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The rabbit uteroglobin gene is expressed in a variety of epithelial cell types like the lung Clara cells and the
glandular and luminal epithelial cells of the endometrium. Expression in Clara cells is on a high constitutive
level, whereas expression in the rabbit endometrium is under tight hormonal control. One important element
of the rabbit uteroglobin gene mediating its efficient transcription in two epithelial cell lines from human
endometrium (Ishikawa) and lung (NCI-H441) is its noncanonical TATA box (TACA). Here, we show that two
factors (TATA core factor [TCF] and TATA palindrome factor [TPF]) different from the TATA-box binding
protein bind to the DNA major groove at two adjacent sites within the uteroglobin TATA-box region and that
one of them (TCF) is specifically expressed in cell lines derived from uteroglobin-expressing tissues. The
binding sites for TCF and TPF, respectively, are both required for efficient transcription in Ishikawa and
NCI-H441 cells. Mutation of the TACA box, which we show is a poor TATA box in functional terms, to a
canonical TATA motif does not affect TCF and TPF binding. Therefore, we suggest that the function of the
unusual cytosine could be to reduce rabbit uteroglobin expression in cells lacking TCF and that the interaction
of TATA-box binding protein with the weak TACA site is facilitated in TCF- and TPF-positive cells.

The expression of eucaryotic genes is mainly regulated on
the level of transcription, with the formation and activation of
a stable preinitiation complex being the main regulatory
switch. In most cases, the formation of the preinitiation
complex starts with the binding of TFIID, a multisubunit
complex consisting of the TATA-box binding protein (TBP)
and TBP-associated factors, to the TATA box as the most
important core promoter element. After assembly of this
template-committed complex as the nucleating event, TFIIA,
TFIIB, RNA polymerase II/TFIIF, TFIIE, TFIIH, and TFIIJ
join and form the complete preinitiation complex (10, 63).
Activator proteins binding to upstream modulatory promoter
elements assist in the efficient assembly of the preinitiation
complex.

In the last few years, we have begun to study the mechanisms
directing the regulated expression of the rabbit uteroglobin
gene in various ontogenetically unrelated epithelial tissues. In
the rabbit lung, the uteroglobin promoter is constitutively
active at a high level (15, 28), whereas it is almost silent in the
endometrium but gets dramatically activated by ovarian hor-
mones in the preimplantation phase of pregnancy (34). In both
tissues, the same defined initiation start site is used (53).
DNase I footprinting (32), promoter deletion, and linker-
scanning analysis (52) revealed the presence of seven function-
ally important elements in the promoter region up to -270 bp
(Fig. 1A). Among them is at least one functional binding site
for Spl family transcription factors (20), although the pro-
moter sequence in general is not GC rich.
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Another important element is the noncanonical TATA-box
motif (TACA box [Fig. 1]). Alignment of the rabbit uteroglo-
bin TATA-box sequence with the corresponding sequences of
the human and rat genes (whose gene products were formerly
called Clara cell 10-kDa secretory proteins [CC10] [60]) shows
that the human and rat genes possess a canonical TATA box,
whereas the rabbit promoter has a TACA box with a cytosine
instead of a thymine in the third position of the consensus
sequence. Though TBP/TFIID has been reported to bind to
noncanonical TATA box sequences (47, 59), all available data
on TACA boxes point to the fact that it is a weak recognition
site for TBP (7, 24, 39). Therefore, the uteroglobin promoter is
related to a subclass of non-GC-rich and TATA-less promoters
which are regulated during development or differentiation and
initiate transcription at only one main site (50). In order to find
out why this noncanonical and weak TATA box is functionally
still very important for uteroglobin transcription, we carried
out a thorough investigation of this promoter element.

In previous DNase I footprinting experiments, it was shown
that the rabbit uteroglobin TATA-box region (-40 to -18) is
specifically protected by nuclear extract proteins from Ishikawa
cells, which are derived from a human endometrial adenocar-
cinoma (37), but not by nuclear extract proteins from HeLa
cells (32). Accordingly, the uteroglobin promoter drives effi-
cient transcription of a reporter gene in Ishikawa cells but not
in HeLa cells (32, 52).

Here, we show that two factors (TATA core factor [TCF]
and TATA palindrome factor [TPF]) different from TBP are
binding to the DNA major groove at two adjacent sites within
the uteroglobin TATA-box region. Each of these factors is
functionally important, and only one of them (TCF) is specif-
ically expressed in cell lines derived from uteroglobin-express-
ing tissues. Because mutation of the noncanonical TATA box
(TACA) to a canonical TATA motif does not affect TCF and
TPF binding, we suggest that the TACA sequence serves to
reduce rabbit uteroglobin expression in cells lacking TCF,
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TABLE 1. Sequences of oligonucleotides used for EMSAs

Oligonucleotide Sequence'

ocTATAb ...... 5'-TCTTGCCGGAGAATACAAAAAGGCACCTCGAGG-3'
Pall...... 5'-TCTTGCCGGAGAATACAAAAAGTCACATCGAGG-3'
A/C ...... 5'-TCTTGCCGGAGAATACAACAAGGCACCTCGAGG-3'
CT ...... 5'-TCTTGCCGGAGAATATAAAAAGGCACCTCGAGG-3'
Core .....5S.' -TGGTACCAGATACAAAAAGTCTAGAGCTGCAGG-3'
Core + Pal......5'-5TGGTACCAGATACAAAAAGGCACCTGCTGCAGG-3'
hHSP70...... 5'-TGGTACCACGACTTATAAAACCCCAGCTGCAGG-3'

" Underlined and boldface letters indicate uteroglobin and human HSP70
(hHSP70) promoter sequences, respectively. Double underlining indicates point
mutations in ocTATA yielding the mutants listed to the left.

h ocTATA, 0. cuniculus (rabbit) uteroglobin TATA-box region.

T T
g-gTATAAAA-g--g

Positon 1234567
GTCCTCAGGTACAAATTTGCGAAG

-32

CC-GGAGAATACAAAAkQGCACCT
CCTAQaGCATATAAA-AGGCACCT
CA-GCAkCATATAAAAAGCCACAC
* ** *** *** ** ***

hHSP70 GTGACGACTTATAAAACCCCAGGG
Ad2 ML AAGGCCCGCTATAAAAGGGGGTGG

FIG. 1. Model of the rabbit uteroglobin (UG) promoter structure.
(A) Seven transcriptionally important regions (I to VII) have been
mapped by DNase I footprinting (32), deletion, and linker-scanning
analysis (52). Mutants affecting the noncanonical TATA element
(TACA box, region I) display a very strong phenotype. Regions III and
IV contain inverted repeats of an A/T-rich sequence resembling
degenerated octamer (OCT) elements, which are bound by Octl in
vitro (reference 45 and unpublished results). Region VI contains a
binding site for Spl family transcription factors (20), and region VII
contains an estrogen-responsive element (ERE [49]). (B) Comparison
of the rabbit uteroglobin TATA box sequence (53) with the cognate
human (60) and rat (21) sequences, the TATA box of the adenovirus
Ella late promoter (Ad EIIaL [24]), two well-characterized TATA
boxes from the human HSP70 gene (hHSP70 [35]) and the adenovirus
type 2 major late promoter (Ad2 ML [35]), and the consensus
sequence (7). The C's converting the rabbit uteroglobin and adenovi-
rus EIIaL TATA boxes into TACA boxes are underlined. Position 1 of
the rabbit uteroglobin TATA box is located 32 bp upstream of the
transcription start site. Asterisks denote conserved nucleotides within
the uteroglobin sequences.

because of its apparently weak affinity for TBP. Simulta-
neously, expression of uteroglobin is selectively switched on in
TCF-positive cells.

MATERIALS AND METHODS

Oligonucleotides and EMSAs. Oligonucleotides were syn-
thesized on an Applied Biosystems 380A oligonucleotide syn-
thesizer by using deoxynucleoside phoshoramidite chemistry
(4). The sequences of the oligonucleotides used for electro-
phoretic mobility shift assays (EMSAs) are shown in Table 1.
All oligonucleotides had an additional HindlIl and Sall ex-
tension added to their 5' and 3' ends, respectively. As an
unspecific competitor for all EMSA reactions, an oligonucle-
otide with a defined but random sequence was routinely used
(5'-CAGCGACTAACATCGATCGC-3').
Annealing of single-stranded oligonucleotides was done by

heating a mixture of complementary strands (10 nmol each) to
95°C in 100 ,ul of annealing buffer (10 mM Tris-HCl [pH 8.0],
1 mM EDTA, 30 mM KCl) and cooling to room temperature
over 2 h. Double-stranded DNA was labeled by filling in the
ends with [aL-32P]dCTP and Klenow fragment. Labeled double-

stranded DNA was separated from unannealed strands by gel
electrophoresis on a native 6% polyacrylamide gel in Tris-
borate-EDTA buffer.

For the construction of uteroglobin promoter-chloramphen-
icol acetyltransferase (CAT) constructs containing mutations
in the TATA box region, PCR (42) was employed with the T7
primer (5'-TAATACGACTCACTATAGGG-3') as 5' primer
and the lower strand of the TATA box sequence containing the
desired point mutations and a suitable restriction site (EclXI)
close by as 3' primers (Table 2). The fragments were amplified
with the UG(-301)CAT deletion construct (32) as template.
After restriction with HindIII-EclXI, the corresponding wild-
type promoter fragment of UG(-301)CAT was exchanged for
the mutagenized fragments. The mutations were verified by
sequencing the TATA-box regions by the dideoxy chain termi-
nation method (44). The sequencing primer was located in the
CAT gene, approximately 50 bp downstream of the cap site
(5'-ATATCAACGGTGGTATATCCAGTG-3').
For EMSAs, 6 to 10 ,ug of nuclear extract was preincubated

with 0.5 ,ug of unspecific competitor poly(dI-dC) in 10 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[pH 7.9])-100 mM KCl-1 mM dithiothreitol-0.5 mM MgCl2-
0.1 mM EDTA-8.5% glycerol for 10 min on ice. Subsequently,
0.5 ng of labeled double-stranded oligonucleotide (15,000 cpm,
Cerenkov counting) was added to yield a final volume of 20 ,ul,
and incubation was continued at room temperature for an-

other 15 min. For competition experiments, an unlabeled
oligonucleotide was added in excess as indicated before the
labeled probe was added. Samples were analyzed on a 4%
native polyacrylamide gel (acrylamide/bisacrylamide ratio,
40/1) in 0.05 M Tris base-0.045 M boric acid-0.5 mM EDTA.
The gel was transferred to Whatman 3MM paper, dried under
heat and a vacuum, and exposed to Kodak XAR5 film over-

night at room temperature.
Cell culture and preparation of nuclear extracts. Ishikawa

cells were grown as monolayers in minimal essential medium
supplemented with 10% fetal calf serum, L-glutamine, and
antibiotics. A total of 5 x 108 cells were collected in phos-
phate-buffered saline (PBS), and nuclear extracts were pre-
pared according to the method of Shapiro et al. (46), except
that the hypotonic buffer for the isolation of nuclei contained
0.5% skim milk. An aqueous stock solution containing 10%
(wt/vol) skim milk (Difco) was centrifuged by sedimentation at
10,000 x g, and 1 volume of the supernatant was then added to
20 volumes of hypotonic buffer (29).
HeLa cells were grown in suspension in minimal essential

medium modified for suspension culture (S-MEM; Gibco),
supplemented with 5% fetal calf serum, nonessential amino
acids, and antibiotics. Cells were continuously grown to a

density of 3 x 105 to 5 x 105 cells per ml. A total of 0.9 x 109

A
-300

B

Consensus TATA

Ad EIIaL

Rabbit U G
Human U G
Rat UG
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TABLE 2. 3' Primers used for the construction of uteroglobin
promoter-CAT constructs containing mutations

in the TATA-box region

Sequence' Oligonu-Sequence ~~~~~~~cleotide
3' -CTTATGTTTTTCAGTGTACTGCCGGCAGG-5' .......................Pall
3' -CTTATATTTTTCAGTGTACTGCCGGCAGG-5' .......................C/.T-Pall
3'-CTTATGTTTTTCCTAGGACTGCCGGCAGG-5' .......................Pal2
3'-CTTATGTT_TTCCGTGGACTGCCGGCAGG-5 ........................A/C
3'-CTTATATTTTTCCGTGGACTGCCGGCAGG-5 ........................CiT
3'-CTTCCGTTTTTCCGTGGACTGCCGGCAGG-5' ........................GGCA
3'-CTTATGTT-TTCCGTGGACTGCCGGcAGG-5 ........................4A

Underlined and boldface letters represent uteroglobin point mutations and
EclXI sites, respectively.

to 1.5 x 109 cells were harvested in PBS during the logarithmic
phase, and nuclear extracts were prepared according to the
method of Dignam et al. (13).
CV-1 cells were grown in Dulbecco's minimal essential

medium (Gibco), supplemented with 10% fetal calf serum and
antibiotics. Nuclear extracts were prepared according to the
micromethod of Andrews and Faller (1). NCI-H441 cells were
cultivated in RPMI 1640 medium (Gibco) supplemented with
10% fetal calf serum, 0.3% glucose, and antibiotics. Nuclear
extracts were prepared according to the method of Shapiro et
al. (46) (described above). All buffers for the preparation of
nuclear extracts contained 0.5 mM phenylmethylsulfonyl fluo-
ride, 100 jiM benzamidine, and 2.0 jig of aprotinin (Trasylol)
per ml.

Transfections. Ishikawa cells were transfected as described
previously (9) with the DEAE-dextran method with some

modifications. Eight micrograms of uteroglobin construct and
2 ,ug of pRSVL (12) were transfected, followed by a 2-min
dimethyl sulfoxide shock with 15% dimethyl sulfoxide in
medium and a chloroquine treatment for 2.5 h. The medium
was changed after 24 h, and cells were harvested 72 h after
transfection by scraping them into 300 jil of buffer A (15 mM
Tris-HCl [pH 8.0], 60 mM KCl, 15 mM NaCl, 2 mM EDTA,
0.15 mM spermine, 1 mM dithiothreitol, 0.4 mM phenylmeth-
ylsulfonyl fluoride [40]).
CV-1 cells were transfected by using the calcium phosphate

protocol (19) as described previously (30) with 4 jig of a

uteroglobin construct and 1 jig of pRSVL per 60-mm plate.
NCI-H441 cells were transfected with lipofectamine (Gibco)

according to the instructions of the supplier and with 4 jig of a

uteroglobin construct and 1 jig of pRSVL for 6 x 105 cells
plated onto a 60-mm plate. DNA was mixed with 25 jil of
lipofectamine reagent, and the cells were incubated with this
mixture for 6 h before the medium was changed. CV-1 and
NCI-H441 cells were harvested 48 h after transfection by
scraping them into 150 jil of buffer A (described above). All
transfections were done at least twice.
CAT assays were performed with 100 jig of protein accord-

ing to the method of Gorman et al. (18), but with buffer A (see
above and reference 40) instead of 0.25 M Tris-HCl (pH 7.8).
CAT conversion was assayed by thin-layer chromatography,
and quantitation of [14C]chloramphenicol and its acetylated
derivatives was performed with an automated imaging scanner
(United Technologies Packard). The ratio of acetylated to
total chloramphenicol (percentage of conversion) was calcu-
lated.

Luciferase assays were done with 25 jig of protein as

described previously (3) with the alternate protocol. Light was
measured with an AutoLumat LB 953 luminometer (Berthold)

by injecting 100 ,u of a 0.4 mM luciferin solution into sample
tubes and measuring light output over 10 s. The values were
used to normalize the CAT conversion data for plate-to-plate
variations in transfection efficiency.

Probing DNA-protein interactions. The upper and lower
strands of the ocTATA oligonucleotide (described above)
were labeled by selectively filling in its 5' protruding ends (with
dTTP and [ot-32P]dCTP for the upper strand and dATP, dGTP,
and [ot-32P]dCTP for the lower strand) by standard procedures
(30). For methylation interference experiments, the Klenow
reaction mixture was phenol extracted and the oligonucleotide
was precipitated in the presence of 1 ,ig of glycogen and
methylated with dimethylsulfate (DMS) as described previ-
ously (31), but with an incubation time of 2.5 min at 20°C. For
KMnO4 interference experiments, the oligonucleotide was
modified with KMnO4 prior to labeling. One hundred nano-
grams of ocTATA oligonucleotide was mixed with 1 ,ug of
poly(dI-dC), modified, and reannealed as described previously
(56) but with a 10-4 M KMnO4 solution for modification. All
labeled oligonucleotides were gel purified as described above.

Preparative mobility shift assays were set up with 1.0 x 105
to 1.5 x 105 cpm (Cerenkov counting) of oligonucleotide, 50 to
100 ,ug of nuclear extract, and 2.5 to 5.0 ,ug of poly(dI-dC) in
a volume of 20 ,ul with the Mg2+ concentration raised to 1 mM.
For methylation protection assays, 2 jil of 2% (vol/vol) DMS in
10 mM HEPES (pH 7.9)-100 mM KCl-1 mM MgCl2-1 mM
dithiothreitol-0.1 mM EDTA-8.5% glycerol was added to a
completed binding reaction mixture with unmodified oligonu-
cleotide. The reactions were stopped with 2 ,ul of 60 mM
3-mercaptoethanol 2.5 min after incubation at 20°C and

loaded immediately onto a 4% EMSA gel (see above). After
separation of the complexes, the gel was electroblotted onto
DEAE-cellulose ion-exchange paper (DE 81; Schleicher &
Schuell) with a Trans Blot Cell (Bio-Rad). Transfer was
performed in 0.5x Tris-borate-EDTA buffer overnight in the
cold room at 18 V. The positions of free and complexed
oligonucleotide bands on the wet DE 81 paper were identified
by 1 h of autoradiography. Paper pieces containing the bands
were excised, transferred to a microcentrifuge tube, and
washed in (i) TE8 (10 mM Tris-HCl [pH 8.0], 1 mM EDTA)
and (ii) TE8-0.1 M NaCl for a few minutes each. DNA was
eluted with 300 ,ul of TE8-1.5 M NaCl by incubation at 65°C
for 2 h. The DE 81 paper pieces were removed by centrifuga-
tion through filter inserts for microcentrifuge tubes (Milli-
pore). After ethanol precipitation in the presence of 1 jig of
glycogen per sample, the DNA was dissolved in 90 ,ul of water.
Cleavage of the DNA backbone was performed by adding 10
,ul of piperidine and incubating the mixture at 95°C for 30 min.
The reaction was stopped by the addition of 10 ,ul of 3 M NaAc
followed by ethanol precipitation. Alternatively a strong ade-
nine-weak guanine cleavage reaction was performed with the
methylation protection samples as described previously (31),
but with 100 ,il of 0.1 M NaOH-1 mM EDTA for the
DNA-backbone cleavage and concentration of the DNA after
heat treatment by ethanol precipitation. Ten thousand counts
per minute of each sample was analyzed on a 15% sequencing
gel. Autoradiography was done on the frozen gel in a light-
tight box at -80°C with an intensifying screen.

RESULTS

A ubiquitous factor and a cell-specific factor bind to par-
tially overlapping sites of the uteroglobin TATA-box region. In
previous EMSA experiments with an oligonucleotide encom-
passing the rabbit (Oryctolagus cuniculus) uteroglobin TATA-
box region (-40 to -18 [ocTATA]) and nuclear extracts of the

MOL. CELL. BIOL.



RABBIT UTEROGLOBIN TATA-BOX FACTORS 6211

A

] ggtaccACGACT CTATACCCAGctgcI

] ggtaccagCAtctagagctgc [

]ggtaccagA TACAAAAAGGCACCT Gctgc[

] cttgCCGGAGAA TACAAAAAGGCACCT cg

hHSP70
Core

Core+Pal
ocTATA

B
hHSP70 Core Core+Pal ocTATA

- TCF

-*- TPF

1 2 3 4 5 6 7 8 9 10 1112

C

ocTATA Core
-_ , _ 1

Ik t_ Z_a:.Em ~ w .E

TCF _

TPF -

ww

Nz-

_- TCF

1 2 3 4 5 6 7 8 9 10
FIG. 2. EMSA of the rabbit uteroglobin TATA box. (A) The

relevant sequences of the oligonucleotides used are shown. They all
had the same length (41 nucleotides) after filling in with Klenow
enzyme and the same end sequences (indicated by the rectangular
brackets). Uteroglobin and heat shock promoter sequences are in
uppercase. The TATA box and the uteroglobin 3' palindrome AG
GcaCCT, when present, are boxed. hHSP70 contains the sequence of
the DNase I footprint of TBP over the human HSP70 TATA box (35).
(B) The oligonucleotides shown in panel A were end labeled and used
in EMSA experiments with Ishikawa nuclear extract (lanes 1, 4, 7, and

human endometrial adenocarcinoma-derived cell line Ishikawa
(37), two specific complexes were observed (32). One of the
two complexes was specific for Ishikawa cells (Ishikawa-spe-
cific factor) and could not be detected with HeLa nuclear
extract, whereas the second complex was ubiquitous. In order
to define the DNA sequences within the ocTATA oligonucle-
otide required for the formation of these two complexes, we
used oligonucleotides containing truncated uteroglobin pro-
moter sequences (Fig. 2A) as probes in EMSA experiments
(Fig. 2B). It turned out that the 10-bp TATA-box core region
(Core) which lacks the palindrome (AGGcaCCT) immediately
downstream of the TATA box and seven nucleotides upstream
is sufficient for the generation of the Ishikawa-specific complex
(Fig. 2B, lanes 4 to 6). For this reason and because the complex
is not solely Ishikawa specific (described below), we propose to
rename the Ishikawa-specific factor "TATA core factor"
(TCF). Furthermore, an ocTATA variant (Core+Pal), with
uteroglobin sequences upstream of -33 exchanged, yielded
the same complex pattern as ocTATA itself (Fig. 2B, lanes 7 to
9). Since the core region alone produces only a TCF complex,
we conclude that the downstream palindrome must be of
crucial importance for the ubiquitous TATA factor, which we
propose to call "TATA palindrome factor" (TPF). Although
10 bp centered around the TATA box are required and
sufficient for the formation of the TCF complex, the down-
stream palindrome alone is important but not sufficient for
the binding of TPF (not shown). Some nucleotides of the
core region seem to be required in addition to the palindrome
itself.
As a comparison, an oligonucleotide containing the corre-

sponding TATA-box region of the human HSP70 gene (35)
was used for EMSA experiments with Ishikawa nuclear extract
(Fig. 2A). Apart from a series of weak and unspecific bands, no
prominent specific complex could be detected (Fig. 2B,
hHSP70, lanes 1 to 3). If a general TBP containing transcrip-
tion factor-like TFIID would have been responsible for the
complexes, as displayed by ocTATA, one would have expected
to see the same complexes with hHSP70. This statement is
supported by the finding that bacterially expressed and purified
human TBP does bind to the human HSP70 TATA box,
whereas only a weak complex is visible when the uteroglobin
TATA box (ocTATA) is used (not shown).

Uteroglobin is not only expressed in the rabbit endometrium
during the preimplantation phase (5) but is also expressed
constitutively in the Clara cells of the lung in rabbits (2, 58) and
other species (21, 27, 43, 48). Therefore, the human lung
papillary carcinoma-derived cell line NCI-H441, which exhibits
the morphological properties of Clara cells (17) and also
recognizes the uteroglobin promoter (52), was analyzed for the
presence of TCF. Furthermore, we tested another endometri-
um-derived rabbit cell line, RBE-7, which has been reported to
express the UG gene (33). Both lines were found to be
positive (Fig. 2C). Thus, TCF is specifically expressed in
three cell lines derived from uteroglobin-expressing tissues,
whereas it is not detectable in HeLa cells (Fig. 2C, lanes 3
and 8 [32]).

10). Competition experiments were performed with a 500-fold molar
excess of an unspecific oligonucleotide of random sequence (lanes 3, 6,
9, and 12) and with the cognate unlabeled oligonucleotide (lanes 2, 5,
8, and 11). TCF and TPF are indicated by arrows. In panel C, EMSA
experiments were performed with nuclear extracts from Ishikawa
(lanes 2 and 7), HeLa (lanes 3 and 8), NCI-H441 (lanes 4 and 9), and
RBE7 cells (lanes 5 and 10) and oligonucleotides ocTATA (lanes 1 to
5) and Core (lanes 6 to 10), respectively, as the DNA probe.
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High-resolution mapping of protein-DNA contacts. After
having determined the approximate binding sites of TCF and
TPF, various interference and protection techniques were
employed to more precisely define the DNA contacts of both
factors (Fig. 3). For methylation interference experiments (Fig.
3A), the guanines and adenines of the ocTATA oligonucleo-
tide were methylated at the N-7 and N-3 positions, respec-
tively, with DMS. A preparative EMSA was performed with
Ishikawa nuclear extract by using the modified probe. The
DNA of the complex bands was recovered and analyzed on a
15% sequencing gel together with controls and sequencing
reactions for orientation. For the TPF complex (Fig. 3A, lanes
TPF Bound), strong interference is observed upon methyl-
ation of guanines at -23 and -24 in the upper strand and
methylation of guanines at -19, -20, and -22 in the lower
strand. All of these guanines are contained within the
palindrome AGGcaCCT just downstream of the TATA box,
which correlates with the results of the EMSA experiments
with variant ocTATA oligonucleotides (described above).
No significant interference was observed for the TCF com-
plex.

For methylation protection experiments, completed prepar-
ative EMSA reaction mixtures were treated with 0.2% DMS.
Complexes were separated in an EMSA gel, and the recovered
DNA was cleaved either with piperidine for the analysis of
guanines (Fig. 3B) or with sodium hydroxide after acid depuri-
nation for analysis of adenines and guanines (Fig. 3C). In the
case of TPF, the same guanines with which methylation
interfered with binding (Fig. 3A) were also protected against
methylation (Fig. 3B, lanes TPF Bound). The same results
were obtained when the DMS treatment was not performed
prior to electrophoretic separation but was instead performed
afterward within the EMSA gel (38). With some preparations
of Ishikawa nuclear extract, another specific complex was
formed (see Fig. 7) that migrates faster than TPF and which we
call "TPF"'. DNA recovered from the TPF' complex was also
analyzed in the methylation protection (Fig. 3B, lanes TPF'
Bound) and KMnO4 interference experiments (described be-
low). From the observation that TPF' displays the same
methylation protection pattern as TPF and also behaves like
TPF in the KMnO4 interference experiment, we conclude that
TPF' is related to TPF and most likely represents a proteolytic
degradation product. For the TCF complex, significant protec-
tion of guanine -24 is observed, which could not be seen in the
complementary interference experiment.
When a strong adenine-weak guanine reaction was per-

formed with the recovered DNA samples, weak but significant
protection of adenines at -25 and -26 in the upper strand was
observed for the TCF complex (Fig. 3C). Compared with the
strong G reaction, signal intensities were in general much
weaker, although the amounts of input DNA were the same.

So far, only one guanine contact (at -24) and two weak
contacts with adenines at -25 and -26 had been mapped for
TCF. Therefore, it seemed likely that the major contacts were
directed to the thymines, and a KMnO4 interference experi-
ment (56) was performed with the T-rich lower strand of
ocTATA (Fig. 3D). As suspected, the oxidation of thymines at
-25 through -29 interferes with the binding of TCF. The
oxidation of a thymine with KMnO4 starts with glycolization of
the C-5-C-6 double bond followed by ring opening and further
oxidation via an aldehyde intermediate leading eventually
either to complete removal of the base or to the formation of
2'-deoxy-D-ribofuranosylurea (23). Therefore, one cannot dis-
tinguish if an observed interference is due to the removal of the
C-5 methyl group, which is exposed in the major groove, or the
missing N-3, which lies in the minor groove. In order to make

a decision between both possibilities, thymidines at -25
through -36 in the lower strand of ocTATA were substituted
for uridine (see below), which differs from thymidine in the
absence of a C-5 methyl group only. In an EMSA experiment
with such a substituted ocTATA oligonucleotide, the TCF shift
was abolished, whereas the TPF and TPF' complexes were
unaffected (not shown). Thus, we conclude that TCF is con-
tacting the C-5 methyl group of thymines at -25 through -29
in the major groove of the DNA double helix.

All contacts mapped are summarized and quantitated in Fig.
3E and F, respectively. TCF contacts all thymidines from -29
to -25 and the guanine at -24 in the major groove of the
DNA double helix and displays two more contacts in the minor
groove to the adenines at positions -25 and -26. TPF contacts
were mapped solely to the guanines of the palindrome in the
major groove. The guanine at -24 is shared by both factors.
From the contact map, it can be seen that TCF and TPF are
not binding to the same face of the helix but are shifted out of
phase by approximately 900.
TPF and TCF are photoaffinity labeled with the uteroglobin

TATA-box oligonucleotide. In order to identify the polypep-
tides involved in the TPF and TCF interactions with the
uteroglobin TATA-box region, UV cross-linking experiments
were carried out. Incubation of a 32P-labeled and partially
bromodeoxyuridine-substituted ocTATA oligonucleotide with
HeLa nuclear extract and irradiation with UV generated only
one photoaffinity-labeled protein, which migrated on a sodium
dodecyl sulfate (SDS)-polyacrylamide gel with an apparent
molecular mass of 70 kDa (Fig. 4, lane 2). With Ishikawa
nuclear extract, a second protein was labeled, which had an
apparent molecular mass of 85 kDa (lane 3). Labeling was
unaffected by competition with an oligonucleotide of random
sequence (lane 4) but could be prevented by competition with
an excess of unlabeled ocTATA oligonucleotide (lane 6).
Omitting UV irradiation or the nuclear extract also yielded no
labeled protein (not shown). Competition with the Core
oligonucleotide abolished the 85-kDa protein-DNA adduct
band (lane 5) but left the 70-kDa complex unaffected. There-
fore, we conclude that TCF and TPF contain the 85- and
70-kDa polypeptides, respectively.
TPF and TCF can be separated on a DEAE-cellulose

column. In our attempts to define biochemical features of TPF
and TCF, Ishikawa nuclear extract was chromatographed on
DEAE-cellulose (Fig. 5). An analytical amount of nuclear
extract (1.4 mg) was applied to the column, and bound proteins
were eluted with a linear gradient of 0.1 to 1.0 M KCl. As can
be seen in Fig. 5, TCF does not bind to DEAE-cellulose and is
found in the flowthrough fractions. Intact TPF, on the other
hand, does bind to the strong basic anion exchanger, elutes at
approximately 0.4 M salt, and thus can be separated from TCF.
We conclude that TCF and TPF are formed by proteins that
can be separated under native conditions. Since the majority of
nucleases are also found in the flowthrough, DEAE-cellulose
chromatography is a suitable first step in a preparative purifi-
cation scheme for TPF.
TATA-box mutants that abolish binding of either TATA

factor efficiently inhibit the expression of a reporter gene in
Ishikawa and NCI-H441 cells but not in CV-1 cells. Point
mutations were introduced into the uteroglobin TATA-box
region that were expected to affect the binding of one of the
TATA factors, which alter the TACA sequence or represent a
combination of both types. The ability of these mutants to
drive the expression of a reporter gene was then assessed by
transient transfection of the constructs into Ishikawa and
NCI-H441 cells, in which the modulatory uteroglobin pro-
moter elements are active (52), and into CV-1 cells. The latter
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FIG. 3. Probing DNA-protein interactions in the rabbit uteroglobin TATA box region by using Ishikawa nuclear extract. (A) Methylation
interference. Complexed (TCF and TPF) as well as free (G Free) oligonucleotides were analyzed on 15% sequencing gels together with
appropriate controls. On all gels, the unmodified and uncleaved oligonucleotide (-) and a G+A reaction performed with naked DNA (36) were
routinely included. For the methylation interference experiment, hydroxyl radical reactions ( * OH [14]) were additionally performed. The guanines
which do interfere with the binding of TPF are indicated with arrows. Numbers refer to the position relative to the cap site. (B) Methylation
protection. Free oligonucleotide and DNA recovered from complex bands were cleaved with piperidine (strong G reaction). Protected guanines
are indicated by arrows. (C) Methylation protection (strong A-weak G reaction). Free DNA [A+(G) Free] and DNA from complex bands were

treated with sodium hydroxide after acid depurination. Only the upper strand is shown. The two adenines weakly protected in the TCF complex
are indicated by arrows. (D) KMnO4 interference. The thymines of the ocTATA oligonucleotide were modified with KMnO4 prior to EMSA. The
recovered oligonucleotides were treated as described for panel B. A naked DNA control was also included (T). The five thymines which interfere
with the binding of TCF are indicated by arrows. (E) Sketch summarizing all contacts made by TCF and TPF. The DNA helix is depicted as a

two-dimensional cylindrical projection with 10 bp per turn instead of 10.4 bp for the sake of simplicity. Phosphates are represented by open circles.
The position of CG base pairs at -20 and -30 is indicated. All contacts made by TCF (shaded light grey, top) and by TPF (dark grey, bottom)
are encircled. The guanine at -24, which is shared by both factors, is hatched. (F) The extent of protection of bases against modification or of
interference with binding to modified bases is shown. The magnitude of the effect is represented by open (TCF) and shaded (TPF) bars. 0%
indicates no protection or interference. For the guanines, where protection and interference experiments were performed, only the protection
results are shown. The intensity of bands on appropriate autoradiography exposures was measured with a Desaga Quick Scan densitometer. Only
effects larger than 30% were considered significant. Numbers along the DNA sequence refer to the position relative to the transcription start site.
The half sites of the palindrome are indicated by arrows.
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FIG. 4. Photoaffinity labeling of the two TATA-box factors. The

T's in the lower strand of the ocTATA oligonucleotide were partially
substituted for bromodeoxyuridine as described previously (61). The
upper strand of the ocTATA oligonucleotide was annealed to a
14-base complementary primer (5'-TCGACCTCGAGGTG-3') and
filled in with the Klenow fragment of DNA polymerase I and
[oL-32P]dCTP, dATP, dGTP, and a 1:1 ratio of dTTP to bromode-
oxyuridine by standard procedures (30). The labeled and partially
bromodeoxyuridine-substituted oligonucleotide was purified on a na-
tive 6% polyacrylamide gel. Standard EMSA binding reactions were
set up with HeLa and Ishikawa nuclear extract (see Materials and
Methods) by using approximately 2 ng of labeled and bromodeoxyuri-
dine-substituted probe (50,000 cpm, Cerenkov counting). For compe-
tition experiments, a 100-fold molar excess of unlabeled oligonucleo-
tide was included after the addition of probe. As unspecific competitor,
an oligonucleotide of random sequence (Random) was used. Specific
competitors used were Core (specific for TCF) and unlabeled, unmod-
ified ocTATA (specific for TCF and TPF [Fig. 2A]). After completion
of the binding reaction, the open microcentrifuge tubes were put on
ice, placed under an inverted 302-nm UV transilluminator (Bachofer
type IL-200-M; 5-cm distance from sample to lamp), and irradiated for
10 min. Twenty microliters of two-fold concentrated SDS gel-loading
buffer (100 mM Tris-Cl [pH 6.8], 5% ,B-mercaptoethanol, 4% SDS,
0.1% bromophenol blue, 20% glycerol) was added, samples were
boiled for 2 min, and 10 ,ul of each sample and a molecular mass
marker (M) were subjected to SDS-12% polyacrylamide gel electro-
phoresis. The gel was transferred to Whatman 3MM paper, dried
under heat and a vacuum, and exposed to Kodak XAR5 film overnight
with intensifying screens. Apparent molecular masses are given on the
left for the marker proteins and on the right for the photoaffinity-
labeled proteins.

do not recognize these elements and contain only TPF when
assayed in an EMSA (25a). A panel of seven mutants was used
(Fig. 6A). Pall was designed to destroy the guanine contact at
-23 in the upper strand and the guanine contact at -19 in the
lower strand required by TPF for binding (described above).
Pal2 affects the 2-bp spacer sequence of the palindromic TPF
binding site, thereby destroying the guanine contact at -22
TPF in the lower strand. The A/C mutant interrupts the
oligo(dA) stretch immediately downstream of the TACA box
and thus destroys one T contact required by TCF for binding
(see above). The C/T mutant produces a canonical TATA box,
but does not affect any nucleotide crucial for the binding of
TCF or TPF. In the 4A mutant, one A of the oligo(dA) stretch
is deleted, thereby reducing the number of available T contacts
for TCF in the lower strand to four. The mutant C/T-Pall is a
double mutant containing the mutations of the C/T and Pall
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FIG. 5. Analytical fractionation of Ishikawa nuclear extract by
DEAE-cellulose chromatography. (A) One hundred microliters of
dialyzed and cleared Ishikawa nuclear extract (14 p.g/p.l) was applied to
a 1.1-ml DEAE-cellulose column (DE52; Whatman) equilibrated with
buffer P (20 mM K-HEPES [pH 7.9], 100 mM KCI, 12.5 mM MgCl2,
1 mM EDTA, 20% [vol/vol] glycerol, 0.1% [vol/vol] Nonidet P-40, 0.5
mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 1 mM benz-
amidine, 2 .g of aprotinin [Trasylol] per ml). The column was washed
with two column volumes of buffer P, and bound proteins were eluted
with a linear gradient of 0.1 to 1.0 M KCI. Two-hundred microliter
fractions were collected, and the KCI concentration was checked in
some fractions by measuring electric conductance. Protein concentra-
tions were determined with the Bradford assay (Bio-Rad [6]). (B)
Fractions 3 through 29 were analyzed for the presence of TCF and
TPF by assaying 5 ,u1 of each fraction in an EMSA with labeled
ocTATA as the DNA probe. TCF and TPF complexes are indicated by
arrows. As a comparison, the nuclear extract before fractionation (NE)
is also shown.

constructs. In the mutant GGCA, the TATA-box homology is
virtually destroyed by replacing TACA with GGCA, which
leaves all mapped contacts for TCF and TPF intact. The latter
mutant was designed to assess the participation of TBP in
transcription from the uteroglobin promoter.
The wild-type promoter sequence in the uteroglobin pro-

moter deletion CAT construct UG(-301)CAT (32) was ex-
changed for the mutant sequences, and their ability to drive the
expression of the CAT reporter in Ishikawa, NCI-H441, and
CV-1 cells was tested in gene transfer experiments (Fig. 6B). In
CV-1 cells, none of the mutations had a deleterious effect on
reporter gene activity (Fig. 6B, bottom). Only the GGCA
mutant with its destroyed TATA box shows a moderate
2.5-fold reduced CAT activity. The C/T mutant on the other
side, which contains a canonical TATA box, shows a sevenfold
increased activity, whereas the C/T-Pall double mutant in-
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FIG. 6. Analysis of TATA-box mutants in gene transfer experi-
ments with Ishikawa, NCI-H441, and CV-1 cells. (A) The mutations
were introduced into the wild-type (WT) sequence in a construct
containing 301 bp of the rabbit uteroglobin promoter followed by the
CAT reporter gene and the simian virus 40 enhancer. Utilization of the
correct transcription start site was shown by RNase mapping (32). The
sequences of the TATA-box region are shown. Point mutations are
underlined, and the half sites of the palindrome are marked with
arrows in the wild-type sequence. (B) The set of mutants was trans-
fected into Ishikawa, NCI-H441, and CV-1 cells. All transfections were
normalized for plate-to-plate variations by cotransfecting and coassay-
ing the Rous sarcoma virus-luciferase construct pRSVL (12). The
ratios of the normalized CAT activities of each mutant construct to the
wild-type construct (with standard deviation) are shown. The construct
used is indicated below each bar of the CV-1 panel. The CAT activities
(conversion) for the wild-type construct in the different cell lines were
as follows: Ishikawa, 20 to 40%; NCI-H441, 10 to 30%; and CV-1, 5 to
10%. For each construct and cell line, at least two independent values
were used to generate the chart. Error bars are based on at least two
independent transfection series.
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FIG. 7. EMSA of TATA-box mutants. ocTATA oligonucleotide
mutants containing the point mutations of the Pal2, A/C, and C/T
reporter constructs as shown in Fig. 6A were chemically synthesized
and used in EMSA experiments with Ishikawa nuclear extract. TCF,
TPF, and TPF' complexes are indicated by arrows.

creases the activity only by a factor of 2. The Pal2 mutant had
a moderate effect and stimulates transcription also by a factor
of 2. In Ishikawa and NCI-H441 cells, the mutations in the
Pall, A/C, and GGCA constructs are strong down-mutations
(approximately 10-fold). Introduction of a canonical TATA
box in a mutant background with strong phenotype (C/T-Pall)
results in a twofold increase in reporter gene activity compared
with the cognate single mutant Pall. The phenotype of Pal2 is
intermediate, resulting in twofold reduced activity, compared
with twofold increased activity in CV-1 cells. Whereas the C/T
mutant leads to a sevenfold increased activity in CV-1 cells, the
effect is only a moderate twofold in Ishikawa and NCI-H441
cells. The 4A construct had no effect in all cell lines tested.
To answer the question of whether the functional pheno-

types of the mutants Pall, A/C, and C/T do correlate with in
vitro binding data, the corresponding mutations were intro-
duced into the ocTATA oligonucleotide and binding ofTATA
factors was examined (Fig. 7). As expected from the high-
resolution mapping of protein-DNA contacts and EMSA
experiments, the Pall mutation abolished binding of the
ubiquitous factor TPF. Similarly, the A/C mutation severely
inhibited the binding of TCF, whereas the C/T mutation did
not lead to any major alteration, except for a stronger complex
with low mobility, which is only spurious in some but not all
shifts with ocTATA (Fig. 2B). In general, the complexes
generated with the mutant oligonucleotides were weaker than
the wild-type ocTATA oligonucleotide, which could simply be
due to different specific activities of the labeled probes (oc-
TATA was subcloned, mutants were chemically synthesized).
The previously mentioned TPF' complex was also present in
the Ishikawa extract used for this experiment. Like in the
methylation protection experiment (described above), TPF'
behaves as TPF. Both complexes are undetectable with the
Pall mutant, and both complexes are present when shifts were
performed with the A/C mutant oligonucleotide, thereby
strengthening the hypothesis that TPF' is a degradation prod-
uct of TPF with full DNA binding potential.
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DISCUSSION

We show here that two functionally important factors bind
to the rabbit uteroglobin TATA-box region at two adjacent
sites. TCF recognizes the 3' part of the noncanonical TATA
box (TACA), whereas TPF binds to the palindrome immedi-
ately downstream of this site. The protein-DNA contacts
mapped for TCF by KMnO4 interference and methylation
protection experiments are all located within the Core oligo-
nucleotide containing promoter sequences from -33 to -24,
which in EMSA experiments is recognized only by TCF but not
by TPF. All of these contacts map to the major groove except
those of adenines at -25 and -26, which are located in the
minor groove. These protections, however, could also reflect
alteration in base stacking interactions, which is known to
occur occasionally in a stretch of adenines (31). The alteration
might be induced by protein binding and impede accessibility
of the minor groove for DMS.

For TPF, only guanine contacts within the palindrome could
be identified by methylation protection and interference ex-

periments. Therefore, we conclude that TPF contacts the
major groove. The palindrome was recognized as important for
the binding of TPF from the EMSA experiments, although the
palindromic sequence alone is not sufficient for producing a

TPF complex. Thus, we currently do not know what kind of
other contacts could be important for TPF binding.
The guanine contact at -24 is interesting, because it can be

seen only in methylation protection but not in methylation
interference experiments. This was also found, for example, for
the guanine in position 4 (lower strand) of glucocorticoid-
responsive elements, which methylation interferes with recep-
tor binding (57) and which is hypermethylated by DMS after
receptor binding (25). Similarly, the adenine opposite the first
thymine in a glucocorticoid-responsive element is not con-
tacted by the progesterone receptor according to missing
contact probing experiments (8), although it has been reported
that modification of this base interferes with the binding of
glucocorticoid receptor (55).
Another interesting finding is that the same guanine (-24)

is shared by TCF and TPF. A phosphate shared by RNA
polymerase and X repressor forms part of the evidence for the
model that X repressor activates transcription of the phage XcI

gene by binding to the OR2 operator site and directly contact-
ing RNA polymerase (22). Similarly, the shared guanine
suggests that TCF and TPF might interact to form a complex
with DNA. A representation of the bases contacted by both
factors (Fig. 3E) suggests that they could have a heterodimer-
ization interface when bound to DNA. In fact, in some of the
EMSA experiments, another specific complex with lower mo-

bility than TCF can be observed (Fig. 2B, lane 10), which could
represent a ternary complex. On the other hand, DNA binding
of TCF and TPF could be independent of each other despite
the shared G contact.
By linker-scanning analysis, it has been shown previously

that the rabbit uteroglobin TATA box is one of the elements
that must be kept intact for efficient expression of a reporter
gene cloned behind the promoter (52). This is not an unex-

pected finding because in all linker-scanning analyses pub-
lished so far, the TATA box had a strong phenotype. However,
in the uteroglobin promoter, the TATA box is not canonical
(TACA) and one would expect it to be a weak binding site for
TBP. By comparing the activities of reporter gene constructs
containing the uteroglobin promoter with a canonical TATA
box (CIT mutant) and a destroyed TATA box (GGCA mutant)
with that of the wild-type setting (TACA) in CV-1 cells, we
show that this is indeed the case. CV-1 cells do not efficiently

transcribe the uteroglobin promoter, and its activity should be
determined by the affinity of TBP to the uteroglobin TATA
box. As expected the canonical TATA box works best (Fig. 6B
[C/T mutant]), the TACA sequence (wild-type construct)
shows a 7-fold decreased activity (relative to C/T), and the
GGCA mutant shows an 18-fold decreased activity. A very
similar result was also shown for the TACA box of the
adenovirus Ella late promoter (Fig. 1), which binds TFIID
with a 10-fold reduced activity compared with the canonical
TATA mutant. Also, its ability to mediate activation by
modulatory transcription factors is reduced by a factor of 10
(24).
The finding that those point mutations affecting TCF or TPF

binding in vitro (A/C and Pall) lead to 10-fold reduced activity
in transient transfection experiments with Ishikawa and NCI-
H441 cells correlates with the phenotype of three independent
linker-scanner mutants with mutated binding sites for either
TCF, TPF, or both (52). Moreover, because the CIT mutation
does not affect the function of the uteroglobin promoter in
Ishikawa and NCI-H441 cells and does not reduce binding of
TCF, we conclude that the TACA sequence has no positive
function in these cells. Rather, it is likely that the TACA
sequence serves to reduce expression of the uteroglobin pro-
moter in all cells lacking TCF because of its low affinity for
TBP. In this context, it is interesting to note that only the
uteroglobin promoter in rabbits contains a TACA box (Fig. 1)
and that high levels of endometrial expression are only ob-
served in the preimplantation phase of pregnant rabbits and
not in other species like mice, rats, and humans (43). The
finding that, in contrast to the results with Ishikawa and
NCI-H441 cells, the two constructs Pall and A/C have no
phenotype in CV-1 cells, which lack TCF, also speaks in favor
of this hypothesis for TCF function. These results seem to
imply that TPF is not required for transcription in these cells.
However, since the activity of C/T-Pall is increased only
twofold, we cannot exclude the possibility that TPF contributes
to some extent to the activity of the uteroglobin promoter in
this cell line.
The GGCA mutant has a strong phenotype in all cell lines

tested. Since this mutation most likely inhibits binding of TBP,
the results suggest that transcription in Ishikawa and NCI-
H441 cells is also dependent on TBP binding. The main
difference between these cell lines and CV-1 cells is the high
level of activity of the wild-type construct with its TACA
sequence, which is a weak TBP binding site. This high level of
activity is drastically reduced by the Pall mutation, which
blocks TPF binding. Since the activity of the Pall mutant
cannot be fully restored to the wild-type level by the C/T-Pall
double mutant, we propose that TPF, possibly in conjunction
with TCF, facilitates TBP interaction with the weak TACA
element on the uteroglobin promoter. Also, Swaminathan et
al. (54) presented data on the use of two nonconsensus TATA
boxes in the adenovirus E2 early promoter that are consistent
with the idea that mammalian cells may possess one or more
factors that facilitate efficient transcription of promoters with
nonconsensus TATA motifs.

Since TCF does bind directly to the uteroglobin TATA-box
core and TPF does bind directly to a palindrome immediately
downstream of this site, the question arises of whether these
factors are related to the well-known TATA-box binding
protein TBP or other TATA-recognizing factors. There is
general agreement that all TBP in nuclear extracts is assem-
bled into general transcription complexes in higher eucaryotes
(41). Therefore, binding activity of free TBP in an unpurified
extract as measured by EMSA or DNase I footprinting exper-
iments has never been reported. Native TBP-containing com-
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plexes like SL1, TFIID, and TFIIIB, on the other hand, have
low mobilities in EMSA gels because of their high molecular
mass. In an EMSA experiment with a DNA probe containing
a canonical TATA box, one would, therefore, expect no
specific shift, as was the case with the human HSP70 TATA-
box oligonucleotide. Furthermore, bacterially expressed and
purified TBP did bind to this consensus TATA box in an
EMSA experiment but did not bind to the rabbit uteroglobin
TATA box. The mobility of the TBP-human HSP70 TATA
complex was also different from those of the TCF and TPF
complexes (not shown). Moreover, the apparent molecular
masses of TCF and TPF, as deduced from the UV cross-linking
experiment, do not fit the molecular mass of human TBP (37.5
kDa), even when taking into account the maximum molecular
mass of the cross-linked DNA strand (13.5 kDa). It is also well
documented that TBP binds exclusively to the minor groove of
the DNA (26, 51) which is not the case for either TCF or TPF
(see above).
Two other proteins that bind to a canonical TATA box have

been cloned. The tissue-specific and developmentally regu-
lated TBP-related factor TRF from Drosophila melanogaster
(11) has a high level of homology to TBP but cannot substitute
for it in a Drosophila in vitro transcription system containing
general transcription factors. This also holds true for the
human TATA-element modulatory factor TMF, which was
cloned recently by recognition site screening of a HeLa cell
expression cDNA library with a human immunodeficiency
virus TATA-box oligonucleotide (16). In contrast to TRF,
TMF is not homologous to TBP. Like in the case of TBP, the
reported molecular masses for TRF (27 kDa) and TMF (123
kDa) seem to exclude any relationship to TCF or TPF.
A search of known DNA binding sequences of transcription

factors for the presence of the palindrome AGGnnCCT rec-
ognized by TPF revealed a ubiquitous factor, NTF1, that
interacts with the N element of an immunoglobulin heavy-
chain gene promoter, which is in close proximity to an octamer
element (62). Since the sequence of the N element (AGGaaC
CTccccc) did contain the palindrome followed by a pyrimidine
stretch and the methylation of all guanines in this sequence
also interfered with binding, we tested whether NTF1 is
identical to TCF or TPF. An oligonucleotide containing the N
element but not the adjacent octamer motif, having the same
ends and same length as ocTATA, was used in an EMSA
experiment with Ishikawa nuclear extract (not shown). The
observed NTF1 complex had much lower mobility than TCF,
thereby making any relationship of NTF1 to TCF or TPF
unlikely.

In conclusion, the TATA-box region of the rabbit uteroglo-
bin gene exemplifies the possibility that, in addition to its usual
function in binding basal transcription factors, this promoter
element is recognized by specific transcription factors binding
to the major groove of DNA. Thus, it will be important to
elucidate the architecture of the transcription preinitiation
complex of this promoter.
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