-2/His-2 zinc finger. The genomic organi-
zation of human, baboon, rat, and mouse genes is well conserved.
Our exon-by-exon comparison has revealed that GTF2IRD2 is more
closely related to GTF2/than to GTF2IRD1 and apparently is derived
from the GTF2I sequence. The comparison of GTF2] and GTF2IRD2
genes revealed two distinct regions of homology, indicating that
the helix-loop-helix domain structure of the GTF2IRD2 gene has
been generated by two independent genomic duplications. We
speculate that GTF2/ is derived from GTF2IRD1 as a result of local
duplication and the further evolution of its structure was associ-
ated with its functional specialization. Comparison of genomic
sequences surrounding GTF2IRD2 genes in mice and humans allows
refinement of the centromeric breakpoint position of the primate-
specific inversion within the Williams-Beuren syndrome critical
region.

Williams—Beuren syndrome (WBS, also known as Williams
syndrome) is a neurodevelopmental disorder caused by a
1.55- to 1.84-megabase deletion at 7q11.23. Patients carrying this
disorder exhibit supravalvular and aortic stenosis, growth retar-
dation, premature aging of the skin, mental retardation, and
dental malformations (1-4). Several loci exist within the deleted
region that encode transcription factors and chromatin-
remodeling proteins (1, 2). Two such genes, GTF2IRDI and
GTF2I, encode proteins belonging to the TFII-I family of
transcription factors, characterized by the presence of multiple
helix-loop-helix (HLH) domains known as I repeats (5-11).
Both paralogs are highly conserved in vertebrates and have a
broad expression pattern in adult and embryonic tissues (12, 13).
Protein products of these genes are implicated in gene regulation
through interactions with different tissue-specific transcription
factors and chromatin-remodeling complexes (5, 14).
Discovery of the GTF2IRD?2 gene, an additional member of
the TFII-I family, and its pseudogenes has been reported re-
cently (1, 2, 15). Here, we describe the genomic structural
organization of human and mouse GTF2IRD?2 orthologs.

Materials and Methods

Nucleotide sequence databases were searched by using standard
nucleotide-nucleotide BLAST and MEGABLAST with standard
parameters at the National Center for Biotechnology Informa-
tion BLAST Server (www.ncbi.nlm.nih.gov/BLAST). The entire
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coding region of the mouse Gtf2ird2 was sequenced from the
mouse expressed sequence tag (EST) clone IMAGE 5033059
(GenBank accession no. BI156030). Genomic sequences were
analyzed with the latest version of REPEATMASKER (A. F. A. Smit
and P. Green, www.repeatmasker.org). Promoter analysis was
performed with PROMOTERINSPECTOR (16) and MATINSPECTOR
RELEASE 7.2 (17). The protein parameters were analyzed by using
the PROTPARAM, CLUSTALW, PROSITE, and PREDICT PROTEIN
programs.

Results and Discussion

Sequence Analysis of GTF2IRD2 Genes. The dbEST public database
of the National Center for Biotechnology Information was
searched for human and mouse ESTs bearing sequence similarity
to the mouse Gitf2i sequence (GenBank accession no.
AY030291). Several cDNA entries were identified, including the
mouse IMAGE 5033059 and 5043754 clones (GenBank acces-
sion nos. BI156030 and BI103332; UniGene Cluster
Mm.218744) and human clones IMAGE 3310920, 89677, and
2710422 (GenBank accession nos. BF001292, AA376914,
and AW015648; UniGene Cluster Hs.399978). These clones
were completely sequenced and shown to be identical with the
previously reported sequences of mouse Gtf2ird2 (GenBank
accession no. AY014963) and human GTF2IRD2 (GenBank
accession no. BC047706; RefSeq: NM_173537) genes.

The assembled Gtf2ird2 and GTF2IRD2 cDNAs contain
ORFs that encode putative proteins of 936 aa in mouse and 949
aa in human with a calculated molecular mass of 105 kDa and
pI 5.83 or 107 kDa and pl of 5.53, respectively. Almost 79%
identity and >90% similarity exist between human and mouse
proteins (data not shown). The ORF encodes a protein with
several features characteristic of regulatory factors, including
two TFII-I-like HLH domains (amino acids 107-182 and 333—
407 in human and 104-180 and 329-403 in mouse sequence),
two leucine zippers (amino acids 23-44 and 776-798 in human
and 21-42 and 750-792 in mouse sequence), and a single
Cys-2/His-2 zinc finger (amino acids 435-471 and 431-467 in
human and mouse protein, respectively) (Fig. 14). The presence
of these domains suggests that GTF2IRD2 possesses complex
protein-binding properties.

To elucidate the genomic structure of GTF2IRD?2, the com-
plete human and mouse cDNA sequences were compared with
publicly available genomic sequences from the two human
bacterial artificial chromosome clones RP11-813]J7 and CTA-
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Fig. 1.

Protein domains and genomic structure of GTF2IRD2. (A) Structural organization of the GTF2IRD2 protein. HLH, HLH repeats; LZ, leucine zipper; ZF, zinc

finger domain. (B) Homology of GTF2/IRD2 and GTF2/ genes. Comparison of exon—intron structure. Exons are shown as boxes; the black exons represent
alternatively spliced sequences of the transcript. The major splicing patterns are indicated by the exon—exon connections shown below each of the diagrams,
and the alternative splicing combinations are indicated above the diagrams. The regions of the transcript encoding the HLH domains are included in the shaded
box. The 5’ termini of all cDNAs begin at the 5’-most extent of the EST sequences (left is open). The exons are drawn to scale, and the introns, which vary greatly

in size, are represented in a uniform manner. (Scale bar = 1 kb.)

350L10 (GenBank accession nos. AC083884 and AC005098) and
from the mouse clone RP23-15K13 (GenBank accession no.
AC093346), respectively. The sequence of GTF2IRD2 comprises
16 exons extending over 57 kb. The murine ortholog Gtf2ird2 has
a similar exon—intron structure, although it is more compact and
spans ~34 kb. Exon 16 contains the translational stop codon and
the 3’-UTR (517 bp in humans and 432 bp in mice) with a
poly(A) signal (ATTAAA in humans and AATAAA in mice).
GTF2IRD?2 has significant structural similarity to other GTF2I
family members. The relationship of GTF2IRD2 to GTF2I is
obvious from comparison of both exon—intron structure (Fig.
1B) and sequence similarity (Fig. 2) of these two genes. Genomic
structural analysis revealed two regions of homology: (i) exons
2-11 of GTF2IRD2 correspond to exons 2-12 of GTF2I (the
optional exon 10 of GTF2I is absent in the genomic sequence of
GTF2IRD?2) and (ii) exons 12-15 of GTF2IRD?2 correspond to
exons 28-31 of GTF2I (Fig. 1B). Corresponding exons demon-
strate a high level of sequence similarity (75-91% identity and
89-96% similarity), the same phase and identical length (with
the single exception of 5" intron—exon boundary sliding in exon
4 of GTF2IRD?2) (Fig. 2). The sequence around the first methi-
onine (GAACAATGG) in GTF2IRD?2 is in agreement with the
Kozak consensus and corresponds exactly to the translational
start in GTF2I. The remarkable conservation of sequence and
exon—intron architecture of two long segments of the GTF2IRD?2
and GTF2I paralogs strongly support their common origin.
Several translated nucleotide sequences in the public database
share high similarity to the GTF2IRD2. Over 35% identity and
53% similarity occurs with the GenBank entry EAA(09584 in a
539-aa overlap, 29% identity and 47% similarity with the entry
AAO21376 in a 457-aa overlap, and 71% identity and 88%
similarity with the entry AAG15589 in a 65-aa overlap (data not
shown). In addition, several proteins of unknown function show
a weak similarity, including EbiP438 from Anopheles gambiae
(GenBank accession no. AAA09584.1; 33% identity), human
KIAAQ766 (GenBank accession no. BAA34486.1; 27% iden-
tity), human KIAA1353 (GenBank accession no. BAA92591.1;
26% identity), and human transposase-like protein (GenBank
accession no. AF205600.1; 26% identity) (data not shown).
Based on the existence of highly homologous sequences
(>80% identity at the protein level) from cow, trout, chicken,
and pig, we concluded that GTF2IRD?2 is well conserved within
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the vertebrate lineage. In fact, we were able to find baboon and
rat genomic sequences that included predicted cDNAs with high
homology to the human and mouse genes.

Chromosomal Location of GTF2IRD2 Orthologs. Chromosomal insta-
bility at 7q11.23 results from its complex genomic structure; the
region contains three large segmental duplications (centromeric,
medial, and telomeric) and each of them is composed of three
different blocks (A, B, and C) (18). During chromosome pairing
in cell divisions, these duplicated segments may favor unequal
crossing-over or nonallelic homologous recombination, causing
deletions or paracentric inversions (15). The duplications are
also present in non-human primates, including chimpanzees,
gorillas, orangutans, and gibbons, but are absent in mice (18, 19).
Analysis of the murine locus on chromosome 5G1 (clone RP23—
15K13, accession no. AC093346) revealed that G#f2ird2 and Gtf2i
are ~19.7 kb apart, whereas human GTF2IRD2 and GTF2I are
separated by 35 kb. Both paralogs are separated by the Ncf locus
(Fig. 3). Gtf2ird2 is arranged in an opposite orientation to
Gtf2ird1 and Gtf21, respectively.

Whereas the mouse genome contains only one Gif2ird2, three
GTF2IRD? loci are contained in the human 7q11.23 region, which
is syntenic to mouse 5G1 (15). In addition to the functional
GTF2IRD?2 gene, the centromeric (B.) and telomeric (B:) repeats
contain putative pseudogenes GTF2IRD2PI1 and GTF2IRD2P2,
respectively (Fig. 3). Despite very high sequence homology, single
nucleotide substitutions in exon 16 would allow distinction of
mRNA products of all three loci. However, it is unlikely that
GTF2IRD2P] is transcribed because of the deletion of exons 1 and
2, whereas the transcription status of GTF2IRD2P2 is unknown.
Our promoter analysis shows that a 9-bp deletion found in the
upstream genomic sequence does not affect the promoter region of
GTF2IRD2P2 (see figure 34 in ref. 15).

Comparison of genomic sequences surrounding GTF2IRD2
genes in mice and humans allows refinement of the position of
centromeric breakpoint of the primate-specific inversion of the
WBS critical region. In the work of Valero et al. (18), the
boundary of synteny has been localized between Wbscrl6 (Gen-
Bank accession no. AA008727) and Wbscrl7 (GenBank acces-
sion no. AA388221) in the mouse. However, a putative human
ortholog of the next mouse gene, Gats, can be found far beyond
the B; repeat (Fig. 3). This extension of homology moves the
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breakpoint into the poorly characterized region between the
Gats and Wbscrl7 genes. Furthermore, the human WBSCRI16
gene has an inverted orientation with respect to other genes of
the syntenic group (Fig. 3). This indicates that the WBS chro-
mosomal segment was subjected to a more complicated reorga-
nization during primate evolution, including not only the inver-
sion of the whole region and insertion of low-copy-number
repeats, but also local rearrangements.

Promoter Analysis of GTF2IRD2 Genes. The 5'-most extent of the
EST sequences in UniGene clusters Hs.399978 and Mm.218744
indicates that mouse transcripts have a longer 5'-UTR than
human transcripts as a result of 5" extension of the first non-
coding exon. The transcription start sites of human and mouse
mRNAs predicted by PROMOTERINSPECTOR are 194 and 237 bp
upstream of the translational start sites, respectively. No known
promoter motifs, such as TATA boxes, initiators, or downstream
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Hs GTF2ZI Mm A Q VA M § T L P V EDEE S S E S5 RMVYVY V TV FULMZSU5AZTLE S5 M ¢ K E L A
Mm GtE£2i M A Q V VM 8§ AL PAETDETES S E S RMV VTV FILMZSEW ATLE 5 M C K E L A
Hs_GTF2IRD2 M A QV AV S5 TULUPV EETESS S ETI RMVVYVYVTVFULUV S8 ALESM ¢ K E L A
Mm Gtf2ird2 M A Q VAV TTOQZ®P?TUDE - - P 8D GRMVV VTV FILMZSEWATLE S5 M C K E L A
Hs_GTF2I | GGATCATGGCCCARGTTGCAATGTCCACCCTCCCCGTTGAAGATGAGGAGTCCTCGGAGAGCAGGATGETGETGACATTCCTCATGTCAGCTCTCGAGTCCATG | TGTAARGAACTGGCC
Mm Gtf2i | GRATCATGECCCARGTAGTGATGTCTGCCTTGCCTGCCGAAGATGARGAGTCTTCAGAGAGCAGGATGETGETGACCTTCCTCATGTCTGCCCTGGAGTCCATG | TGTAARGAGCTGGCC
He_GTF2IRD2 |GGATCATGGCCCAGGTAGCAGTETCCACCCTGCCTGTTGAAGARGAGTCCTCCTCAGAGACCAGGATGETGETGACATTCCTCGTGTCTGCCCTCGAATCCATG | TGTAARGAACTGGCC
Mm @tf2ird2 | GAACAATGGECOCARGTAGCAGTGACTACT CAGCCCACTAATGAG - - - - - - CCCTCAGACGGCAGGATGATGATGACGTTCCTCATGTCTGCCOTEGAGTCCATG | TETAARGAGCTGGLC
H.s_GT!'ZI K 8 KA EV A CIAWVYETDVF FV YV ETEUZRUGRATFUVDHNTTRIEKDTFWGQIEKTDTFVK
Mm Gtf2i K 58 KA EV ACTIAVVYETUDUVV FVV GTEUZRUGIRERATFUVNTRIEKT DT FUOQIEKT DTFV K
Hs GTF2IRDZ K S5 K A E V A ¢ I A V ¥ E T D V F V VG TEURGOCATFVNARTUDTFQZEKTDTFAK
Mm Gtf2ird2 K 8 K A E V A C I A V Y E T D V ¥ V V GTEURUGT CATFUVUNUZZTRUGOQTDILUGCIEKT DTF®AZQ
Hs_GTF2I ARGTCCARAGCCGARGTEECCTGCATTGCAGTGTATGAAACAGACGTETTTGTCETCEGAACTGAAAGAGGACGTGCTTTTGTCAATACCAGAAAGGATTTTCAARAAGATTTTGTAARA
Mm Gtf2i ARGTCCARGGCTGAGETGECCTGCATTGCTGTGTATGAGACCGACCTETTTGT TGT TEGAACCGAAAGAGGECGTECTTTTGTCAATACCAGAAAAGATTTCCAAAAAGACTTTGTGARG
Hs_GTFZIRD2 ARGTCCAAGGCAGARGTGGCCTGCATCGCAGTGTACGRARCAGACGTGTTTGTCCTCGGAACCGAGAGAGGATGCCCTTTTGTTARTGCCAGGACGGATTTTCAGARAGATTTTGCAARR
Mm Gtf2ird2 AAGTCCAAGGCCGAGGTGGCCTGCATCGCTGTGTATGAGACAGACGTETACGTGETGEGGACGGAGCEGEGCTGTGCCTTTGTCAACGCCAGACAGGATCTCCAGAAAGACTTTGCACAG
Hs_GTF2I ¥y ¢ VEEEEKAAMEMHEKMEKSTT QA ANZERMSVVDAVVETITETULZRIEKTUVED
Mm GtE£2i Y ¢C VEEEEIE KA AAMEMHBHEIEKMEKSTTOGQAWNU ERMSVDATYVYETIETIULRIEKTVE D
Hs GTF2IRD2Z Y C - - - - - V A E G L C E V K P P C P V N GM Q V HS G ETETIULURIEKAUWVETD
Mm Gtf2ird2 H C - - - - - 0 G E G L P EEKPILCLGWNGTEA AS-CPGEA AOQLUILRZERUAUVOGQTD
Hs_GTF2I TATT | GTGTTGAAGAAGAAGAAAANGCTGCAGAGATGCATAARATGARATCTACAACCCAGGCARATCGGATGAGTGTACGATGC TGTAGARATTGAAACACTCAGAAARACAGTTGAGGAL
Mm GtEf2i TATT | GTGTTGAAGAAGAAGARRAGGCCGCCGAGATGCATARGATGARATCTACCACCCAGECCAATCGGATGAGTGTGGATGCTGTAGARATTGAAACACTCAGAAARACGGTGGAGGAL
Hs_GTF2IRD2 TACT|--------------- GOGTTGCAGAGGGACTGTGTGAGGTGARACCTCCCTGCCCTEGTGAACGGEATGCAGGTCCACTCGGGCGARACGGAAATACT CAGGARGGCAGTGGAGGAC
Mm Gtf2ird2 CACT|--------------- GCCAGGGGGAAGGGCTGCCTGARGAGAAGCCACTGTGTCTGEGGARAATEGEGAGGCC - - - TGTCCTGGAGAAGCCCAGCTGCTCAGGAGAGCCGTGCAGGAC
Hs_GTF2I ¥ P CPCY Q K A LG KS T VYV PV P Y EBEKMTLTEREDOUGQSBAVYVVYVY YV QGLPEGUVWVRA
Mm GtE£2i Y F CF C Y G KA LG EKSTVV PV PYEI KMTULTZERDOGQSATYVVYVY YV QGLPETGUVA
Hes GTF2IRDZ ¥ F C F C ¥ @ KA LGTTVMVYVY PV PY BEKMTLTZERTDOGOQSBAYVYYVY YV QGLPEUGUVRA
Mm Gtf2ird2 H F C L C Y R KA LGTTAMYUPVYV P Y EQMTLOQDEA BARAYVYVYV YV ERGLU®PETUGTLRA
Hs_GTF2I TATTTCTGCTTTTGCTATG | GGAARGCTTTAGGCARATCCACAGTGETACCTGTACCATATGAGAAGATGCTGCGAGACCAGTCGGCTGTGGTAGTGCAGGGGCTTCCGGARGGTGTTGCC
Mm Gtf2i TATTTCTGTTTTTGCTATG | GGAARGCTTTAGGCAARTCCACAGTGGTCCCTGTGCCATATGAGAAGATGC TGCGCGACCAGTCGGCTGTGETGETGCAGEGECTTCCCGAGGGGETTGC
Hs_GTF2IRD2 TATTTCTGCTTTTGTTATG|GTAARGCCTTAGGGACAACAGTGATCETGCCTETTCCCTATGAGAAGATGCTGCGAGACCAGTCGGCTGTEETAGTGCAGGEECTTCCGGAAGGCGTTGCC
Mm Gtf2ird2 CATTTCTGCCTCTGTTACC |GTAARGCCTTGGGGACAACAGCCATGETCCCTGTTCCCTACGAGCAGATGCTACAGGATGAGECAGCTGTGETGGTTCEEGGCCTTCCGGAAGGCCTEGCT
Hs_GTF2I F K H P EN ¥ DLATULIEKU WTILEWDNIK KA AOGTI ST FFII KZ ER.P?P FLEUPI KT EKUHUVG G R
Mm GtEf2i F K HP EH Y DLATTULJIEKMWTITLTEU NI KA ASGTIS ST FTITIIZ KT R.P FULETPIEKE KIHTLG G R
Hs GTF2IRDZ F Q H P E N ¥ D L A T L K W I L E N K A 66 I 8 F I I N R.P F L G PE S QL @G G P
Mm Gtf2ird2 F Q H P D W Y 8 L A T L K W I L E N K A 6 I 8 F AV KU R.P FLGOAETSOQLG G L
Hs_GTF2I TTTARACACCCCGAGAACTATGATCTTGCAACCCTGAAATGGATTTTGGAGAACAAAGCAGGGATTTCATTCATCATTAAGAG | ACCTTTTTTAGAGCCARAGARGCATGTAG | GTGGTCG
Mm GtE£2i TTCAAGCACCCCGARCATTACGACCTCGCAACCTTGAAGTGGATTTTGGAGARCAAGGCAGGGATTTCCTTCATCATTARGAG | ACCTTTCCTCGAGCCGARGARACACCTCG | GTGGTCE
Hs_GTF2IRD2 TTTCAACACCCTGAGAATTACGACCTTGCAACCCTGAAATGGATTTTGGAGARCARAGCAGGEATTTCATTCATCATAAATAG | ACCCTTCCTAGGACCAGAGAGTCAGCTEE |GTEGCCC
Mm Gtf2ird2 TTCCAGCACCCAGACAATTACAGCCTTGCCACCCTGAAGTGGATCCTGGAGAACARAGCAGEGATCTCCTTCGCTGTAARGAG |GCCCTTCCTAGGTGCAGAGAGCCAGCTSE |GTEGCCT
Hs_GTF2I vV M VvV TDAUDU RS I L S P G G 8 cC GG P I KV KTEFPTETUDS8 G I 8 L EMAAUTVT
Mm Gtf2i vV L A A E A ERGSMUL S P 5§ G 5 C G P I KV KTE®PTETDS G 1 8 L EMAANVT
Hs GTF2IRDZ G M V T D A E R 858 I V 8 P 8 E 8 cC G P I NV KTEUFPMTETDS G I 8 L K A E AV 8§
Mm Gtf2ird2 G M V T D A G R P T V P P N D 8§ Y G PV 8 V KTEUZPMETDS G T S8 P R AL A ML
Hs_GTF2I TETGATEGTAACAGATECTGACAGGTCAATACTATCTCCAGGTGGAAG | TTGTGGCCCCATCARAGTGAARACTGAACCCACAGAAGATTCTG | GCATTTCCCTGGARATGGCAGCTGTGACA
Mm Gtf2i AGTECTEGCEGCOGAGECTGAGAGETCCATGCTETCTCCTAGTGEAAG | TTETGECCCCATCARAGTGAAMACTGAACCCACAGAAGATTCTG | GCATTTCTCTGGAMATGECCECTGTGACR
Hs_GTF2IRDZ TGGGATGEGTAACAGATECGGAGAGATCCATAGTATCACCARGTGAAAG | CTGCEACCCCATCAATGTGAARACTGAACCCATAGAAGATTCTG | GCATTTCACTGAARGCAGAAGCTGTCTCA
Mm Gtf2ird2 TGGGATGGTGACAGATGCTGGGAGGCCGACAGTACCACCARATGACAG |CTATGECCCTGTCAGTETGAARACTGARCCCATGEAAGATTCTG | GCACTTCACCAAGGGCAGCAGCCATGCTA
Hs_GTF2I V K E E 8 ED PDY ¥ Q Y N I QA G P S ETDUDVDEI KU GQTPTLSZ KUPULUGQGG S H H
Mm Gtf2i v K EE § ED P DY Y Q Y NTIOQG - P 58 ETDGVDEI KTLUPULSEK ALGQG & H H
Hg GTF2IRDZ V K K E 8 E D P N Y ¥ Q Y N M Q @G L T e D S H P
Mm Gtf2ird2 I K T E S E D P N ¥ N V C N V Q G = = = = = = = = = = = = = = = = = = == 5§ Q H
Hs_GTF2I GTAARGGAAGAATCAGAAGATCCTGATTATTATCAATATARCATTCARG | CAGGCCCTTCTGAAACTGATGATGTTGATGAARARCAGCCCCTATCGARGCCTTTGCAAG | GAAGCCACCAT
Mm GtE£2i GTGAAGGAGGAGTCAGAARGACCCTGATTACTATCAGTATARCATTCAAG | - - -GCCCTTCTGARACTGATGETGTTGATGARRAGCTCCCCCTTTCGAAGGCTTTGCAAG | GAAGCCATCAC
Hs_GTF2IRDZ GTCAAGARAGAATCAGARGATCCTAATTACTATCAATATAATATGCAAG | | GARGCCACCCT
Mm Gtf2ird2 ATCAAGACGGAGTCGGAAGATCCTAATTACAACGTGTGTAACGTGCAAG | | GAAGCCAGCAT
Hs_GTF2I 8 58 EGNEGTEMTEV P A E D & T Q HV P S8 E - TS5 ED P EV EVTTITETD

Mm Gtf2i 5 58 EGNEGTEV E V P A E D 5 T Q HV P S5 E - TS5 ED P EV EV TTIETD

Hs GTF2IRDZ S8 8 T 8 N E V I E M E L P M E D § T PL V P S EEUPNETDUPEA AEUVIEKTITES®G

Mn Gef2ird2 F S A S S D V T G M E L P S E E § TR M V A L E - TWHNEDUPETEV KME G
Hs_GTF2I TCTTCAGAGGGCAATGAAGGCACAGAAATGGARGTACCAGCAGAAG | ATTCTACTCAACATGTCCCTTCAGAA - - - ACARGTGAGGACCCTGAAGTTGAGGTGACTATTGAAG |

Mm GtE£2i TCCTCAGAAGGCAACGAGGGARACGGAAGTGGAAGTGCCAGCAGARG | ATTCTACTCAACATGTCCCTTCAGAA - - - ACCAGTGAGGACCCCGAAGTTGAGGTGACCATTGARG |

He GTF2IRDZ TCTTCCACAAGCAATGAAGTAATAGAAATGGAATTACCAATGGAAG|ATTCCACTCOGCTGGTCCCTTCAGAAGAACCARATGAGGACCCTGAAGCCOAGGTGARRATCOGRAG |

Fig. 2. (Figure continues on the opposite page.)
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Hs_GTF2I K I N &8 PNVMNTTASGVEDTILDNTITIOQGQVYTTIZED DDHNETERTLSZKVEZEKH ATERDQOQ
Mm_Gtf2i K I N $ &8 PN VNTTASGV Y EDTILINTITIOGQ YTTITP®PD DDNETRTIELTSTE KT VTETEKA AT RDQ
Hs_GTF2IRD2 N T NS S S VTN S AA G VEDULUNTIVOQVTVPD NEZEKTET RTLTSSTIET KTITZ KQ
Mm_Gtf2ird2 N A S P S NILVUNSAAS S-GTVETDTILTE RTITI®QVTVAD NEJZKET RTILSTGTLTETZ KTITZ KDQ
Hs_GTF2I | GAAAAATARATTCATCACCCAATGTTAATACTACTGCATCAGGTGTTGAAGACCT TAACATCATTCAGGTGACAATTCCAG | ATGATGATAATGARAGACTCTCGARAGTTGARAANGCTAGACAG
Mm_Gtf2i | GRARGATARACTCATCACCCAACGTTAATACTACTGCATCAGG TG TGGAAGACCTGAACATCATCCAGGTGACAATTCCAG | ATGACGATAATGARCGACTGTCCARAGTTGARAAGGCCAGGCAG
Hs_GTF2IRD2 |GARACACAAATTCATCCAGTGTTACARATTCTGCAGCA- - - GGTGTTGAAGATCTTAACATCGTTCARGTGACTGTTCCAG | ATAATGAGARGGARRGAT TATCARGCATTGARAAGAT TARACAG
Mm_Gtf2ird2 |GAAATGCAAGTCCATCCAACCTTGTARACTCTGCAGCA- - - GGTGTTGAAGACCTTAGGATCATACAGGTGACAGTCGCAG | ATAATGAGARGGAGAGGCTCTCAGGCC TCGARAARAT TAAGCAA
Hs_GTF2I LREGQVNDTLTFSREKTFG EAIGMGTFTPVEKTYVZPYRTEKTITTINEPSGT CVTYVVDGM
Mm_Gtf2i LREGQVNDTLTFSREKTFG EAIOGMMGTFTPVEKTYZPYRTEKTITTIDMNEPSGT CVTYVVDGM
Hs GTF2IRDZ L R E Q@ V W D L F 8 R K F @ E A I @ VD F P V KV P Y RKTITUFHNUPOGTCUVV I DOGM
Mm Gtf2ird2 L R E Q V N D L F § R K F G E A I G V D F P V K V P Y R K I T VF N P G C V V I DG M
Hs_GTF2I CTAAGAGAACAAGTGAATGACCTCTTTAGTCGGARATTTG | GTGARGCTATTGETATGEGTTTTCCTGTGARAGTTCCCTACAGGARAATCACAATTAACCCTGECTGTGTAGTGGTTGATGGCATG
Mm_Gtf2i CTGCGGGAGCAGGTCAACGACCTCTTCAGTCGGAAGTTTG | GTGARGCTATTGGGATGGGCT TCCCGETGARGGTCCCCTACAGGARGATCACCATCARCCCTGECTGCGTGETGGTCGATGGCATS
Hs_GTF2IRD2 CTAAGAGAACAAGTTAATGACCTCTTTAGCCGAAMATTTG |GTGARGCAATTGGCGTGGATTTCCCTGTGARAGT TCCCTACAGGAAGAT CACATTCAACCCTGGCTGTGTGGTGATTGATGGCATG
Mm_Gtf2irdl CTGCGAGAACAAGTAAACGACCTCTTCAGCCGCAAGTTTG |GGGAGGCGATCGGAGTEGACT TCCCCGTGARGGTTCCCTACAGGAARATCACCTTCAACCCTGGCTGTGTGGTGATTGATGGCATG
Hs GTF2I P PG ¥V &8 P KAPS Y L EI 8 838 MMERERILDSAETFPIKZPTVY IR PF P GLV I NN
Mm Gtf2i P PGV 8 F KA PS8 ¥ L EI 8 83 MRPRTIULDSATETPII KTPFPFT V¥ IR PF P GULVINHN
Hs GTF2IRDZ P P G V V F K A P G ¥ L E I 8 8 M R R I L E A A E F I K F T V I R P L P G L EL S5 N
Mn Gtf2ird2 P P G ¥V V F K A P G Y L E I 8 8 M R R I L D A ADTFTIXKFTV IR PLPGTULTETLSN
Hs_GTF2I CCCCCGEEGETETCCTTCARMGCCCCCAGCTACCTGGAAATCAGCTCCATGAGAAGGATCTTAGACTCTGCCGAGT TTATCARATTCACGGTCATTAG | ACCATTTCCAGGACT TGTGATTAATAACC |
Mm_Gtf2i CCCCCCGEGETETCCT TCARRGCCCCCAGT TACCTGGAGATCAGCTCCATGAGGAGGATCTTAGACTCTGCGGAGT TTATCAAGT TCACTGTCATTAG | ACCATTTCCAGGACT TGTGATTAATAACC |
Hs_GTF2IRD2 CCCCCGGGGGTGGTATTCAAGGCCCCOGGCTATCTGGAAATCAGTTCCATGAGGAGGATCTTGGAGGCAGCTGAGTTTATCARATTCACAGTCATCAG | GCCGCTTCCAGGGCTTGAGCTCAGTAATG |
Mm_Gtf2ird2 CCTCCGEGGETERTGTTCAAAGCCCCCGAETATCTGEAGATCAGCTCCATEAGEAGGATCCTGEATGCTGCACGACTTCATCAAGTTCACGETCATTAG | ACCACTTCCTGGACTTGAACTCAGTAATG |
Fig.2. Two regions of sequence homology between GTF2IRD2 and GTF2I genes. (A) Sequence alignment of the N-terminal region of conservation (exons 2-11

of GTF2IRD2 and Gtf2ird2 and exons 2-12 of GTF2/ and Gtf2i). (B) Internal region of conservation (exons 12-15 of GTF2IRD2 and Gtf2ird2 and exons 28-31 of
GTF2l and Gtf2i). TFlI-I-like HLH repeats (I repeats) are shown in gray background. Hs, Homo sapiens; Mm, Mus musculus.

promoter elements, exist in the vicinity of mouse or human
transcription start sites. However, a putative TFIIB recognition
element was found in positions —63 to —58 in human and —62
to —57 in mouse genomic sequences (Fig. 44). These motifs are
also present in corresponding positions in baboon and rat
genomic sequences, and it could be that these elements deter-
mine the difference in position of the transcription start site
between primates and rodents. Binding sites for GC and CCAAT
box-binding proteins were identified in human (—229 to —215,
—197 to —187, and +22 to +36) and in mouse (—198 to —184),

but they are not conserved between species. In contrast, MAT-
INSPECTOR identified specific response elements organized as
promoter modules that are conservative in human, baboon,
mouse, and rat sequences despite low (28%) overall sequence
homology between primate and rodent sequences (Fig. 44).
An alternative GTF2IRD2 transcript has been found in a
cDNA library prepared from normal lung epithelial cells (Gen-
Bank accession no. BM973984). This transcript includes a prox-
imal optional exon that is spliced normally with exon 2 (Fig. 1,
exon 1). Although such transcripts were not found in mouse and
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Fig. 4.

Promoter organization of GTF2IRD2 genes and their evolutionary relationship with other members of the GTF2I family. (A) Regulatory elements that

can contribute to basal and tissue-specific transcription of primate and rodent GTF2IRD2 genes. The diagram shows the average relative distances calculated
either for human and baboon or mouse and rat sequences. Arrow indicates transcription start site. BCL6, POZ/zinc finger protein, transcriptional repressor; BRE,
TFIIB recognition element; ELF2, Ets-family member ELF-2/NERF1a; FOXO, Fkh domain factor FKHRL1; HMX3, H6 homeodomain HMX3/Nkx5.1; OCT1,
octamer-binding factor 1; PBX1, homeodomain factor Pbx1; STAT, signal transducers and activators of transcription; ZBP89, zinc finger transcription factor
ZBP-89. (B) Hypothetic phylogenetic tree of the GTF2/-related genes. The evolutionary distances between sequences are not drawn to scale.

rat dbESTs, an almost identical sequence was identified within
baboon intron 1 (data not shown), indicating the possible
existence of a primate-specific alternative mRNA variant.

Evolution of the TFII-I Family. Our analysis clearly indicates that
HLH repeats 1 and 2 of GTF2IRD2 are homologous to the
HLHI1 repeats 1 and 6 of TFII-I/GTF2I, respectively. We have
shown that the six HLH repeats of GTF2IRD1 and GTF2I had
a different duplication history (20). We have also identified a
partial sequence of a GTF2[-related gene containing five HLH
repeats in Danio rerio and Takifugu rubripes (data not shown).
This sole fish sequence is very similar to GTF2IRDI, which is
likely to represent the oldest member of the GTF2I family (Fig.
4B). Consequently, we speculate that GTF2I is derived from
GTF2IRDI as a result of local duplication, and the further
evolution of its structure was associated with its functional
specialization. Our exon-by-exon comparison has revealed that
GTF2IRD?2 is more closely related to GTF2I than to GTF2IRD1
(Figs. 1B and 2) and apparently is derived from the GTF2I
sequence. The origin of the GTF2IRD2 gene and its opposite
genomic orientation are not clear at present, but an unusual
C-terminal CHARLIES-like domain that is absent in other
members of TFII-I family suggests that its transposase activity
has generated a functional fusion gene (21). The acquired
C-terminal domain probably provides some new functions to the
GTF2IRD2 protein that do not require multiple HLH repeats
and therefore made possible the loss of the four central repeats
as a result of structural simplification. We speculate that the
formation of GTF2IRD2 was finished before mammalian radi-
ation (Fig. 4B).

In this study we report the genomic organization of
GTF2IRD2, which encodes a protein with structural similarity to
the N-terminal end of TFII-I. We have also identified mouse, rat,
and baboon orthologs that share significant similarity with the
human sequence. The order and orientation of GTF2IRDI,
GTF2I,and GTF2IRD?2 is conserved between human and mouse.
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