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BTEB is a GC-binding protein that regulates the transcription of genes with a single GC-box
or tandemly repeated GC-boxes in the promoter. The DNA-binding domain of BTEB
consists of three contiguous Cys,-His; zinc finger motifs and short segments adjacent to
their N- and C-terminal sides [Kobayashi et al. (1995) J. Biochem. 117, 91-95]. The
truncated BTEB (residues 120 to 244) containing the DNA-binding domain was expressed
in Escherichia coli and purified to homogeneity under denaturing conditions. DNA-
binding activity of the BTEB was regenerated by refolding in the presence of Zn?*. The
efficiency in regeneration was 70+10%, and the dissociation constant (K,) of the DNA-
complex was 4+2 nM. Co’* also regenerated the DNA-binding affinity of BTEB, albeit with
less efficiency than Zn?*. Co-BTEB showed a slightly lower affinity to the specific DNA than
Zn-BTEB. Refolding in the presence of Cd?* resulted in an extremely low efficiency in
regeneration of the DNA-binding activity. Zn-BTEB is in a monomer state at concentrations
lower than 0.5 uM, and forms a dimer in the concentration range of about 10 to 200 uM.
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Sequence-specific DNA binding proteins are directly
involved in the regulation of mRNA transcription in higher
organisms, and the GC box sequence is one of the most
common regulatory DNA elements in eukaryotic genes.
BTE (basic transcriptional element) is a GC-rich cis-acting
regulatory element found in the region proximal to the
TATA sequence of CYP1A1 gene and is involved in the
basic transcription of CYP1A1 gene (I). In the previous
studies two cDNAs encoding regulatory proteins binding to
the BTE sequence were obtained: Spl, an extensively
studied GC box-binding transcription factor, consisting of
788 amino acids and a novel transcription factor, BTEB
(BTE-binding protein) of 244 amino acids (2). Spl and
BTEB contain three contiguous Cys.-His, zinc finger motifs
at their C-terminal regions as the DNA binding domain.
The amino acid sequence homology between their zinc
finger motifs is 72% (2) and the two regulatory proteins are
indistinguishable in DNA-binding specificity and compa-
rable in DNA-binding affinity (3). Their transcription
activation functions, however, are distinct from each other:
BTEB requires tandem repeats of the GC boxes for
promoter activation, while Spl can activate transcription
from a promoter with a single GC box or tandemly repeated
GC boxes (2). From functional domain analyses of BTEB in
a transient expression system using Y-1 cells (mouse
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adrenal cortex cell line), two novel activation domains were
identified in the N-terminal regions outside the zinc finger
domain (regions A and B in Fig. 1) (4). The zinc finger
domain (region Z) and the regions immediately N- and
C-terminal to the zinc finger structures (regions C and D,
respectively) were suggested to be essential in the DNA-
binding of BTEB (4). The participation of the region just
N-terminal to the zinc finger motifs in the DNA-binding
function was reported with Drosophila tramtrack protein
(TTK) (5), yeast SWI5 protein (6), and ADR1 protein (7),
but has not been reported with Spl or serum-inducible
transcription activators such as Krox20 and Krox24 (also
known as Zif268).

In the present study the truncated structure of BTEB
containing the regions required for the DNA-binding func-
tion was expressed in Escherichia coli and purified to
homogeneity to investigate the structure and the DNA-
binding properties of these domains.

MATERIALS AND METHODS

Construction of Expression Vector—A part of BTEB
c¢DNA encoding amino acids 120 to 244 was amplified in a
polymerase chain reaction (PCR). The PCR conditions
consisted of heating at 94°C for 10 min, 25 cycles of 55°C for
1 min, 72°C for 1 min, and 94°C for 1 min, and then finally
incubating at 55°C for 1 min and at 72°C for 5 min with a
Quick Thermo II (Nippon Genetics). Primers used were
5-CGCCCAGCCCGCTCTCCCTC-3" and 5'-CTTCCGGG-
ACCATCTCTGCC-3'. A T7 RNA polymerase-dependent
expression vector, pAR2106 (8) was digested with BamHI,
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Fig. 1. Functional domains of BTEB and the truncated struc-
ture expressed in Escherichia coli. The functional domains were
analyzed by Kobayashi et al. (4). A, B, activation domains; C, basic
domain adjacent to N-terminus of the first zinc finger; Z, three
contiguous zinc-finger domains; D, C-terminal domain. The hatched
region shows the peptide of 13 amino acid residues derived from the
expression vector (see “MATERIALS AND METHODS”).

filled in with Klenow enzyme and ligated with the PCR
fragment obtained above to form a fused gene coding for 13
amino acids of the plasmid (MASMTGGQQMGRD) and
residues 120 to 244 of BTEB. The construction was con-
firmed by sequencing. The resulting plasmid was used to
transform E. coli BL21(DE3) strain. The fusion protein
with a molecular weight of 16,000 is designated BTEB(120-
244).

QOverexpression of BTEB(120-244)—E. coli cells harbor-
ing the recombinant were grown at 37°C in the LB medium
containing 50 ug/ml ampicillin. Overexpression of the
truncated BTEB was achieved by the addition of isopropyl-
B-D-thiogalactoside to 1 mM when Ag of the culture
reached 2.6. The cells were harvested 7.5 h later. These
methods were optimum in the expression of this truncated
BTEB.

Purification of BTEB(120-244)—E. coli pellets (24 g)
obtained from 5 liters of the culture medium were sonicat-
ed in the extraction buffer solution (160 ml) containing 40
mM HEPES (pH 7.9), 8 M urea, and 0.6 M NaCl, and
centrifuged at 5,000 X g for 30 min at 4°C. The extract was
made up to 5 mM imidazole and applied to a column (2.5
c¢m X 10 cm) of zinc-chelating Sepharose Fast Flow (Phar-
macia) equilibrated with the extraction buffer supplement-
ed with 5 mM imidazole. The column was washed with the
same solution (150 ml) as above, and BTEB(120-244) was
eluted with a linear gradient of imidazole (6 to 200 mM).
The partially purified BTEB(120-244) was reduced with
160 mM DTT at 40°C for 15 h, desalted by gelfiltration on
a Sephadex G-25 column (2.5 cm X 60 ¢cm) in 1 mM HCI,
freeze-dried, redissolved in 0.05% trifluoroacetic acid (10
ml), and finally purified on a C18 reversed phase HPLC
column (yBondapak 10 x 25A C18, Waters, 2.5cmXx10
cm) in 0.06% trifluoroacetic acid with a CH;CN gradient.
The fractions containing BTEB(120-244) were pooled and
freeze-dried (100 mg).

Reconstitution of Zinc Finger Conformation—The con-
centration of the purified BTEB(120-244) was determined
by using A, =0.68 for a 1 mg/ml solution. The freeze-
dried preparation (2-10 mg) was dissolved in 1 mM HCI
containing 1.5 molar equivalent of ZnCl,, then the pH of the
solution was slowly adjusted to 6.8 with 0.1 M NaOH in an
anaerobic atmosphere and 0.1 M phosphate buffer solution
(pH 6.8, 0.1 ml) was added to the solution. The reconstitu-
tion with CoCl; or Cd(CH,COO), was carried out similarly.
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Gel Mobility Shift Assay—Synthetic oligo nucleotides

5 -GATCGAGAAGGAGGCGTGGCCAAC-3
3'-CTCTTCCTCCGCACCGGTTGCTAG-5

were 5 -end labeled with [ y-**P]ATP and used as the BTE
probe (2). BTEB(120-244) (3.2 ng) purified and recon-
stituted with Zn?* was kept at 0°C for 30 min in 20 mM
HEPES buffer solution (pH 7.9) containing 0.4 mg/ml
poly(dI-dC), 20 mM NaCl, 5 mM MgCl;, 5 M ZnSO,, 0.1
mg/ml bovine serum albumin, 20% glycerol, and 0.03%
NP-40. After addition of *P-labeled BTE probe (16-75
nM), the mixture (10 x1) was incubated at 24°C for 30 min.
The BTE-protein complex was separated from free BTE by
electrophoresis on a 4.5% polyacrylamide gel containing 40
mM Tris, 306 mM glycine, and 0.1% NP-40 as described by
Letovsky and Dynan (9). The radioactivities in the frac-
tions of the BTE-protein complex and the free BTE were
determined with a Fujix Bas1000 Bio-imaging analyzer. A
larger amount of BTEB(120-244) reconstituted with Co**
or Cd** was subjected to the assay to examine the DNA-
binding activity of the preparation. The buffer solution
containing 20 mM HEPES (pH 7.9), 150 mM NaCl, 0.1
mg/ml bovine serum albumin, 20% glycerol, and 0.03%
NP-40 was freed from heavy metal ions with metal chelat-
ing Sepharose Fast Flow (Pharmacia).

Gel Filtration Chromatography—Zn-BTEB(120-244) (8
g or 3 mg) in 20 mM phosphate buffer solution (pH 6.8)
containing 150 mM NaCl, 5 mM MgCl,, and 0.1 mg/ml
bovine serum albumin (1 ml), was chromatographed on a
column (1 cm X 95 ¢cm) of Sephadex G-75 equilibrated with
the same buffer solution at 4°C. The fractions (1 ml) were
collected and assayed for specific DNA binding activity by
the gel mobility shift method and for protein concentration
by the method of Bradford (10).

RESULTS AND DISCUSSION

Histidine and cysteine are known to form stable coordina-
tion complexes with transition metal ions such as Zn** and
Ni?**. BTEB(120-244) containing three contiguous Cys,-
His, zinc finger motifs was purified by specific affinity
chromatography using a metal chelating matrix charged
with Zn?* ions (11). Cys,-His, zinc finger is one of the
motifs using zinc ions for folding protein domains [for a
review see Schwabe and Klug (12)]. This purification
procedure may be applied to a wide variety of zinc finger
proteins which bind zinc ions through cysteinyl and/or
histidy] residues. The recoveries of the protein and puri-
fication factors through the purification procedures are
shown in Table I. The protein preparations were analyzed
by electrophoresis on SDS-polyacrylamide gel (Fig. 2).
BTEB(122-244) was expressed at a level of 20 mg/liter of
culture medium, and purified to 93% homogeneity (see
footnote to Table I). Since BTEB(120-244) was purified
under denaturing conditions, the native conformation was
reconstituted with Zn?*, and the DNA-binding activity of
the reconstituted protein was confirmed by the gel mobility
shift assay (Fig. 3A). From the Scatchard plot analysis of
the results, the dissociation constant (K,) of the BTEB
(120-244)-BTE complex was calculated to be 4+ 2 nM and
the efficiency of reconstitution was 70+10% (Fig. 3B,
Table II). The K, value is similar to those of the DNA-
complexes of three-zinc-finger proteins such as Sp1 (0.5-3
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TABLE 1. Purification of BTEB(120-244).
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TABLE II. Regeneration of DNA-binding activity.

Protein Purification Efficiency of regeneration
Purification step (mg)* (fold): Metal 1on 4 ((;;:g (ﬁ;l)
1. Cell extract 2,820 1 Zn*™ 70+10* 4420
2 Zn-affimty chromatography 192 10 Co** 11+ 2° 16+2°
3. Gel filtration on Sephadex G-25 163 13 Cd** 005 30

4 HPLC reversed phase chromatography 140 (100)® 18
®Protein concentration was determined by the Bradford method (10)
using bovine serum albumin as standard. "Weight of freeze-dried
preparation. “The relative intensities of the silver-stained protein
bands in Fig 2 were estimated by computerized densitometry
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Fig. 2 SDS-polyacrylamide gel electrophoresis of the puri-
fication fractions. Proteins from each step were electrophoresed on
a 16.5% SDS-polyacrylamide gel. The proteins were visualized by
silver-staining. Lanes 1-5: molecular markers, cell extract, zinc
chelating affinity fraction, Sephadex G-25 fraction, and reversed-
phase HPLC fraction, respectively.
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Fig 3. DNA-binding activity of Zn-BTEB(120-240). A, arepre-
sentative autoradiogram of the gel shift assay, B, Scatchard plot
analysis. An arrow shows the origin of the electrophoresis. The
concentration of BTEB(120-244), 20 nM- The concentrations of
labeled BTE 1n lanes 1-5: 76.4, 50.7, 34.2, 22.0, and 14.6 nM,

respectively.

nM) (9, 13) and Zif268 zinc finger peptide (6 nM) (14), and
much smaller than that of the DNA complex of a two-zinc-
finger protein, Drosophila tramtrack protein (400 nM) (5).

Co?* was able to regenerate the DNA-binding activity of
BTE(120-244), though less effectively than Zn**, and the
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*Data obtained from four measurements. *Data obtained from two
measurements
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Fig. 4. Gel filtration chromatography of BTEB(120-244). (A) 8
ug or (B) 3 mg of Zn-BTEB(120-244) 1n 1 ml of the buffer solution
was applied to a column Arrows 1-4: elution positions of blue
dextran, carbonic anhydrase (30kDa), myoglobin (16 kDa), and
glycine, respectively

DNA-binding affinity of Co-BTEB(120-244) is slightly
lower than that of Zn-BTEB(120-244) (Table II). The
three-finger peptide (65 residues) of Zif268 coordinated
with Zn** or Co** similarly to regenerate the DNA binding
affinity, and no significant difference was detected between
the X-ray crystallographic data of Zn?*- and Co?*-struc-
tures (I14). When the purified BTEB(120-244) was subject-
ed to the reconstitution procedures with Cd**, the DNA-
binding activity required 1,500 times as large an amount of
the material as Zn-BTEB(120-244) to be detected (Table
II). The results indicate that the refolding of BTEB(120-
244) into a native finger conformation is practically impos-
sible with Cd?*. On the other hand, Cd** can be exchanged
for the Zn?* in the already refolded finger protein (165
residues) of Spl with full retention of specific recognition
(15). But the refolding of the apo-Zn-finger protein initially
in the presence of Cd** was less effective than the exchange
of Cd** for Zn** possibly owing to alternate liganding
patterns taken up by Cd** (15).

In the gel filtration chromatography under non-denatur-
ing conditions, Zn-BTEB(120-244) behaved as a monomer
at concentrations lower than 8 zg/ml (Fig. 4A), and as a
dimer in the concentration range of about 0.2 to 3 mg/ml
(Fig. 4B). The gel mobility shift assay in Fig. 3 was carried
out at concentations low enough to retain Zn-BTEB(120-
244) in the monomer state. Some DNA-binding proteins
form a dimer when they bind DNA, ie. mammalian
transcription factors, NF-kB p50 (16, 17), estrogen recep-
tor (18), and LFB1 (19), and yeast transcription factor
GCN4 (20). The target DNA sequences of these homo-
dimeric transcription factors are usually palindromic. In
the present case the BTE sequence is not palindromic. The
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Fig. 5. Comparison of amino acid se-

A quences. Sequences of Spl, Krox20, and
* o * * * * * * Krox24 are from Refs. 2, 22, and 23,
BTEB C CGKVYGKSSHLIAH TGERPEECT FSRSDELTRHNMRTHTG respectively. Amino acid residues identical
spl IQGCGKVYGHTEH TGERPEMCT FIRSD HKRTHTG to those of BTEB are enclosed. A, zinc finger
Krox20 c RRFS T E I- SRS THTGE domain. Residues invelved in zinc binding
Krox24 |C RRFS T FICRI-~(MRNE SRS THTG are asterisked. Residues being in contact
° . * e with the bases in a DNA complex of Krox-
24(Zif268) are shown by a symbo! (@) (714). B, basic amino acid sequences N-terminal
N to zinc finger domain. Figures in the parentheses show the net charge of the regions.
BTEB (4). The three-dimensional structure of the truncat-
ed BTEB is under investigation using NMR spectroscopy to
understand how the zinc finger motifs of BTEB and Spl
recognize the specific DNA sequence and how the regions
B just N- and C-terminal to the zinc fingers contribute to the
DNA-binding function of BTEB and Spl.
BTEB ASKGKHA. (+4)
Spl RGYGPPG (+3)
Krox20 RPSKTPV YP  (+2) REFERENCES
Krox24 RPSKTPPH YA (+2)

concentration-dependent protein-protein interaction may
contribute to the formation of multimeric complexes of
BTEBs bound to the promoter region with tandemly
repeated GC boxes. As suggested by Pascal and Tjian, Spl
molecules bound to the adjacent or distal GC box sites
interact to form high-order complexes responsible for the
synergistic superactivation of transcription (21).

The amino acid sequence of three contiguous Cys,-His,
zinc finger domains of BTEB is similar to that of Spl but is
distinct from those of Krox20 and Krox24 (also known as
Zif268), serum-inducible transcription activators (22, 23)
(Fig. 5A). The three contiguous zinc finger motifs of Krox20
and Krox24 recognize a GC-rich regulatory sequence
similar to, but distinct from the target sequence of Sp1 (24,
25). From the crystal structure of a DNA complex of the
three contiguous Cys,-His, zinc finger peptide of Zif268,
five arginyl residues and one histidy! residue were identifi-
ed to be involved in the contact with guanine bases in one
strand of double-stranded target DNA (14). These amino
acid residues are all conserved in Krox20, but some of them
are substituted in Spl and BTEB (Fig. 5A). In a DNA
complex of BTEB, the guanine bases in both strands of BTE
probe were shown to be in contact with protein by footprint-
ing methods (3). The three-dimensional structures report-
ed more recently for the DNA-complexes of DNA-binding
domains of Drosophila tramtrack protein (TTK) (26) and
human glioblastoma protein (GLI) (27) offered versatile
modes of interaction between the zinc finger and the DNA
sequence. The short regions immediately N-terminal to the
zinc finger domains of BTEB, Sp1, Krox20, and Krox24 are
rich in basic amino acids, although they are not homologous
to one another in amino acid sequence (Fig. 5B). The
contribution of the basic region to the DNA-binding or the
stabilization of the DNA-protein complex has been demon-
strated with BTEB (4), but has not yet been reported with
Spl, Krox 20, or Krox 24 (Zif268). Conservation of the
basic property in this region suggests that the basic regions
play a common role in the DNA-protein interaction. The
region immediately C-terminal to the zinc finger domain
was also suggested to be involved in the DNA-binding of
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