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A Human a-Fetoprotein Enhancer-Binding Protein, ATBF1,

Contains Four Homeodomains and Seventeen Zinc Fingers
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We have isolated a full-length cDNA encoding a protein (ATBF1) that binds to an AT-rich motif in the human
a-fetoprotein gene enhancer. The amino acid sequence deduced from the cDNA revealed that this is the largest
DNA-binding protein (306 kDa) known to date, containing four homeodomains, 17 zinc finger motifs, and a
number of segments potentially involved in transcriptional regulation. Although the exact function of this
protein has not been determined, these structural features suggest that ATBF1 plays a transcriptional

regulatory role.

Tissue-specific expression of the human a-fetoprotein
(AFP) gene is strongly stimulated by an enhancer present 3.3
to 4.9 kb upstream of the transcription initiation site (32, 35,
43). We have identified one of the enhancer elements con-
taining an AT-rich core sequence (AT motif) (35). This
element is active in HuH7 cells and other human hepatoma
cells producing AFP but inactive in HeLa and other cell lines
not producing AFP (35, 43). Similar AT-rich sequences are
also present in the promoters of a number of liver-specific
genes, including AFP, albumin, and al-antitrypsin. This
promoter element has been shown to be regulated by a
liver-enriched factor termed HNF1, LF-B1, or APF (7-10,
12, 17, 23, 26). Competition binding assays have shown that
the same factor binds to the human enhancer AT motif (35),
10-fold less efficiently than it binds to the promoter AT-rich
element (12). In addition, the AT motif in the human AFP
enhancer is not conserved in the mouse AFP enhancer (16).
Thus, the possibilities that HNF1 (LF-B1) is a transcription
factor restricted to the promoter region (12) and that a
protein other than HNF1 (LF-B1) also interacts with the AT
motif in the human AFP enhancer cannot be excluded.

In an attempt to analyze a nuclear factor in HuH7 cells
which interacts with the human AFP enhancer AT motif, we
screened an HuH7 cDNA expression library with an AFP
enhancer fragment which bears the AT motif. In this paper,
we report the isolation of a cDNA that can code for an AT
motif-binding factor, termed ATBF1. This is the largest
DNA-binding protein known to date and the first protein
shown to contain multiple homeodomains and multiple zinc
finger motifs.

MATERIALS AND METHODS

Cells. HuH7 (31) and HepG2 (25) are human hepatoma cell
lines producing AFP. HuH7 cells were grown in RPMI 1640
medium (GIBCO) containing 0.3% lactalbumin hydrolysate.
HepG2 and HeLa cells were grown in Dulbecco’s modified
Eagle medium containing 5 to 10% fetal calf serum. T24
bladder carcinoma cells (27) were grown in RPMI 1640
medium containing 10% fetal calf serum.
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Preparation of cDNA libraries. Total RNA was prepared
from HuH7 cells by the guanidinium isothiocyanate-cesium
chloride procedure (15), and poly(A) RNA was separated by
oligo(dT) cellulose chromatography. Randomly primed
cDNA was synthesized by using the cDNA synthesis kit
(Pharmacia) by adding 2.5 pg of poly(A) RNA and 0.4 pg of
random primer [p(dN)e; Takara] to the 32-ul first-strand
reaction mixture. The second-strand synthesis and adaptor
ligation were done according to the supplier’s protocol.
Oligo(dT)-primed cDNA was synthesized by using the
cDNA synthesis system (Amersham) and was rendered
double stranded according to the supplier’s protocol. Dou-
ble-stranded cDNA was ligated to Agtll arms and packaged
with a commercial packaging extract (Stratagene). Esche-
richia coli Y 1090(r™) was transfected with the recombinant
phage and plated in accordance with the standard proce-
dures (20).

Screening of expression libraries. The cDNA expression
libraries were screened as described by Singh et al. (37),
except that poly(dI-dC) - poly(dI-dC) was replaced by
sheared and denatured calf thymus DNA (5 pg/ml) (39). To
prepare a screening probe, an HgiAl-BstNI AFP enhancer
fragment containing the AT motif was excised from a cloned
genomic DNA (43), treated with mung bean nuclease, and
blunt-end ligated to pUC18 at the BamHI site, which had
been filled in with the Klenow fragment of DNA polymerase
I. The resultant plasmid, pAFE(H/B)1, was double digested
with Xbal and PstI and was treated with exonuclease III and
then with mung bean nuclease to shorten the insert DNA
from the BstNI end. Xhol linkers were attached to the
deleted ends, and the plasmid was recircularized. The 31-bp
NlalV-Xhol fragment, which contains the protein binding
site, was treated with the Klenow fragment of DNA poly-
merase I, self-ligated to form multimers, and cloned into
pUC18 at the Hincll site. A clone containing six copies of
the fragment (hexamer) was isolated and termed pAFE(N/
X)6. The hexamer was isolated from this plasmid by double
digestion with BamHI and HindIIl, labeled at the 3’ end by
using 5'-[a->2P]JdCTP (Amersham) and the Klenow fragment
of DNA polymerase I, and used as a screening probe.

For the isolation of cDNA clones covering the entire
coding region, primary recombinants were screened with
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32p_labeled A2 cDNA by using the standard procedure of
plaque hybridization (4). Clones A\488, A475, and \476 were
isolated from a library generated from the oligo(dT)-primed
cDNA. \130 was isolated from a library generated from the
randomly primed cDNA. A537 and A659 were isolated from
oligo(dT)-primed and randomly primed cDNA libraries, re-
spectively, by using portions of A\488 as probes.

Nucleotide sequence determination. The nucleotide se-
quence was determined by the dideoxy chain termination
procedure (34) with standard sequencing primers and cus-
tom-made primers. All the isolated clones were entirely
sequenced on both strands.

SDS-polyacrylamide gel electrophoresis and Southwestern
blot analysis. Y 1089(r~) lysogens harboring recombinant or
control phage were generated as described by Huynh et al.
(20). Celis from 1.25-ml aliquots of induced lysogen cultures
were rapidly pelleted and resuspended in 100 pl of sodium
dodecyl sulfate (SDS)-polyacrylamide gel loading buffer. A
20-p.l portion of the sample was heated at 100°C for 5 min and
electrophoresed in an SDS-7.5% polyacrylamide gel, and
proteins were detected by staining with Coomassie brilliant
blue R-250. For Southwestern (DNA-protein) blotting, the
separation gel was soaked in buffer containing 25 mM Tris
base and 192 mM glycine (pH 8.3) for 30 min, and proteins
were electrophoretically transferred onto a Durapore mem-
brane (Millipore). The proteins bound to the membrane were
denatured according to the procedure of Celenza and Carl-
son (6). The membrane was then screened with the hexamer
probe in the manner described above for recombinant phage.

Gel retardation assay and DNase I footprint analysis. Lyso-
gen extracts were prepared as described by Singh et al. (37).
pAFE(H/B)1 was double digested with Smal and HinclIl.
The Smal-Hincll fragment containing the AT motif was
isolated, labeled with 3?P, and incubated with lysogen ex-
tracts (2 ug of protein) in 25 ul of gel retardation reaction
mixture (38). The DNA-protein complexes formed were
resolved in a 5% polyacrylamide gel (acrylamide-bisacryl-
amide weight ratio of 30:1) containing 50 mM Tris base, 50
mM boric acid, and 1 mM EDTA. The gel was then dried and
autoradiographed. DNase I footprint analysis was done
basically as described by Singh et al. (38). Gel retardation
mixture prepared as described above was incubated with
DNase I (0.5 pg/ml) for 1 min at 25°C in the presence of 2.5
mM MgCl,, and DNA-protein complexes were resolved in a
5% polyacrylamide gel. The DNA in the retarded bands was
eluted from the gel with 0.3 M ammonium acetate-10 mM
magnesium acetate-0.1% SDS-1 mM EDTA, precipitated
with ethanol, and analyzed on an 8% polyacrylamide-7 M
urea sequencing gel.

Southern blot analysis. Genomic DNA was digested with
restriction enzymes, fractionated on a 0.7% agarose gel, and
blotted to Hybond-N membrane (Amersham) in 0.5 N
NaOH-0.5 M NaCl. The blot was then hybridized with a
32p.labeled A659 cDNA probe at 65°C and autoradiographed
as described previously (29).

PCR. For reverse transcriptase-linked polymerase chain
reaction (PCR), total cellular RNA was isolated by the
guanidinium isothiocyanate procedure (15), treated with
RNase-free DNase, and annealed with oligo(dT),, ;s to
synthesize cDNA with reverse transcriptase (Life Sciences,
Inc.). The cDNA formed was amplified by 40 cycles of PCR
by using Taq polymerase (Cetus) and several sets of primers
listed below. The PCR product was analyzed on a 1%
agarose-2 to 3% NuSieve (FMC Corp.) gel. Amplification of
genomic DNA was conducted in a similar manner. The
primers used were as follows: F29, 5'-ACTGACACTGAC
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FIG. 1. Analysis of the polypeptide encoded by A2 cDNA and its
DNA binding specificity. (A) Induced Agtll and A2 lysogens were
suspended in SDS loading buffer, denatured at 100°C for 5 min, and
analyzed on an SDS-7.5% polyacrylamide gel, along with molecular
size markers (M). (B) Southwestern blot analysis of A2 lysogen
extract. Proteins shown in panel A were transferred to a nylon
membrane and incubated with 32P-labeled hexamer, as described in
Materials and Methods.

TGGGACAG-3' (2850 to 2869); F41, S'-TGGAGGGAGCA
TGGAAGGCT-3' (3189 to 3170); F54, 5'-ATGAACCTGG
GCGAGAGCTT-3' (169 to 188); F60, 5'-CTTCAATGGC
TTCTTCTGGG-3' (850 to 831); F62, 5'-TCGTGCCTGGA
GTTGACCGT-3' (581 to 562); B10, 5'-TTGTACCAGGCT
TTTCTCCT-3' (7319 to 7338); and B21, 5'-GGAACAATG
AAGGGCGTA-3’ (7739 to 7720).

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper will appear in the
DDBJ, EMBL, and GenBank nucleotide sequence data
bases under accession no. D90395.

RESULTS

ATBF1 is the largest DNA-binding protein so far reported.
We screened a Agtll cDNA expression library derived from
poly(A)-containing RNAs of HuH7 cells with an oligonucle-
otide consisting of six tandem copies of a 31-bp enhancer
fragment which bears the AT motif (35). By screening 3 X
10° phage from a library representing 3 X 10° recombinants,
a positive clone, A2, was isolated. Extracts prepared from A2
lysogen gave a band of 160 kDa on an SDS-polyacrylamide
gel, compared with a 120-kDa band for the control Agtll
lysogen, which corresponded to B-galactosidase (Fig. 1A).
This indicates that A2 cDNA encodes a polypeptide of 40
kDa. Southwestern blot analysis confirmed the binding of
the fusion protein to the AT-motif-containing DNA fragment
(Fig. 1B). Gel retardation analysis showed that the A2
lysogen extract formed two retarded bands, with an en-
hancer fragment carrying the AT motif (Fig. 2). DNase I
footprint analysis demonstrated that the AT motif is in-
volved in the formation of both bands (Fig. 3). This suggests
that the fast-moving and slowly moving complexes corre-
spond to the monomer and dimer forms of the fusion protein
bound to the AT motif, respectively. In DNase I footprint
analysis, the region protected by the fusion protein was
smaller in the lower strand than in the upper strand. This
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FIG. 2. Gel retardation analysis of A2 lysogen extracts. Extracts
prepared from induced A2 and Agt11 lysogens were incubated with a
32p-labeled 96-bp enhancer fragment containing the ATBF1-binding
site. DNA-protein complexes formed were resolved in a 5% poly-
acrylamide gel. Probe DNA without incubation with lysogen extract
was run in lane 1. A and B, slowly moving and fast-moving bands,
respectively.

may be due to a spatial hindrance caused by the fused
B-galactosidase portion. Recent studies of the sequence
recognition by the POU-homeodomain have shown that the
homeodomain itself protects only several nucleotides on
each strand (42).

The A2 cDNA is a partial clone, about 1 kb in length,
lacking both the 5’ and the 3’ ends (Fig. 4). Using \2 as a
probe, we isolated two cDNAs containing the 3’ end (A475
and A476) and one clone having a 5’ extension (A488) (Fig. 4).
By using A\488 as a probe, a clone containing the 5’ end
(A537) was isolated (Fig. 4). The complete nucleotide se-
quence of the mRNA determined from these overlapping
clones and the amino acid sequence deduced from it are
shown in Fig. 5. Several nucleotide sequence heterogeneities
were found in overlapping clones. Most of these differences
involve single nucleotides in the third positions of codons,
with no changes in the amino acids encoded. They include
cytosine in A\537 versus thymine in A488 at nucleotide 2316,
thymine in A659 versus cytosine in A488 at nucleotide 4338,
thymine in A130 versus cytosine in A488 at nucleotide 5565,
cytosine in A475 versus thymine in A476 at nucleotide 7508,
and guanine in A475 versus thymine in A476 at nucleotide
8403. In A\488, an adenine is deleted at position 4378. This is
probably an artifact of cloning, since the nucleotide se-
quences of genomic DNAs prepared from HuH7, HeLa, and
IMR90 (human lung fibroblast) cells, when determined by
direct sequencing of polymerase-amplified DNA, agreed
with that of A659, which contains adenine at this position
(data not shown). Several major differences between two
3’-terminal clones, A475 and 476, were found. (i) At posi-
tion 7508, cytosine is present in A475, coding for alanine,
whereas thymine is present in A476, encoding valine. (ii) In
comparison with A475, A476 has deletions of 3 consecutive
nucleotides at two places (nucleotides 7903 to 7905 and 7921
to 7923) and an insertion of 24 nucleotides (GG CAA CTA
CAG CAG CAG CAG CAG C) between nucleotides 7528
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FIG. 3. DNase I footprint analysis demonstrating recognition of
the AT motif by the fusion protein. In both upper- and lower-strand
panels: lane 1, products of chemical cleavage at adenines and
guanines of the probe DNA (G/A); lane 2, DNA without incubation
with A2 lysogen extract (free); lane 3, DNA extracted from band A
in Fig. 2 (band A); lane 4, DNA extracted from band B in Fig. 2
(band B). Summary of the analysis is shown below the footprints.

and 7529. (iii) In A476, a poly(A) tail is attached to cytosine
at nucleotide 8521, whereas in A475, it is attached to cytosine
at nucleotide 8588. These alterations result in an increase of
six amino acids in the polypeptide encoded by A476. The

A2 cc—

A488
AB37
A130
A659 —— A 475 e poly(A)
N476 ——eeeeeeeeeeeeeeeepoly(A)
Sspl
Nep(7524)V Scal Spll
ATG | Elocﬁl Iurnswv IMI-I KT“ TAA
i 1
h
T T
ApaLi ApaLi ApaL! 1 kb

FIG. 4. Restriction endonuclease map of ATBF1 cDNA. Open
bar, full-length cDNA. ATG and TAA, translation initiation and
termination sites, respectively. Sizes and positions of partial cDNA
clones are shown above the map.
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1 CGCGGCCCGAGCGCCTCTTTTCGGGAT TAAAAGCGCCGCCAGCTCCCGCCGCCGCCGCCGTCGCCAGCAGCGCCGL TGCAGCCGCCGCCGCCGGAGAAGCAACCGCTGGGCGGTGAGATC

121 CCCCTAGACATGCGGCTCGGGGGCGGGCAGCTGGTGTCAGAGGAGCTGATGAACCTGGGCGAGAGCTTCATCCAGACCMCGACCCGTCGCTGMGCTCT'ICCAGTGCGCCGTCTGCAAC
R G GGQLVSEELMNL E S 1 Q D L L FQC ( 37

241 AAGTTCACGACGGACMCCTGGACATGCTGGGCCTGCACATGAkCGTGGAGCGCAGCCTGTCGGAGGACGAGTGGAAGGCGGTGATGGGGGACTCATACCAGTGCAAGCTCTGCCGCTAC
KF TTDNLDODMLGLHMNVE N S EDEWKAVMGDS q.C LCRY (77)

361 AACACCCAGCTCMGGCCMCTTCCAGCTGCACTGCAAGACAGACAAGCACGTGCAGAAGTACCABCTGGTGGCCCACATCAAGGAGGGCGGCAAGGCCMCGAGTGGAGGCTCMGTGT
T L KANTFQLHCKTODKHUVAQ QL 1 EGGKANEWRLKTC (17)

481 GTGGCCATCGGCMCCCCGTGCACCTCMGTGCAACGCCTGTGRCTACTACACCMCAGCCTGGAGMGCTGCGGCTGCACACGGTCAACTCCAGGCACGAGGCCAGCCTGMGTTGTAC
1 P C cD0 I EX_L R L HT HEAS (157)

601 AMCACCTGCMCAGCATGMMTGGTGTWAGGTGAGAGCTGCTACTACCACTGCGT'ICTGTGCAACTACTCCACCAAGGCCAAGCTCMCCTCATCCAGCATGTGCGCTCCATGAAG
K HLQQHESGVEGESC Y H C C S AK L NLTIQ VR S K (197)

2L A GA GG GA T A OGO TGCAGANGOGCL T T CAGAGGAGCACAGRACC TGGGGCAGATCTTCACCATCLGCABGTGCLCCTCCACGRACCCAGAAGAA
HOQRSESLRKLQRLQKGLPEEDEDLGRQ]I I RRC TDPEE (237)

841 GCCATTGAAGATGTTGAAGGACCCAGTGAAACAGCTGCTGATCC TTGCTAAGGACC wnu.ATCGTCCAGCCMGCAGAGAAGGAGCTGACAGATYCTCCTGCA
Al D VEGPSETAADPETETLAKDR® QETGGA s Q E E (2717)

961 ACCTCCMACGCATCICCT1CCCAGGTAGCTCAGAGTCTCCCCTCTCTTCGMGCGACCAAMACAGCTGAGGAGATCAAACCGGAGCAGATGTACCAGTGTCCCTRCTGCAMTACAGT
TS 1 F P S SES N P X TAEETI KPEAQM Q C (317)

1081 AATGCCGATGTCAACCGGCTCCGGGTGCATGCCATGACGCAGCACTCGGTGCAACCCATGCTTCGCTGCCCCCTGTGCCAGGACATGCTCAACAACAAGATCCACCTCCAGCTGCACCTC
NADVNRLRYHAMTAQHSVQPMLRC®PLCODMLNNKTIHLQLHL

357)

120 AN A B AL TGAC TG0 T BAGAAGC T CATTATGACGGTACCACCC TOAGAT GG TGATGCCANGCAGCAT TTCCTCCCAGCAGC TG TCCAGATCGAGATGSG
I PDCVE 1 3 ss L A R D G (397)

1321 MTTCCMTTTGGMGAGGCAGGMM‘:CAGCCTGMACCTCAGAGGATCTGGGMAGMCATCTTGCCATCCGCAAGCACAGAGCMAGCGGAGATTTGAMCCATCCCCTGCTGACCCA
N LEEAGKA QEPE S EDLGKNTIL S S E Qs 0L N ( 437)

1441 GGCTCTGTGAGAGAAGACTCAGGCTTCATCTGCTGGAAGMGGGGTGCAACCAGGTTTTCAAAACTTCTGCTGCCCTTCAGACGCAYTTTMTGMGTGCATGCCMGAGGCCTCAGCTG
GSVYREDSGFICWEKKGCNQVFKTS AL QTHFNEVHAKR Q L (477)

1561 C(T»GTGTCAGATCG\,CATGTGTACAAGTACCGCTGTAATCAGTGTAGCCTGGCCTTCAAGACCATTGAAAAGTTGCAGCTCCATTCTCAGTACEATGTGATCAGAGCTGCCACCATGTGC
VSDRHVYYKYRCNGO QC LAF KT E KL QL HS QY 1 C_(517)

168.

=

TGTCTTTGTCAGCGCAGTTTCCGAACTTTCCAGGCTC1GMGAAGCACCTTGAGACMGCCACCTGGM}CTGAGTGAGGCTGACATCCMLAGCTTTAYGGTGGCCTGCTGGCCMTGGG
[4 C QRS 9 E TS L_E S EADIQGQL G G L ANG (557)

1801 GACCTCCTGGCMTGGGAG&CCCCACTCTGGCTGAGGACCATACCATMTTGTTGAGGMGACAAGGM}GMGAGAGTGACTTGGMGATMACAGMSCCCAACGGGCAGTGACTCTGGG
0

LLAMGD ED 1 1 VEEDKETETESDLEDKQSPTGSDSG (59)
1921 TCAGTAC TCGGGCTCAGAGCCAA TCTGCCTTTCAGAAAAGGTCCCAATTTTACTATGGAAAAGT TCCTAGACCCTTCTCGCCCTTACAAGTGTACCGTCTGCAAG
S VQEDSGSEPKRALPFRKGPNTFTMEKTFTLDPSRPYKTC CTVCK_(63)

2041 GAATCTTTCACTCAAAAGAATATCCTGCTAGTACACTACAATTCTGTCTCCCACCTGCATAAGT TAAAGAGAGCCCTTCAAGAATCAGCAACCGGTCAGCCAGAACCCACCAGCAGCCCA
ESF TQKNTILLVHYNSVSHLHKLEKRALAOQESATGQPETPTSSP (677)

2161 GACMCMACCTTTTAAGTGTMCACTTGTMTGTGGCCTACAGCCAGAGTTCCACTCTGGAGATCCATATGAGGTCTGTGTTACATCAAACCMGGCCCGGGCAGCCMBCTGGAGGCT
K C s Qs L E I L Q T KARAAKLEA (717)

2281 GCAAGTGGCAGCAGCMTGGGACTGGGAACAGCAGCAGTATTTCCTTGAGCTCCTCCACGCCMGTCCTGTGAGCACCAGTGGCAGTMCACCTTTACCACCTCCMTCCMGCAGTGCT
ASGSSNGTGNS 1 st N Vs S G S T T N S S A (757)

2401 GGCATTGCTCCMGCTCTMCTTﬁCTAAGCCAAGTGCCCACTGAG&GTGTAGGGATGCCACCCCTGGGGAATCCTATTGGTGCCMCATTGCTTCCCCTTCAGAGCCCMAGAGGCCMT
I S SNLLSOQV TESVG G I 6 I E P 3 ( 797)

2521 CGGMGMACTGGCAGATATGATTGCATCCAGGCAGC&GCMCMCAGCAGCAGCMCAGCMCMCMCMCAACMCAACAACMCAAGCACMACGCTGGCCCMGCCCAGGCTCM
K KLAD I ASRQQQQQQQ0QQQ0QQQCQQQQQQQQAQTLAQAQAQ (87

2641 GTTgMGCTﬁACC1GCAGCAGGAGCTGCAGCMCMGCTGCCCTGATCCAGTCTCAGCTGTTTMCCCCACCCTCCTTCCTCACTTCCCCATGACMCT(ESABACCCTGCTGCMCTACM

LQQELQQQAA 1 Qs QLF L QL aQ (87m)
2761 CAGCAGCAGCACCTCCTCTTCCCTTTCTACATCCCCAGTGCTGAGTTCCAGCTTMCCCCGAGGTGAGCTTGCCAGTGACCAGTGGGGCACTGACACTGACTGGGACAGGCCCAGGCCTG
QQQHLL EFQLNPEVS TS LTLTGTG G L (917)
2881 CTGGMGATCTGM&ECTCAGGTTCAGGTCCCACAGCAGAGCCAYCAGC&GATCTTGCCGCAGCAGCAGCAGMCCMCTCTCTATAGCCCAGAGTCACTCTGCCCTCCTTCAGCCAAGC
L DLKAQVQVPQQSHQQILPQQQQNOQLSTI QS HS QP s (957)
3001 CAGCACCCCGAMAGANSMCMATTGGTCAT"‘“ AAAAGGAAAAAGAAAGC( AGCGCC GGGCMCACCGGTCCGAM;GAMCACTGCCAGAT
Q EKKNKLVIKEZKEEKESQRERDSAEGGEGNTGPK L P D (997)
3121 GCCYTGMGGCCMAGAGMGMAGAGTTGGCACCAGGGGGTGGTTCTGABCCTTCCATGCTCCCTCCACGCATTGCTTCAGA|u.l, ACGCCACCAAGGCCCTGCTGGAGAAC
L KAKETKT KTETLA G GG S E S 1 S DARGNATKALLEN (1037)
3241 TTI'GGCTTTGAGTTGGTCATCCAGTATMTG‘GAACMGCAGMGGTGCAGMMAGMTGGGMGACTGACCAGGGAGAGMCCTGGMGCTCGAGTGTGACTCCTGCGGCAAGT
FGFELVYIQYNENKQ QKYQKKNGKTDOQGENLETKILEC C G K L (1077)
3361 TTTTCCAACATCTTGATTTTAMGAGTCATCMGAGCACGTTCATCAGMTTACTTTCCTTTCMACAGCTCGAGAGGTTTGCCAAACAGTACAGAGACCACTACGATAMCTGTACCCA
F 1 1 L KS HOQEHVHQNYTFPFKQLERTFAKQYRDHYTD Y poo(1117)
3481 CTGAGGCCCCAGACCCCAG&GCCACCACCACCTCCCCCTCCACCCCCTCCACCCCCACTTCCGGCAGCGCCGCCTCAGCCGGCGTCCACACC&GCCATCCCCGCATCAGCCCCACCCATC
LRPQTPE P A A Q S 1 (1157)
3601 ACCTCACCT,\f’MTTGCACCGGC"CAGCCATCAGTGCCGC1CACCC&GCTCTCCATGCCGATGGAGCTGCCCATCTTCTCGCCGCTGATGATGCAGACGATGCCGCTGCAGACCTTGCCG
S P I Q N QL SNM E L 1 Q M LQ T LP (1197)

3721 GCYCAGCTACCCCCGCAGCTGGGACCTGTGG&GCETCTGCCTGCGGACCTGGCCCMCTCTACCAGCATCAGCTCAATCCMCCCTGCTCCAGCAGCAGMCMGAGGCCTCGCACCAGG
Q Q G P VE L ADLAQLYQHOQLNPTLLOQQQNKR RPRTR_ (1237)

3841 ﬂCACAGATGATCAGCTCCGAGTCTTGCGGCMTATTTTGACATTMCMCTCCCCCAGTGAAG&GCAMTMAAGAGATGGCAGACMGTCCGGGTTGCCCCAGMAGTGATCAAGCAC
1 D D QL v Q F D INNS

P S EEQI KEMADKS.G Q 1 K H (1277)
3961 TGGYTCM‘;GMCACTCTCTTCMAGAGAGGCAGCGTMCMGGACTCCCCTTACAACTTCAGTMTCCTCCTATCACCAGCCTGGAGGAGCTCAAGATTGACTCCCGGCCCCCTTCGCCG
L F K E Q R N DS PYNFS 1 L EE K 10 P S P (1317)
4081 GAACCTCCMAOCAGGAGTACTGGGGMGCAAGAGGTCYTCAAGMCAAGGTTTACGGACTACCAGCYGAGGGTCTTACAGGACTTCTTCGATGCCMYGCTTACCCMAGGAT
EPPKQEYUWGSKRSSR RF TOYQLRVYLQD F D PKDDE(!JS?)
4201 TTTC\AGCMCTCTCTMTTTACTGAACCTTCCAACCCGAGTGATAGTGGTGTGGTTTCAGMTGCCCGACAGAAGGCCAGGMGMTTATGAGMTCAGGGAGAGGGCMAGA GGAGAG
E QL S NLL L R 1 F Q R Q N 3 QG EGKDGE (1397)

FIG. 5. Nucleotide sequence of ATBF1 cDNA and amino acid sequence deduced from it. The nucleotide sequence is based on A537, A488,
659, A130, and A475. Closed triangles, nucleotides that differ between two overlapping clones (see text). Asterisk, adenine missing in A488.
In \476, nucleotides with overbars (positions 7903 to 7905 and 7921 to 7923) are absent and 24 nucleotides (GG CAA CTA CAG CAG CAG
CAG CAG C) are inserted between positions 7528 and 7529. Solid lines, homeodomains; broken lines, zinc finger motifs. The single-letter
abbreviations for the amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met;
N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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TGTGT
H Q K K L C (1437)

TACAAGGATGAGGATGAGGAGGGGCAGGACGACAGCCAAAA
YXOEDEEGQDDSQNETDSMDAMETIL s S cs
AGCGCCCCAGCACCATCA@CMTMTACAGCTTCCTCmCYTTCTTGCAGCTTlCAGCGGAGGC GAGGAACTGGCCACCTYCMTT

S AP APSANN S S Q AEAEELAT NS KT

CTWTCCCAG 'GCACAGCCAAACCAAACCCAAGAAAAGCAAGGACAACCAAAGCCAGAGC TGCAGCAGCAAGAGC
AEAPSAQPNQTQEKQGQPKPELG QQQETQEPET QK

\TGAGGATTCCATGGATGCCATGGAAAT! CCTGACGCCTACCAGCYCATCCTGCAGTACCCWTGCCCTCACAGGC

TAC
TP M S Q A Y (1477)

TGAGAAACCAAAG
EAGDEKTP K (1517)

AGCCCGAGCAGAAGAC!

CAACACTCCCCAGCAGAAGCTC
TNTPQQK L (157)

CCCgAGCTGGTG;CCCTGCCTTCGTYG&CA&AG%CYCCYCCASMGCGCCCCCTCCACAGTGCCCCTTACCCCAGTCGAGCCCCAGTCCTVCCCAGCTCICCCACCTGCCCCICAAGCC
Q Q ]

CTC&ACTACA;CA?CWCI’CAACAGCTCGCMACCTACCTCCTCAGCTMTCCCUACCAGTGYGACCAGTGTAAGTTGGCATTTCCGTCATTTGIGCACTGGCAGGAGCAT
L S E

PQQLANLYP Q 1 QCDQCK.L

K P (1597)

MVQENQOL (1637)

CACTTCCTGAGCGCGWCCAGYTCATCLACCCCCAGTTTTTWTCCCTGGATMGCC1TTCATGCTCTTTGATCCCAGTMCOCACTCCTGGCCAGCCAGCTGCICTCTGGG
L

F L AQNQFTITHPQFLDRS ) L DPSNPL

GCCATACCTCM‘ATTCCAGCMGCTCAGCCACTYCTCCTTCAACTCCMCCTCCACMTGMCACYCTCMGAGGAAGC TGGAGGAAAAGGC
1 QI PASSATS S P S T M R K LEETKAS

AAGCG TTTGAGMCAACCATC‘CACCGGAACMCTAGAMTTCTC1ACCAGAAGTATCTACTGGATYCCMYCCGACTCGMAGATGTT
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L ASAQ L S G (1677)

CAGTGCMGCCCTGGCGAMACGACAB

A P GENDS (1117)

T R K M L (1757)

g&TsACATTGI:ACACG'GGTGGGCTTGAAGAMCGTGYMTACAAGTCT(%TTTCAGMCACCCGAGC GGGMAGGAAAGGACAGTTCCGGGCTGTAGGCCCAGCGCAGGCC
T G P

1 H V GLKKRVVAQ Q N R A RERK Q

K AG Y

(1797)

AGAEGCCCT;TTE(IAG&GCGCI’CTTCMAGCCMGACTGCTCTTGNEGCYCATATCCGGTCCCGTCACTGGCAYGAAGCCWTGECTWYWYCTGTCTCC&VGCTC
E_A IR_S_R E

TTIGACTGTGATG&‘»GGACTCCAGA
DCDGGLO QMK

':TGGMTTGTCACCCAGMCTCTTCTAAGCCCTTCCTCC;TTAAGGTGGMGGGATTGAAGACTTTGAAAGCCCCTCCATGTCCTCAGTTMTCTMACTTTGACCMACTAAGC TGGAC
L

SPRTLLSPSS VEGIEDTFESPSMSS N L

AACGATGMZTGTTCCTCTGTCMCACAGCAAYCACAGATACCACAACTGGAGACGNSGGCMC
boc NTAITODTTTGDODEGNADNDSATGTI AT

"MCGANSGGT GACCMAGCGGCCATGATGGCAATGTCTGAGTATGMGATCGGTTGTCATCTGGTCTGGTCIGCCCGGCCCCGAGCTTTTATAGCMGGMTATGACMYGMGGTAC
A S F N

EGLTKAAM A M E EDR sSs LVSP

GTGGACTACAGTGMACCTCAAGCCTTMTCCCTGCTCCCCGAGTCCTGGTGCGAGTGGATCT(IAGGCMATCTGGTGMAGCGGGGATCWCCTWMCGTTTTCGCACT
G

DYSETSSLAD [ S G N G KSGD DR

SMATGACCMTCTGCAGCTGMGGTCCTCMGTCATGCTTTMTGACTACAGGACACCCACTATGCTAGMTGTGAGGTCCIGGGCMTGICATTGGACTGCCMMAG CGTT
T E CE 1

M T Q 0 R N

N T L (1837)

GMAGGAGATATTTTTGACGGAACTAGCTTTTCCCACCTACCCCCMOCAGTAGTGATGGTCAGGGTGTCCCCCTCTCACCTGTGAGTMMC
1 0 S sSssSDPGQG P LS v's

K T (1877)

NFODQTK LD (1917)

GCAGATAACGACAGTGCAACGGGAATAGCAACTGAAACCAAATCCTCTTCTGCACCC

ET XK SSS AP (197)

3 0 E G T (1997)

P G QK RF R T (203)

G L P KRV Y o (2077)

GTCT@TTCEAGMTGCCC
N

GGGCAAAAGAAAAGAAG
ARAKEKKSKLSH QT SYEGPK

TCCAAGTTAAGCATGGCCAAGCATTTTGGTATAMCCMACGAGTTATGAGGGACCCAMACMTGC‘CTTTGYGTGGCATC
K G I N 1

TECTLCG (2117)

AAGTACAGCGCYC&CTGTCTGTICGTGACQTATCTTTTCCCMCAGCATATC\'CCMAGYTMAGACACCATYGGAAGCCAGC GGACAAGGAGMAGMTACTT"GACCC‘GCCAC
1 $.0.Q.H 1 0 16
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crmtmrrumscrcucamn CGGATTAAAMGGCC
VRO QQELDRTIKKANE

S K V K S QLDKE

LAAQQQGMFODN

CCTACAGCATATCCAGCGCTCCAGGGCATTCCTCCTGTGTTGCTCCCG&SCCTCAACAGCCCCTCCTTGCCAGGCTTTACTCCATCCAAC?CA&TTTA?CG;CYCCTMGCCGMCTT
1 L S G FTPS L P

AYPALAOQG 6 LNSTP

ATG(GZGT CTGICAGCACMCTGTTCCﬂCCCCTGGCCTCCCCACTYCTGGATUCCAMTMACCGTCCTCAGCGTCGCTGAGCTCCCCAACCCCAGCACMGCCACGAT
N

L N P S 4 s 6L NKPSSASL

CCTCAGCAACCCCCCCAGCAGCAGCAGCAGCAGCAGCAACCACAGGT GCAGCAGCCCCCC CGCCAGCAGCCCAGCCGL
PQQPPQQQQOQOQOQOQFPQVEDQOQ PPPPAAQPPPTPAQ

CCGCAAGGACAAAGAC AAGGCACAC! CCCTGCCTGTCCC
RKDKDSEXKYVKEKEKAHKGKGETPLPVP

S PTP

K K E K GE

MCGAGGTCCT"GGACTGGCAGCTCAGCAGCMGGGATGTTTGACAACIACCCCTCYTCAGGCCCTTMCCTT

K E Y D P AT (257)

P L QA N L (297)
K P N L (2237)

GGCGATGGGC
AQ ATMAMG (27

CACCCACACCACAGCTCCCACTGCAACAGC.

AGCAGCAA
LPLQOQOQOQGQ

CCCCACGGCMCTGCCAC
AP TA AAT

(2317)

(2357)

ATCTCAGCCCCGCTGCCCACCA’IMTAT&GG‘AGACCCYGCACM GCAGGCCCTGCAGGCCGCGTTGACTTCGGACCCCACAGCATTH GCTCACMGCUGTTCCTTCCTTACTTT

I SAPLPTMNEYA 0 AQLQALQAALTSDPTALL

GTACCAGSCT TTTCTCCTTATTATGCTCCCCMATCCCTG}CGCCCYGCAGAGCGGGTACCTG%AGCCTATGTAT(G;GCATG(ESM&CCTGTTCCCCTACAGCCCTGCACTGTCGCAGGC
L

A QI PGALOQSGY

CTGATGGG@TGTCCCCAGGZ"CCCYACTGCAGCAGTACCIGCMYACCAGCAGAGTCTGCAGGA&CM TCAGCAGCAGCAGCAGCAARAAGT
GLSPGSLLOQQYQQYQQSLQEATIQOQQQGQQKYV

CAAACCCCAGTCCCCCCCGGGGC TCCTTCCCCAGACAAAGACCCTGCCAAAGAATCCCCCAAACCAGAAGAACAGAAAAACACCCC
QTPVPPGAPSPDKDPAKESPKPEEQKNTPREYV

YGCGGACTCCCTCYACGACCCCTTCATTGTTCCAAAGGTGCAGTACAAGTTGGTCTGCCGCAAGTGCCAGGCGGGC
1 K

GAAGAGCCAGAAGCAGAAAGCAAAAG!
EEPEAESKSADSLYOD VQVYKLVCRKCAQ

TS Q Fo(2397)
S Q A (2437)

GCAGCAGCAGCAGCCCAAAGCAAGC

QQQQFP KAS (277)

CCGTGAGGTGTCCCCCCTCCTGCCGAAACTCCCT
SsPLLPK

L P (2517)

TCAGCGACGAGGAGGCA
A G F s D E E_A_(2557)

GCGAMCCACCTMTCCCTCTGCTTCTTC@SCC}GTCTGTGGTGMCCTGCMG&GATGGTGCTTCACGTCCCCACCGGCGGCGIGGCGG
ARSHLKSLCFTFGAQS LQEN T6G6GG6GG

GGCG@GGC@CWGGCGGCGGCGGCTCGTACCACT&:CTGGCGTGCGAGAGCGCGCTCTGTGGGGAG?MGCTCTGAGTCMCATCTCEAGTCGGCCTTGCAC
S

G 666GG66GG6GG6SYHCLACESALTCGE AL SQHL

TGGCAGTGBLGGCGOCEECGEC06T
G S GGGG G G (2597)

AAACACAGAACA
A L HKHRT (2637)

ATCACGAGAGCAGCAAGAAACGCCAAAGAGCAC
ITRAARNAKEHTP P H'S A PSTAS s Qs

CCTAGTTTAT!ACCTCACTCTGCCTGCTTCCCCGATCCTAGCACCGCATCTACCTOGCAGTCTGCCGCTCACYCAMC
LLre c 0

GACAGCCCC
A AHS NDS P (2677)

CCTSCCCCGTCGG(I&CGCCCCCYCCTCCGCTTCCCCCCACGCCTCCAGGAAGTCTTGGCCGCMGTGGTCTCCCGGGCTTC&CAGCGMGCCCCCT;CTT\’TCCTCCTCICTCCTCA

PSAAAPS S S R S Q VS RA AAK

TCTTCAACGGTTACCTC”GTTCATGCAGCACCTC'G@GTTCAGCCCYCGATGCCAACAGACWTATTC&EAGGAGTCIGACACWICTCAGCCMAAGTCC
S

S TVTSSSCSTSGVQPSMPTLDLODY ESDTOLS

OC&TWGGG CCWCCMCTGCCWWTGGTCTWTGTMWTTCAGATTGTMGCTTTW\'GAACMTACMACWTGMTWMMA (@
P F R

VEGPKDPSCPKDSGLTSVGTODT
CAAMAATTAATAACAAACCAATTTCAAMAATAGACTAACTGCAAT TCCAAAGCTTCTAACCAAAAAACAAAAAAAAAAAAA

FIG. 5—Continued.

s s (2n17)
GACGGACCGGCGAGC
QK SDGPAS (2797)

83)
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polypeptide based on A476 consists of 2,789 amino acid
residues with a molecular mass of 307 kDa, whereas the
polypeptide based on A475 consists of 2,783 amino acid
residues with a molecular mass of 306 kDa. The nucleotide
sequence shown in Fig. 5 is based on A\475.

ATBF1 contains four homeodomains and 17 zinc finger

motifs. Analysis of the amino acid sequence of ATBF1
shows several novel structural features (Fig. 6). First, four
homeodomains (HD1 to HD4) are present in this protein.
They show 27 to 43% sequence identities with homeo-
domains in several transcription factors (Fig. 7A). The
homologies are somewhat higher with LIM group proteins
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FIG. 6. Potential functional domains of ATBF1. Ovals, HD1 to
HD4. Closed circles, zinc finger motifs. Rectangles, segments rich in
acidic amino acids (Ac), serine and threonine (S/T), glutamine (Q),
proline (P), and proline and glutamine (P/Q).

(30 to 43%) than with POU group proteins (27 to 35%). In all
cases, the highest sequence conservation is found in the
third helix (recognition helix). Several key residues in this
helix, such as Trp (48th residue), Phe (49th residue), Asn
(51st residue), and Arg (53rd residue), are conserved in HD2,
HD3, and HD4 (Fig. 7A). HD1 contains all these residues
except Arg (53rd residue). HD1 is also characterized by the
presence, 131 amino acids upstream, of a sequence homol-
ogous to the A box of the POU-specific domain (Fig. 7B).

Second, ATBF1 contains 17 zinc finger motifs (ZF1 to
ZF17). Ten of the 17 zinc fingers are clustered in the
amino-terminal region, and the rest are distributed through-
out the molecule (Fig. 6). ZF12 and ZF16 belong to the
CC-HC-type fingers, whereas others are CC-HH-type fin-
gers (5) (Fig. 7C). All these fingers contain a constant
spacing of 12 amino acids between cysteine 9 and histidine
22. Phenylalanine 13 and leucine 19 are conserved in 9 and 13
zinc fingers, respectively.

Third, ATBF1 has a number of regions that may poten-
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tially play a role in transcriptional regulation. They include
(i) six acidic domains (three within the cluster of zinc fingers
in the amino-terminal portion, two in the middle portion, and
one near the carboxyl terminus), (ii) two regions rich in both
serine and threonine (51%, amino acids 719 to 773; 38%,
amino acids 2650 to 2737), (iii) a region rich in glutamine
(34%), including a stretch of 19 glutamine residues (amino
acids 809 to 958), and (iv) a region rich in proline (39%) with
a stretch of 12 proline residues (amino acids 1117 to 1211).
Clusters of glutamine and proline residues from amino acids
1516 to 1617, 2182 to 2317, and 2339 to 2537, and a stretch of
22 glycine residues interrupted by a single serine residue
(amino acids 2585 to 2607) may also have transcriptional
regulatory functions.

The ATBF1 gene is a single-copy gene, and the transcripts
are detected in non-AFP-producing as well as AFP-producing
cells. Southern blot analysis with A659 cDNA as a probe gave
a single hybridizable band with HuH7 DNA digested with
Ball, Avalll, Bglll, EcoRl, Xbal, BamHI, and HindIII (Fig.
8). This suggests that the ATBF1 gene is a single-copy gene.
Similar experiments with genomic DNAs from HeLLa, Chang
(human liver cell line), and IMR90 cells gave identical
hybridization patterns, indicating that there is no rearrange-
ment involving the ATBF1 gene (data not shown).

In order to examine whether ATBF1 mRNA is expressed
in cells other than HuH7 cells, we analyzed RNAs from
HepG2, HeLa, and T24 cells using reverse transcriptase-
linked PCR. Four combinations of primers were used, two
corresponding to regions near the 5’ end, one in a middle

A Helix 1 Helix 2 Helix 3 Sequence identity (%)

10 — 20 _ 30 40 ~ 50 60 HD1 HD2 HD3 HD4
HD1 NKRPRERITD DQLRVERQYF DINNSPSEEQ IKEMADKSGL PQKVIKHFFR NTLFKERQRN - 38 35 33
HD2 KRSSETRFTD YQLRVLQDFF DANAYPKDDE FEQLSNLLNL PTRVIVVWEQ NARQKARKNY 38 - 30 43
HD3 DKRLRETITP EQLEILYQKY LLDSNPTRKM LDHIAHEVGL KKRVVQVWFQ NTRARERKGQ 35 30 - 43
HD4 QKRFRTQMTN LQLKVLKSCF NDYRTPTMLE CEVLGNDIGL PKRVVQVWFQ NARAKEKKSK 33 43 43 -

Pitl  KRKRRTTISI AAKDALERHF GEHSKPSSQE IMRMAEELNL EKEVVRVWFC NRRQREKRVK 27 30 33 30
Octl  RRKKRTSIET NIRVALEKSF LENQKPTSEE ITMIADQLNM EKEVIRVWEC NRRQKEKRIN 32 32 28 28

Uncs8é

KKRKRESIAA PEKREEEQFF KQQPRPSGER IASIADRLDL KKNVVRVWFC NQRQKQKRDF 35 30 33 30

lin-11 RRGPRETIKA KQLETLKNAF AATPKPTRHI REQLAAETGL NMRVIQVWFQ KRgSgBRRMK 33 40 43 42

Isl-1 TTRVRIVLNE KQLHTLRTCY AANPREDALM KEQLVEMTGL SPRYIRVWFQ NKRCKDKKRS 30 38 33 40
mec-3 RRGPRTTIKQ NQLDVLNEMF SNTPKPSKHA RAKLALETGL SMRVIQVWFPQ NRRSKERRLK 37 37 38 38
b i SNL o S
LF-B1 GRRNRFKWGP ASQQILFQAY ERQKNESKEE RETLAQGLGV TEVRVYNWFA NREKEEAFRH 23 20 28 23
VEECNRAECIQRGVSPSQ

B 1100 1125 C ¢ 9 B 18 22 28
ATBF1 @ YRDHYDKLYPLRPQTPEP ZF1 GDSYQCKL--CRYNTQLKANFQLHCKTDKHVQKYQ
Pit1 NEFKVRRIKLGYTQTNVGEA ZF2 PVHLKCNA--CDYYTNSLEKLRLHTVNSRHEASLK
Oct1l (TFKQRRIKLGFTQGDVGLA ZF3 SCYYHCVL--CNYSTKAKLNLIQHVRSMKHQRSES
Unc8é EHFKQRRIKLGVTQADVGKA ZF4 EQMYQCPY--CKYSNADVNRLRVHAMTQ-HSVQPM
Cfla KGFKQRRIKLGFTQADVGLA ZFS QPMLRCPL--CQDMLNNKIHLQLHLTHL-HSVAPD
HNF1 KKGRRNRFKWGPASQQIL ZF6 DSGFICWKKGCNQVFKTSAALQTHFNEV-HAKRPQ
(LF-B1) - ZF1 VYKYRCNQ--CSLAFKTIEKLQLHSQY--HVIRAA
POU-specific domain A-box ZF8 RAATMCCL--CQRSFRTFQALKKHLETS-HLELSE
ZF9 SRPYKCTV--CKESFTQKNILLVHYNSVSHLHKLK

ZF10 NKPFKCNT--CNVAYSQSSTLEIHMRSVLHQTKAR
ZF11 LEKLECDS--CGKLFSNILILKSHQEHV-HQNYFP
ZF12 NLNYQCKK--CSLVFQRIFDLIKHQKKL~CYKDED
ZF13 LIPYQCDQ--CKLAFPSFEHWQEHQQL--HFLSAQ
ZF14 QAHRRCPF--CRALFKAKTALEAHIRSR-HWHEAK
ZF15 GPKTECTL--CGIKYSARLSVRDHIFSQQHISKVK
ZF16 QYKLVCRK~--CQAGFSDEEAARSHLKSL-CFFGQS
ZF11 GGSYHCLA--CESALCGEEALSQHLESALHKHRTI

FIG. 7. Homeodomains, POU-specific domain A box, and zinc finger motifs in ATBF1. (A) Sequence comparison of homeodomains in
ATBF]1 and other transcription factors. Amino acid sequences are as described by Scott et al. (36) for Pit1, Octl, Unc86, and mec-3; by Freyd
et al. (14) for lin-11; by Karlsson et al. (24) for Isl-1; and by Frain et al. (13) for LF-B1 in the arrangement suggested by Nicosia et al. (33).
Conserved amino acid residues are shaded. The extent of sequence identity of ATBF1 homeodomains among themselves and with other
homeodomains is shown on the right. (B) Amino acid sequence alignment of ATBF1 with the A box of POU-specific domains of several
transcription factors. The conserved amino acid residues are shaded. Amino acid sequences are as described by Herr et al. (19) for Pit1, Octl,
and Unc86; by Johnson and Hirsh (22) for Cfla; and by Baumhueter et al. (3) for HNF1 (LF-B1). (C) Amino acid sequences of the 17 zinc
finger motifs in ATBF1. Cysteines (C) and histidines (H) which are thought to be involved in the coordination of zinc are indicated by dots

above the sequences.
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FIG. 8. Southern blot analysis of HuH7 DNA. Genomic DNA
prepared from HuH?7 cells was digested with restriction enzymes,
and the fragments were separated on a 0.7% agarose gel, blotted
onto a nylon membrane, and hybridized with a 3?P-labeled 1659
cDNA probe. The restriction enzyme used is given above each lane.

portion, and one near the 3’ end. All RNA preparations
yielded PCR products whose sizes match exactly those
estimated from ATBF1 cDNA (Fig. 9). Several other non-
hepatic cell lines, J82, HTB9, and MCF7, also produced
similar PCR fragments (data not shown). These results
indicate that the expression of ATBF1 transcripts is not
restricted to hepatomas. These results as well as the se-
quence analysis of the overlapping clones confirm that
ATBF1 mRNA is in fact large, encoding all of the domains
mentioned above.

When genomic DNAs of HuH7 and HeLa cells were used
as templates, three of the four sets of primers used produced
bands of the same sizes as the bands produced by cDNA
(Fig. 9A, C, and D). On the other hand, the combination of
primers F54 and F60 yielded no detectable bands (Fig. 9B,
lanes 6 and 7). This may suggest the presence of long
noncoding sequences between these two primers. This inter-
pretation was consistent with the result of Southern blot
analysis, which suggested the presence of at least two
introns between sites represented by these primers (data not
shown).

In the case of RNA and genomic DNA of HuH7 cells, the
combination of primers B10 and B21 generated three PCR
fragments (Fig. 9D, lanes 2 and 6). The fastest-moving band
matches the band amplified with cDNA clone A475, and the
middle faint band matches the band amplified with \476 (data
not shown). The band amplified with A476 also matches the
bands amplified by using RNAs from the other three cell
lines. These results suggest that HuH7 cells contain at least
two kinds of alleles of ATBF1, one normal and the other
truncated.

DISCUSSION

We report here the isolation of a cDNA clone encoding a
human AFP enhancer-binding protein, ATBF1, which shows
several unique features. First, this is the largest DNA-
binding protein so far reported, having a molecular mass of
306 kDa. The largest previously known DNA-binding pro-
tein is PRDII-BF1 (298 kDa), which binds to the human beta
interferon gene promoter (11).

Second, ATBF1 is the first protein known to contain four

AT MOTIF-BINDING FACTOR 6047

RNA DNA

HuH7
HepG2
Hela
T24
HuH7
HelLa

TR2V 34558

FIG. 9. Agarose-NuSieve gel electrophoresis of PCR products
synthesized with total RNAs and genomic DNA templates. Both
cDNA-RNA hybrids synthesized with total RNAs from HuH7,
HepG2, HeLa, and T24 cells and genomic DNA isolated from HuH7
and Hela cells were subjected to PCR amplification, and the
products were analyzed on agarose-NuSieve gels. $X174 DNA
digested with Haelll was used as a size marker (M). The combina-
tions of primers are F54 (nucleotides 169 to 188 of the cDNA) and
F62 (nucleotides 581 to 562) (A), F54 (nucleotides 169 to 188) and
F60 (nucleotides 850 to 831) (B), F29 (nucleotides 2850 to 2869) and
F41 (nucleotides 3189 to 3170) (C), and B10 (nucleotides 7319 to
7338) and B21 (nucleotides 7739 to 7720) (D).

homeodomains in addition to multiple zinc finger motifs. We
have shown that the A2-encoded polypeptide carrying HD4
binds to the AT motif in the AFP enhancer. Sequence
comparison shows that 10 of 11 amino acids in helix 3 (amino
acids 42 to 52 in Fig. 7A) are conserved in HD3 and HD4 and
that 8 are conserved in HD2 and HD4. In particular, these
three homeodomains share glutamine at the ninth position of
helix 3 (amino acid 50 in Fig. 7A), a residue known to play a
crucial role in the recognition of a target sequence (18, 41). It
is therefore possible that HD2 and HD3 also interact with the
AT motif. HD1, on the other hand, shows the least sequence
similarity with HD4 in helix 3 (4 of 11 residues), with a
different amino acid (arginine) occupying the ninth position.
HD1 is also unique in that it is preceded by a POU-specific
domain A box.

Third, ATBF1 has 17 zinc finger motifs. It is likely that
they are involved in DNA binding, either by themselves or in
conjunction with neighboring homeodomains. Conceivably,
they serve to build up the specific DNA-binding function of
ATBF1, as has been postulated for POU-specific and LIM
domains (14, 24, 40).

Fourth, ATBF1 has many potential transcriptional regu-
latory domains which include acidic domains and regions
rich in glutamine, proline, and hydroxyl amino acids (serine
and threonine) (28). These domains may allow ATBF1 to
interact with other factors to regulate transcription.



6048 MORINAGA ET AL.

The ATBF]1 protein described here is a second protein
found to interact with the AT motif in the human AFP
enhancer. This is not surprising, since it is well established
that a given DNA element can be recognized by multiple
factors (21, 28). The biological function of ATBF1 is not
clear at present, although its structural features described
above suggest a transcriptional regulatory role for this pro-
tein. Judging from the presence of multiple DNA-binding
domains, we speculate that ATBF1 regulates gene transcrip-
tion in a complex manner. Functional specificity for ATBF1
also remains unclear at this time, since ATBF1 transcripts
were detected in nonhepatic cells, such as HeLa cells, in
addition to hepatoma cells. However, HeLa cells apparently
lack functional ATBF1 molecules, since no protection of the
AT motif is observed with HeLa nuclear extracts in footprint
analysis (35). It is possible, therefore, that the formation of
functional ATBF1 molecules is regulated posttranscription-
ally, as has been shown with several other transcription
factors (1, 2, 30).
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