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The Drosophila homeodomain protein Even-skipped (Eve) is a transcriptional repressor, and previous
studies have suggested that it functions by interfering with the basal transcription machinery. Here we describe
experiments indicating that the mechanism of Eve repression involves a direct interaction with the TATA
binding protein (TBP) that blocks binding of TBP-TFIID to the promoter. We first compared Eve activities in
in vitro transcription systems reconstituted with either all the general transcription factors or only TBP,
TFIIB, TFIIF30, and RNA polymerase II. In each case, equivalent and very efficient levels of repression were
observed, indicating that no factors other than those in the minimal system are required for repression. We
then show that Eve can function efficiently when its recognition sites are far from the promoter and that the
same regions of Eve required for repression in vivo are necessary and sufficient for in vitro repression. This
includes, in addition to an Ala-Pro-rich region, residues within the homeodomain. Using GAL4-Eve fusion
proteins, we demonstrate that the homeodomain plays a role in repression in addition to DNA binding, which
is to facilitate interaction with TBP. Single-round transcription experiments indicate that Eve must function
prior to TBP binding to the promoter, suggesting a mechanism whereby Eve represses by competing with the
TATA box for TBP binding. Consistent with this, excess TATA box-containing oligonucleotide is shown to
specifically and efficiently disrupt the TBP-Eve interaction. Importantly, we show that Eve binds directly to
TFIID and that this interaction can also be disrupted by the TATA oligonucleotide. We conclude that Eve

represses transcription via a direct interaction with TBP that blocks TFIID binding to the promoter.

Regulation of transcription occurs by multiple distinct mech-
anisms, which can involve repressive as well as activating in-
teractions between regulatory proteins and a variety of targets.
Recent studies have identified a large number of proteins ca-
pable of repressing transcription, and evidence supporting a
number of mechanisms has been presented (for reviews, see
references 13 and 22). One way to distinguish different types of
repressors is to consider two classes: those that function by
influencing chromatin structure and those that interact with
components of the transcriptional machinery. But even within
these divisions there appear to be multiple different modes of
repression, and a current challenge is to understand the un-
derlying mechanisms.

A number of repressor proteins are now known or suspected
to function by altering chromatin (reviewed in reference 26).
One class consists of a number of sequence-specific DNA bind-
ing proteins that recruit to the template, via interacting core-
pressors, a histone deacetylase (reviewed in reference 36). This
pathway, conserved from yeast cells to humans, suggests a
satisfying though unproven mechanism: deacetylation of his-
tones could allow tighter histone-DNA interactions, blocking
the access of transcription factors to the promoters. Other
repressors, including the SIR proteins in yeast cells (e.g., see
reference 15), the Polycomb-group proteins in Drosophila and
other metazoans (reviewed in references 35 and 38), and the
TUP1-SSN6 corepressor complex in yeast cells (reviewed in
reference 42), also appear to function by stabilizing chromatin
structure, likely by interactions with histones. TUP1-SSNG6,
which is recruited to a number of different promoters by var-
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ious transcription factors, is notable because it appears able to
function both by influencing nucleosomal structure (see, for
example, reference 5) and by establishing a repressive interac-
tion with a component(s) of the basal transcription machinery
(reference 40 and references therein). It is possible and per-
haps likely that many repressors will utilize multiple mecha-
nisms to ensure the silencing of target genes.

Many repressors function by interacting directly with other
transcription factors. Certain of these employ a quenching
mechanism by which the DNA-bound repressor directly inter-
feres with the activity of an activator bound nearby (see refer-
ences 13, 22, and 28 for further discussion). This mechanism
may be particularly important for genes with complex pro-
moter regions, allowing independent regulation of individual
enhancer elements (reviewed in reference 9). Another class of
repressors, called direct repressors, are thought to function by
contacting components of the basal transcription machinery.
One well-studied example is Dr1-DRAP1, a heterodimer con-
served from yeast cells to humans (25). This protein appears to
be a global repressor of transcription, as it targets promoters
not by DNA binding but instead by an interaction with the
general transcription factor, the TATA binding protein (TBP).
In vitro experiments indicate that Dr1-DRAP1 does not inter-
fere with TBP-DNA interaction but instead prevents the asso-
ciation of other general transcription factors, i.e., TFIIA
and/or TFIIB (e.g., see references 32 and 51). The adenovirus
E1A protein can also repress transcription from several pro-
moters, likely through a direct interaction with TBP (45). Mot1
is an ATP-dependent global repressor in yeast cells that is also
thought to function through TBP, in this case by dissociating it
from DNA, although whether Motl directly contacts TBP is
not known (1).

Several sequence-specific DNA binding proteins have also
been suggested to function through interactions with general
transcription factors. For example, the Drosophila Kriippel
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protein can interact in vitro with the small subunit of TFIIE
(43) and several proteins can bind TBP. These include the
unliganded thyroid hormone receptor (6) and two homeodo-
main proteins, the Drosophila Even-skipped protein (Eve) (50)
and the mouse Msx1 protein (53). Human MDM2, which is
recruited to promoters by the p53 protein, can repress basal
transcription in vitro and has been shown to interact with both
TBP and TFIIE (48). Although in many of these cases there is
evidence that the protein-protein interactions detected are rel-
evant to repression, the mechanisms are unclear and for sev-
eral, alternative modes of repression have been proposed. For
example, unliganded thyroid hormone receptor (and other nu-
clear receptors) have been shown to function, at least in part,
by the histone deacetylase recruitment mechanism described
above (16, 33). Kriippel may also function by quenching (29,
54), and Eve has been suggested to interfere indirectly with
TBP (TFIID) binding to the promoter (2).

Eve is a primary pair-rule gene that plays a critical role in
Drosophila embryogenesis, and genetic experiments have been
consistent with Eve acting negatively in most instances (31).
Eve was first suggested to function as a transcriptional repres-
sor as determined by transient-transfection assays (10, 20). In
vitro transcription experiments supported this idea (3) and
suggested that Eve functions to interfere with an early step in
assembly of the preinitiation complex (23). Subsequent trans-
fection experiments also suggested that Eve functions as a
direct repressor of basal transcription (11). This study also
defined an Ala-Pro-rich repression domain, which is charac-
teristic of repression regions found in several other repressors
(13). How Eve actually functions is not known, although as
mentioned above two models have been proposed. In one (2,
47), a form of cooperative DNA binding, probably mediated by
residues encompassing the Ala-Pro-rich repression domain, is
proposed to allow recognition of nonspecific DNA sites sur-
rounding the promoter, thereby interfering with TFIID bind-
ing. In another (30, 50), it is suggested that the interaction
between Eve and TBP, which requires the Eve repression
domain, interferes in some way with TFIID function. Although
both models focus on a step involving TFIID, the mechanisms
proposed are very different.

Here we present experiments that provide new insights into
how Eve represses transcription. The data strongly support the
notion that the Eve-TBP interaction is responsible for repres-
sion and provide evidence for a novel mechanism by which this
interaction directly interferes with TATA box binding by TBP-
TFIID.

MATERIALS AND METHODS

Recombinant plasmids. A Drosophila alcohol dehydrogenase (Adh) proximal
promoter fragment (—40 to 10, relative to the RNA start site) was inserted into
the Sacl site of pC2AT (44) to construct the G-less cassette vector, Adh40/10-
G380. Different in vitro transcription templates were made by inserting Eve
binding site(s) at appropriate positions in Adh40/10-G380. Full-length cDNAs of
Drosophila TBP, TFIIB, and TFIIF30 were cloned into the bacterial expression
vector PET-his3a. PET-hisEve (wild type), PET-hisEveABCD, PET-hisEveABF,
PET-hisEveABEF, and PET-hisEveBC2D2 were generated by subcloning ap-
propriate DNA fragments from the PET-3a vector (50) into PET-his3a. PET-
GAL4-EveCDEF-H6 and PET-GAL4-EveBCDEF-H6 were constructed from
corresponding in vivo expression vectors (provided by M. Um) by subcloning into
PET-23d (Novagen). Two Eve homeodomain mutant expression plasmids: PET-
GAL4-EveAN-BCDEF-H6 and PET-GAL4-EveAC-BCDEF-H6 were made by
PCR amplification of appropriate DNA fragments to create in-frame deletions,
and PET-hisEve-BAN was made by a similar strategy. Vectors encoding Eve
proteins for in vitro transcription-translation were made by subcloning appro-
priate DNA fragments into the PET-3a vector. All plasmids were sequenced to
confirm their identities. Detailed information concerning plasmid constructs is
available upon request.

Protein purification. RNA polymerase II (Pol II) was purified from HeLa
nuclear extract pellets by the method of Reinberg and Roeder (41), which
involved DE-52, Sephadex A-25 and phosphocellulose chromatography. General
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transcriptional factors TFIIA and TFIIE-TFIIF-TFIIH were partially purified
from HeLa nuclear extract as described by Chiang et al. (4). Flag epitope-tagged
TFIID was kindly provided by Hui Ge (National Institutes of Health). Bacterial
strain BL21 was transformed with different PET expression plasmids and in-
duced with isopropyl-B-p-thiogalactopyranoside as described by Um et al. (50).
For his-dTFIIB and his-dTFIIF30, cell lysates were loaded onto a Ni>" agarose
column, and proteins were eluted with 200 mM imidazole (Qiagen). Purification
of his-dTBP and GAL4-Eve-H6 fusion proteins was similar except that cell
lysates were first passed through DEAE-CL6B, and flowthroughs were loaded on
a Ni*" column. His-Eve (wild type) and other Eve derivatives were purified
under denaturing conditions according to standard protocol (Qiagen) and rena-
tured by step dialysis. All recombinant proteins were dialyzed against buffer
BC-100 (20 mM Tris [pH 7.9], 100 mM KCl, 20% glycerol, 0.05% Nonidet P-40
[NP-40], 0.1 mM EDTA, 5 mM dithiothreitol [DTT] and 0.5 mM phenylmeth-
ylsulfonyl fluoride).

In vitro transcription. Each transcription reaction mixture (25 pl) contained
60 to 80 mM KCl, 12% glycerol (vol/vol), 25 mM HEPES-KOH (pH 8.2), 3 mM
MgCl,, 5 mM DTT, bovine serum albumin (0.5 mg/ml), 4 U of RNasin (Pro-
mega), 0.1 mM 3’-0-methyl-GTP, 0.25 mM ATP and UTP, 25 pM CTP, 5 nCi
of [a-3?P]CTP, and 100 ng of the indicated supercoiled plasmid templates. In the
complete system, each reaction mixture contained 100 ng of HeLa Pol II, 300 ng
of TFIIA fraction, 10 ng of recombinant his-dTFIIB, 50 ng of Flag epitope-
tagged holo-TFIID, 500 ng of TFIIE-TFIIF-TFIIH fraction, and the indicated
amounts of purified Eve proteins. In the minimal system, each reaction mixture
contained 100 ng of HeLa RNA Pol II, 50 ng of His-dTBP, 40 ng of His-dTFIIB,
48 ng of His-dTFIIF30, and the indicated amounts of Eve proteins. In both
assays, the amount of each factor used was optimized such that they were all
saturating relative to Pol II. After incubation at 30°C for 1 h, reactions were
stopped by adding 100 wl of stop solution (20 mM EDTA, 1% sodium dodecyl
sulfate [SDS], and 200 mM NaCl) and 125 pl of 2 M ammonium acetate. RNA
was extracted with phenol-chloroform, precipitated with ethanol, analyzed by 6%
polyacrylamide—urea gel electrophoresis, and visualized by autoradiography.
Quantitation of labeled RNA was performed with a PhosphorImager (Molecular
Dynamics).

For single-round transcription experiments, templates were first incubated
with the indicated proteins (TBP or Eve) at 21°C for 20 min; other proteins were
then added to reaction mixtures for another 20 min of incubation to allow
preinitiation complexes to assemble. Sarkosyl (final concentration 0.018% [wt/
vol]) and ribonucleotide 5’ triphosphates were added to reaction mixtures to
start the transcription. After 30 min, reactions were stopped and analyzed as
described above.

Gel mobility shift assays. The DNA fragments indicated in the text were end
labeled with Klenow polymerase in the presence of [a-P**]JdATP. Binding reac-
tions were carried out in a volume of 20 pl in 10 mM Tris (pH 7.9), 10% (vol/vol)
glycerol, 100 mM KCI, 1 mM DTT, 0.05% NP-40, bovine serum albumin (0.3
mg/ml), poly(dC-dI) (5 pg/ml) and contained 0.25 ng of labeled DNA and the
indicated amounts of Eve protein. After incubation at 30°C for 30 min, reaction
mixtures were loaded onto a 10% polyacrylamide gel (40:1, acrylamide to bisac-
rylamide) containing 0.25 X TBE buffer (11). Electrophoresis was carried out at
200 V for 2 h.

Protein-protein interaction assays. Glutathione S-transferase (GST) fusion
protein binding assays were performed as described by Um et al. (50) with minor
modification. DNA fragments of 16 bp were made by annealing two synthesized
complementary DNA oligonucleotides. 3°S-methionine-labeled Eve proteins
were produced by in vitro transcription, which was followed by translation in
reticulocyte lysate (Promega). In vitro-translated Eve proteins (1 pl) or purified
recombinant His-tagged Eve proteins (200 ng) were incubated in 40-ul reaction
mixtures with agarose-GST-TBP (2 pg) complexes in the absence or presence of
the indicated amount of DNA fragment. After 2 h of incubation at room tem-
perature, beads were washed and bound proteins were eluted with 20 mM
reduced glutathione and analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE). In vitro-labeled Eve proteins were visualized by fluorography, and
His-Eve proteins were detected by Western blotting carried out as described by
Kohtz et al. (27), except that anti-Eve antibodies were used (7).

For the experiments examining the interaction between TFIID and Eve (see
Fig. 8C), 6 pg of anti-Flag M2 monoclonal antibody (IBI/Kodak) was incubated
with 5 pl of protein A Sepharose beads in 100 pl of IP buffer (20 mM Tris [pH
7.9], 500 mM NaCl, 0.1% NP-40) for 1 h at room temperature. After the beads
were washed, they were incubated with 1 pg of Flag epitope-tagged TFIID in 100
ul of IPB buffer (13 mM HEPES [pH 7.9], 28 mM [NH,],SO,, 100 mM KCl, 0.5
mM DTT, 0.2 mM phenylmethylsulfonyl fluoride, 0.1% Tween 20) at room
temperature for 3 h. Then 25 ng of purified His-tagged Eve was added to the
tubes containing either bead-antibody-TFIID complexes or controls lacking
TFIID, with or without the adenovirus major late (ML) TATA DNA fragment.
After 3 h of incubation at room temperature, beads were washed and proteins
were eluted three times with 100 wl of 0.2 M glycine (pH 2.5). Eluted proteins
were precipitated with trichloroacetic acid, dissolved in sample buffer, and
loaded onto a polyacrylamide-SDS gel. Immunoblotting was performed as de-
scribed above.
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RESULTS

Eve represses transcription in both fully and minimally
reconstituted in vitro systems. It has been shown previously
that recombinant Eve protein purified from Escherichia coli
can repress transcription in vitro in a binding site-dependent
manner in Drosophila embryo nuclear extracts (3, 23) and in a
reconstituted system (2). We extended this approach to exam-
ine the mechanism of Eve repression in more detail. In all
experiments, Eve was tagged with six His residues at its N
terminus, purified from E. coli by Ni** agarose beads under
denaturing conditions, and then renatured (e.g., see Fig. 4A).
In an initial experiment, in vitro transcription was reconsti-
tuted with TFIIA, IIE, IIF, and IIH partially purified from
HeLa nuclear extract (4), recombinant Drosophila TFIIB, pu-
rified HeLa TFIID (4, 8), and RNA Pol II purified from HeLa
nuclear extract pellets (41). For templates, the core sequence
from the Drosophila Adh proximal promoter (—40 to 10, rel-
ative to the RNA start site [49]) was cloned into G-less cassette
templates (44). Two templates were used in most experiments,
one with three Eve binding sites (NP3) 49 bp upstream of the
Adh core promoter and a 380-bp G-less sequence (NP3-
Adh40/10-G380) and the other with the same Adh TATA
sequence but without Eve binding sites and containing a
280-bp G-less cassette (Adh40/10-G280), which served as a
control template (see Fig. 1A).

In vitro transcription with the above components was carried
out as described in Materials and Methods. When purified
recombinant Eve was added to reaction mixtures, transcription
from the template with Eve binding sites (NP3-Adh40/10-
G380) was strongly and preferentially repressed in a concen-
tration-dependent manner (Fig. 1A). The maximum binding
site-dependent repression, defined as the fold repression ob-
tained with NP3-Adh40/10-G380 divided by the fold repression
obtained with Adh40/10-G280, was 20- to 25-fold. These find-
ings are largely consistent with previous in vitro studies by
Austin and Biggin (2), and the high efficiency of repression we
detected is comparable to that observed previously in transient-
transfection assays (11).

To extend these results, we wished to determine whether
efficient repression could be detected in a simpler reconsti-
tuted transcription system. It is well known, for example, that
activated transcription is not detected when TBP is substituted
for TFIID (e.g., see reference 39), and it has been reported
that Eve repression is at least fivefold less efficient when TBP
replaces TFIID (2). We took advantage of studies of Tyree et
al. (49), which showed that transcription from the Adh pro-
moter fragment employed above could be obtained with only
four factors: TBP, TFIIB, TFIIF30 (RAP30), and Pol II. The
three Drosophila general factors were all His-tagged and puri-
fied from E. coli, and Pol II was again purified from HelLa
nuclear extract pellets. Consistent with the results of Tyree et
al. (49), efficient transcription was detected with this collection
of factors and the Adh promoter—G-less cassette plasmids de-
scribed above (Fig. 1B). We then tested whether Eve could
repress transcription reconstituted by these four proteins in a
binding site-dependent manner. As shown in Fig. 1A, increas-
ing concentrations of Eve were added to reaction mixtures, and
the relative amounts of transcription from the two templates
were determined. The data (Fig. 1B) shows that Eve in fact
repressed transcription reconstituted by these factors in a
strong, binding site-dependent manner. At an Eve concentra-
tion of 120 nM, 36-fold repression was achieved from the
template with Eve binding sites, whereas transcription from
the control template was only slightly repressed (1.4-fold),
resulting in 25-fold binding site-dependent repression. At
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FIG. 1. Eve efficiently represses in vitro transcription in reconstituted sys-
tems. (A) In vitro transcription assays were performed to examine Eve activity in
a complete system. Each transcription reaction mixture contained purified HeLa
RNA Pol II and Flag-tagged TFIID; partially purified HeLa TFIIA, TFIIE,
TFIIF, and TFIIH; recombinant Drosophila TFIIB; and the indicated concen-
trations of purified recombinant Eve. Two G-less cassette templates were used in
the reactions. NP3-Adh40/10-G380, with three Eve binding sites (NP3) 49 bp
upstream of Drosophila Adh proximal promoter, was the test template, and
Adh40/10-G280 was the control template. 3?P-labeled RNA products were ana-
lyzed by electrophoresis and autoradiography. (B) Eve represses in vitro tran-
scription reconstituted by a minimal set of factors. Transcription from Drosophila
Adh promoter was reconstituted with HeLa Pol II and purified His-tagged
Drosophila recombinant general transcriptional factors (dTFIIB, dTBP, and
dTFIIF30). NP3-Adh40/10-G380 and Adh40/10-G280 served as templates, and
the indicated concentrations of purified Eve were also included in reaction
mixtures. A schematic diagram of two templates used in the transcription reac-
tions is shown at the bottom of the figure.

higher Eve concentrations, moderate repression of the control
template, also observed in the fully reconstituted system and
previously by others (2, 23), was detected (results not shown).
Most importantly, however, for each Eve concentration tested,
binding site-dependent repression levels were equivalent in the
complete and minimal systems. This finding indicates that
components of the transcription machinery other than TBP,
TFIIB, TFIIF30, and Pol II are unnecessary for full Eve re-
pression in vitro. (Essentially identical levels of binding site-
dependent repression were observed with preparations of Pol
II purified to homogeneity, thus ruling out the presence of a
corepressor in the Pol II preparation [results not shown].)
Transcription mediated by this minimal set of general factors
thus provides a relatively simple system to dissect the Eve
repression mechanism.

Requirements for binding site-dependent repression by Eve.
In previous studies of Eve repression, reporter templates have
always contained multiple Eve binding sites. To test whether
the copy number of Eve binding sites affects Eve activity, we
compared the repressive activity of Eve on the transcription of
templates with different numbers of Eve binding sites upstream
of the promoter. In vitro transcription assays were performed
with minimal factors as described above. Besides NP3-Adh40/
10-G380, two other templates, each with a single copy of an
Eve binding site (NP; TCAATTAAATGA) 32 bp upstream of
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FIG. 2. Repression by Eve requires multiple binding sites. In vitro transcrip-
tion assays were carried out with the minimal set of general transcriptional
factors (dTBP, dTFIIB, and dTFIIF30) and RNA Pol II as described in Fig. 1B.
Three templates with different numbers of Eve binding sites were used in the
reactions, along with the control template Adh40/10-G280. Then 0, 60, or 120
nM purified recombinant Eve was added to each reaction mixture. Templates are
diagrammed at the bottom of the figure.

the Adh minimal promoter in either orientation, were also
used. The data (Fig. 2) show that transcription from both
templates with the single Eve binding site was not repressed at
all, while transcription from NP3-Adh40/10-G380 was again
efficiently inhibited. Increasing the number of Eve binding sites
(to six) or inverting the three sites did not affect repression
(data not shown). Given that each NP element binds two
molecules of Eve (18), six Eve molecules should be bound to
the NP3-containing templates. The binding site requirements
for Eve repression are very similar to the requirements for
activation by many transcriptional activators. In the case of
Eve, this reflects in part cooperative DNA binding, as Eve
binds significantly more tightly to a DNA fragment containing
three binding sites than to a fragment with only a single site
(results not shown).

We next wished to determine whether Eve could function
when its binding sites were moved to sites distant from the
promoter. Although it is well established that some repressors
can function at a considerable distance (see reference 9 for a
review), Eve was essentially inactive in our previous transfec-
tion experiments when its binding sites were situated 500 bp
upstream of the promoter (11), and previous in vitro experi-
ments with Eve have all used templates with binding sites near
the promoter (2, 3, 23). Indeed, to our knowledge it has not
been established that a direct repressor can function when its
sites are distant from the promoter. To address this, two tran-
scription templates were constructed, one with three Eve bind-
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FIG. 3. Eve can repress in vitro transcription when its binding sites are
distant from the promoter. In vitro transcription from Drosophila Adh proximal
promoter was reconstituted with recombinant dTBP, dTFIIB, dTFIIF30, and Pol
II. Three Eve binding sites (NP3) were inserted at the indicated positions in the
template, Adh40/10-G380, which are shown by the diagram at the bottom of the
figure. Transcription assays were performed in the absence of Eve (lanes 1, 4, 7,
and 10) or in the presence of Eve at concentrations of 60 nM (lanes 2, 5, 8, and
11) or 120 nM (lanes 3, 6, 9, and 12).

ing sites 500 bp upstream of the Adh TATA sequence and
another with three sites 400 bp downstream of the promoter
(as indicated in Fig. 3). In vitro transcription assays were car-
ried out with the minimal set of factors as described above.
Strikingly, when Eve sites were situated 500 bp upstream, ef-
ficient repression nearly indistinguishable from that of the con-
trol was detected (Fig. 3, panels 1 and 2). For the template with
Eve binding sites 400 bp downstream of the TATA sequence,
transcription was also significantly repressed, although less ef-
ficiently than was observed with the control (Fig. 3, panels 3
and 4). These results establish that Eve can indeed efficiently
repress transcription when its binding sites are located a con-
siderable distance from the promoter. Why this was not ob-
served in our previous transfection experiments is not clear,
but it may reflect differences in the basal promoters employed.

The Eve repression domain is required for repression in
vitro. Our previous work defined an Ala-Pro-rich region in
Eve, located just C terminal to the homeodomain, that is es-
sential for repression in transfection assays (11) and for TBP
binding (50) but not for DNA binding (11, 30). We next wished
to determine whether this region is required for repression in
vitro. To this end, three additional Eve derivatives were ex-
pressed in E. coli and purified as described above (see Fig. 4A),
and their repression activities were determined. As shown in
Fig. 4B, Eve-ABCD, in which the C-terminal 130 residues of
Eve (EF) were deleted, retained full activity. This derivative
was previously found to function like full-length Eve in trans-
fection and TBP binding assays (11, 50). In sharp contrast, two
other Eve derivatives, Eve-ABF and Eve-ABEF, which lack
the defined repression domain, were completely inactive, indi-
cating that the Ala-Pro-rich region is essential for transcrip-
tional repression in vitro. In previous studies, the Eve repres-
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FIG. 4. The Eve repression domain is required for repression in vitro. (A) Silver staining of a protein gel containing 500 ng of the Eve derivatives used in the
transcription assays shown in panel B. The numbers at the left indicate the molecular weights of protein markers (k, thousand). A schematic diagram of the Eve proteins
is shown on the left. Full-length Eve is divided into six regions according to the study by Han and Manley (11). (B) In vitro transcription assays in the minimal system.
Reaction mixtures contained 0, 50, 125, or 250 nM concentrations of the indicated Eve derivative. The template used in the experiments, NP3-Adh40/10-G380, is
diagrammed at the bottom of the panel. (C) Coomassie blue staining of a protein gel containing wild-type (WT) Eve and Eve-BC2D2 (2 pg). The diagram on the left
depicts the subdivision of the Eve repression regions, as defined by Han and Manley (11). The sizes of molecular weight markers are indicated (k, thousand). (D) Eve
(WT) and Eve-BC2D2 were analyzed for repression activity in the minimal transcriptional system. Reaction mixtures contained 0, 60, 120, or 240 nM concentrations

of the indicated protein. The two templates used here are the same as in Fig. 1.

sion domain CD was further subdivided to produce fragments
that have various degrees of repressive activity in transfection
assays (11). C2D2 (Fig. 4C), called the minimal repression
domain, contains the majority of Ala-Pro residues and imparts
to the homeodomain nearly full repression and TBP binding
activities (11, 50). We prepared another His-tagged Eve deriv-
ative, Eve-BC2D2, which contains only the homeodomain plus
the minimal repression domain, and tested its repressive activ-
ity. As shown in Fig. 4D, the 135-residue Eve-BC2D2 protein
functioned as a strong binding site-dependent repressor, with
activity comparable to that of full-length Eve. As expected, gel
shift assays indicated that BC2D2 bound DNA with an affinity
similar to that of wild-type Eve (data not shown). Taken to-
gether, our data show that Eve’s ability to repress in vitro
transcription correlates completely both with repression activ-
ity in vivo and with TBP binding.

Sequences within the Eve homeodomain are required for
repression in vitro. The above results, together with our pre-
vious studies, confirm the important role of the Ala-Pro-rich
region in Eve-mediated repression and are entirely consistent
with its functioning by interacting with TBP. Our previous
results also showed that the homeodomain is required for
interaction with TBP and can be required for optimal repres-
sion in transfection assays even in the context of a heterologous
DNA binding domain (30, 50). However, in this case it was

hard to exclude the possibility that the homeodomain’s role in
repression reflects DNA and not TBP binding. This possibility
may be strengthened by the fact that the homeodomain con-
sensus binding site is very A-T rich, and evidence that the
homeodomain protein Engrailed can repress transcription in
vitro by binding to the TATA box and competing with TFIID
has been presented (34). We therefore set out to examine
more carefully the role of the Eve homeodomain in repression
by utilizing GAL4-Eve fusion proteins in minimal in vitro tran-
scription reactions. We first constructed and purified two such
fusion proteins: GAL4-EveCDEF and GAL4-EveBCDEF
(Fig. 5A; domain B corresponds to the homeodomain). Five
GALA4 binding sites were placed 41 bp upstream of the Adh
minimal promoter, and in vitro transcription was performed as
described above with templates lacking or containing these
sites. As shown in Fig. 5B, GAL4-EveCDEF had almost no
repression activity, whereas GAL4-EveBCDEF significantly
repressed transcription in a GAL4 binding site-dependent
manner. Repression efficiency was about 50% the level ob-
served with Eve itself. Gel shift assays indicated that both
GALA4 fusion proteins bound GALA4 binding sites with the
same affinity (data not shown). These results indicate that the
homeodomain plays a role in repression in addition to DNA
binding site recognition, although they do not by themselves
indicate what this role actually is.
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FIG. 5. The Eve homeodomain contains residues required for repressing
transcription and binding TBP. (A) Analysis of purified GAL4-Eve fusion pro-
teins by SDS-PAGE. Proteins (500 ng) were visualized by silver staining. The
molecular weights of protein markers are indicated on the left (k, thousand). A
schematic diagram of the proteins is also shown. (B) In vitro transcription assays
were performed with the minimal system and purified GAL4-Eve fusion proteins
(as shown in Fig. 5A). Reaction mixtures contained 0, 70, 105, or 140 nM
concentrations of the indicated GAL4-Eve protein. The template, G5-Adh40/
10-G380, contained five GAL4 binding sites upstream of Adh promoter. A
schematic diagram of the two templates used in the transcription reactions is
shown. (C) [*>S]methionine-labeled Eve (wt) and the two GAL4-Eve fusion
proteins were produced by in vitro transcription and translation, and equal
amounts (Input) of Eve proteins were incubated with either 2 pg of GST or 2 pg
of GST-dTBP linked to glutathione-agarose beads. After an extensive washing,
bound proteins were eluted with glutathione, resolved by electrophoresis, and
visualized by autoradiography.

So far, we have observed a perfect correlation among Eve
derivatives with respect to repression activity and TBP binding.
To test the TBP binding ability of the GAL4-Eve fusion pro-
teins, GST binding experiments were carried out. GST and
GST-dTBP were purified from E. coli and immobilized on
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glutathione agarose beads. [*’S]methionine-labeled GALA4-
EveCDEF, GAL4-EveBCDEF, and wild-type Eve were pro-
duced by in vitro transcription and translation, and aliquots
were mixed with the appropriate beads. Proteins, after an ex-
tensive washing, were eluted with buffer containing 20 mM
glutathione, resolved by SDS-PAGE, and subjected to fluo-
rography. The data obtained (Fig. 5C) show that GALA4-
EveBCDEF specifically bound to GST-dTBP with almost the
same efficiency as full-length Eve, while GAL4-EveCDEF did
not interact detectably. These data indicate that the Eve ho-
meodomain is required for the Eve-TBP interaction within the
context of GAL4 fusion proteins. Once again, repression ac-
tivity correlates with TBP binding.

The activity of the GAL4-Eve BCDEEF protein provided an
opportunity to determine whether the role of the homeodo-
main in repression involves a function in addition to DNA
binding, i.e., TBP binding. Based on the crystal structure of an
Eve homeodomain-DNA complex, both the N-terminal arm
and the C-terminal helix contribute to DNA recognition (18).
We made two Eve homeodomain mutants based on this struc-
ture. In one (GAL4-EveAN-BCDEF) the 8-amino-acid N-ter-
minal arm was deleted, and in the other (GAL4-EveAC-
BCDEF) the 20-amino-acid C-terminal helix was deleted.
These two GALA4 fusion proteins were purified from E. coli, as
shown in Fig. 6A. The DNA binding activities of GAL4-Eve-
BCDEF, GAL4-EveAN-BCDEF, and GAL4-EveAC-BCDEF
were tested in gel shift assays with a 20-bp DNA fragment
containing a single Eve binding site. The results (Fig. 6B)
indicate that the DNA binding activity of both GALA4-Eve
homeodomain mutants was completely abolished, establishing
that as expected both the N-terminal arm and the C-terminal
helix of the Eve homeodomain are required for DNA binding.
Identical results were observed with a DNA fragment contain-
ing three Eve binding sites (NP3). When GAL4 binding sites
were used as probes, both homeodomain mutants bound DNA
with the same affinity as had GAL4-EveBCDEF (data not
shown).

We next compared the repression activities of the GAL4
fusion proteins in in vitro transcription assays by using the
minimal system and DNA templates described above. Both
GALA4-EveAN-BCDEF and GAL4-EveAC-BCDEF retained
GALA4 binding site-dependent repressive activity, a result com-
parable to that observed with GAL4-EveBCDEF (Fig. 6C).
These data establish that residues within the Eve homeodo-
main contribute to repression by a mechanism distinct from
DNA binding. To determine whether the two homeodomain
mutants retained the ability to interact with TBP, these two
proteins, together with GAL4-Eve-BCDEF, were produced by
in vitro transcription and translation, and binding experiments
with purified GST-TBP were performed as described above.
The results (Fig. 6D) indicate that both proteins retained al-
most full TBP binding activity, correlating with their activity in
transcriptional repression. Together, these results establish
that residues within the Eve homeodomain play a role in re-
pression in addition to DNA binding and further support the
notion that this is to facilitate binding to TBP.

Preincubation of TBP and template can prevent Eve repres-
sion. The data described above and previously (30, 50) argue
strongly that an interaction with TBP is essential for Eve-
mediated repression. But how this interaction actually re-
presses transcription has not been addressed. Two general
models can be suggested. In one, the Eve-TBP interaction
interferes with TBP-TFIID binding to the TATA box, while in
the other it blocks a subsequent step in preinitiation complex
assembly. To distinguish between these, we carried out order-
of-addition and preincubation experiments under conditions
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FIG. 6. GAL4-Eve mutant proteins repress transcription and bind TBP. (A) Silver staining of a protein gel containing purified GAL4 Eve proteins (500 ng), which
are also diagrammed on the left. The molecular weights of protein markers are indicated to the left of the gel (k, thousand). (B) DNA binding activity of the GAL4-Eve
proteins in Fig. 6A was examined by gel shift assays. The DNA probe used in the experiment was an end-labeled 20-bp DNA fragment containing a single Eve binding
site. Reaction mixtures contained 0, 4, 16, 64, or 256 nM concentrations of the indicated GAL4-Eve protein. Conditions for the gel shift assays are described in Materials
and Methods. (C) The GAL4-Eve fusion proteins were tested for transcriptional repressive activity at concentrations of 100 nM (lanes 2, 5, and 8) or 200 nM (lanes
3, 6, and 9). G5-Adh40/10-G380 and Adh40/10-G280 were the templates used in the assays. (D) Binding of in vitro translated 3°S-labeled GAL4-Eve fusion proteins
to GST-dTBP. Equal amounts of the indicated GAL4-Eve proteins were incubated with either 2 ug of GST or 2 pug of GST-dTBP bound to glutathione-agarose beads.

Protein complexes were eluted and analyzed as for Fig. 5.

that allowed only a single round of transcription by using the
anionic detergent Sarkosyl (14, 24). In the presence of Sarko-
syl, transcription from already-assembled preinitiation com-
plexes can occur but no new preinitiation complexes can form,
limiting transcription to a single round. In the minimal tran-
scription system used here, 0.018% (wt/vol) Sarkosyl was found
to block preinitiation complex assembly but to allow transcrip-
tion from preassembled factors (data not shown). Transcrip-
tion reactions were performed with the Eve binding site-con-
taining and the control templates described above. When the
templates were preincubated first in the presence or absence of
Eve and then with the transcription factors, followed by addi-
tion of XTPs and Sarkosyl, Eve strongly and specifically re-
pressed transcription from the template containing Eve bind-
ing sites (Fig. 7, panel a). In contrast, if the templates were first
preincubated with TBP, followed by addition of the other fac-
tors plus or minus Eve, no repression was observed (Fig. 7,
panel b). These results suggest that Eve does not function by
blocking a step subsequent to TBP binding and instead provide
strong support for the idea that Eve functions by interfering
with TBP (or TFIID; see below) binding to the promoter. We
note that a similar conclusion was reached by Austin and
Biggin (2), who used a related approach.

TATA sequence specifically inhibits the interaction between
TBP and Eve. The data presented above provides evidence
that the interaction between Eve and TBP results in repression
by interfering with TBP binding to the promoter. This could be
envisioned as establishing a competition between Eve and the
TATA box for binding TBP. A prediction of such a model is
that an excess of TATA-containing DNA should be able to
compete the TBP-Eve interaction we described here and pre-
viously. Indeed, our observation that the addition of ethidium
bromide to binding reaction mixtures actually enhanced this
interaction (50) is consistent with this model. To probe the
possible existence of such a competition directly, oligonucleo-
tides containing the adenovirus ML TATA sequence (shown in
Fig. 8A, bottom) were synthesized, purified, and annealed. Eve
was produced by in vitro transcription and translation, GST
and GST-dTBP were immobilized on beads, and binding ex-
periments were performed as described above. Figure S8A
shows that the 16-bp ML TATA DNA (at a concentration of
10 pM) significantly inhibited Eve binding to GST-dTBP.
However, binding was not affected when the same concentra-
tion of each individual oligonucleotide (i.e., 20 uM) was added
to reaction mixtures, indicating that only double-stranded ML
DNA can inhibit the interaction between Eve and TBP. To
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FIG. 7. Preincubation of TBP and template prevents Eve repression. Single-
round transcription assays were performed in the presence of 0.018% (wt/vol)
Sarkosyl with the minimal set of transcription factors. The transcription tem-
plates were NP3-Adh40/10-G380 and Adh40/10-G280. Reaction mixtures con-
tained 0 or 120 nM Eve. The detailed experimental procedure is depicted at the
bottom of the figure.

exclude the possibility that any DNA fragment can block the
Eve-TBP interaction, we tested a control 16-bp oligonucleo-
tide, one previously shown not to interact with TBP (37), in
binding assays. The data presented in Fig. 8A indicate that this
oligonucleotide had no effect on the Eve-TBP interaction,
whereas two concentrations of the ML TATA DNA (10 and 15
wM) resulted in increasing inhibition of the interaction be-
tween the two proteins.

To extend these results, we wished to confirm that the dis-
ruption of Eve-TBP binding by the TATA oligonucleotide was
not an indirect effect that was reflecting, for example, an in-
teraction with some component in the reticulocyte lysate, and
also to provide evidence that the inhibition results from an
interaction of the DNA with TBP and not with the Eve home-
odomain. To this end, two recombinant Eve derivatives puri-
fied from E. coli, wild-type Eve and a mutant containing the
AN homeodomain mutation, described above in the context of
the GAL4-Eve fusion proteins, were used in binding reactions
with GST-TBP in the presence or absence of the TATA oli-
gonucleotide. Bound proteins were eluted with glutathione
and detected by Western blotting with anti-Eve antibodies.
The results (Fig. 8B) indicate that both Eve derivatives inter-
acted strongly and specifically with GST-TBP and that in each
case binding was inhibited by the TATA oligonucleotide. To-
gether, these results indicate the existence of a competition
between Eve and TATA-containing DNA for binding to TBP,
which supports the hypothesis that Eve-mediated repression
involves the inhibition of DNA binding by TBP.

We presented data here that Eve represses transcription
equivalently in a fully reconstituted system (containing TFIID)
and in the minimal system (containing TBP) used in the ma-
jority of our experiments. Because of this, we believe it is
reasonable to assume that the mechanism we have elucidated
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with TBP also applies to TFIID-mediated transcription. But to
provide direct support for this, we performed binding experi-
ments similar to those just described, except we used TFIID in
place of TBP. To this end, Flag epitope-tagged TFIID was
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FIG. 8. TATA sequence specifically inhibits the interaction between TBP
and Eve. (A) *S-labeled Eve was produced by in vitro transcription and trans-
lation and then incubated with either GST (lane 2) or GST-dTBP (lanes 3 to 11)
in the absence (lanes 2, 3, and 7) or presence of various DNA oligonucleotides
at concentrations of 10 wM (lanes 6, 8, and 10), 15 pM (lanes 9 and 11) or 20 pM
(lanes 4 and 5). The sequences of ML TATA and the control DNA are shown
below the panel. (B) His-tagged Eve (wt) or Eve-BAN (200 ng) was incubated
with either 2 ug of GST or 2 pg of GST-dTBP in the absence (lanes 2, 3, 6, and
7) or presence (lanes 4 and 8) of ML TATA at a concentration of 6 WM. The
eluted Eve proteins were detected by Western blotting with anti-Eve antibodies.
(C) Recombinant Eve-wt (25 ng) was incubated with either protein A Sepharose
beads plus anti-Flag antibodies (lane 1) or 1 pg of Flag epitope-tagged TFIID
bound to protein A Sepharose beads via anti-Flag antibodies (lanes 2 and 3).
Then 3 pM ML TATA was added to one of these reaction mixtures (lane 3). Bound
proteins were eluted and detected by Western blotting with anti-Eve antibodies.
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purified from HeLa cells (4) and immobilized with anti-Flag
antibodies bound to protein A Sepharose beads. These beads
and control beads lacking TFIID were incubated with purified
Eve in the presence or absence of 3 wuM TATA oligonucleo-
tide. After being washed, bound proteins were eluted and
again detected by Western blotting with anti-Eve antibodies.
The results (Fig. 8C) indicate that Eve bound very efficiently to
TFIID and that, as with TBP, binding was disrupted by the
TATA-containing oligonucleotide. These findings confirm that
the Eve repression mechanism suggested by our data also
applies to natural, TFIID-mediated transcription.

DISCUSSION

We have presented evidence indicating that the Drosophila
Eve protein represses transcription by directly binding TBP in
such a way that it interferes with or blocks the interaction
between TBP-TFIID and DNA. Given that transcription was
strongly and equally repressed by Eve in transcription reac-
tions reconstituted with either all of the general transcription
factors or only TBP, TFIIB, RAP30, and Pol II and that tran-
scription in the minimal system was resistant to repression
following preincubation of TBP and DNA, it is highly unlikely
that any of the general transcription factors other than TBP
are significant targets of Eve repression. It is conceivable that
Eve, like several other characterized repressors, may function
in vivo by more than one mechanism. However, the efficiency
of the TBP-mediated repression described here suggests that
this is an important aspect of Eve activity. It is also notable that
the fully reconstituted system contained primarily human fac-
tors, while the minimal system was reconstituted largely with
Drosophila proteins. This indicates that this mechanism of re-
pression is likely evolutionarily conserved, at least from flies to
humans, which is consistent with the fact that Eve binds equiv-
alently to human and Drosophila TBP (50).

Our data indicate that the Eve homeodomain plays an im-
portant role in repression in addition to DNA binding, which is
to facilitate interaction with TBP. It is now well established
that homeodomains can participate in specific protein-protein
interactions. Perhaps the best understood is the association of
the viral activator VP16 with the POU domain protein Oct-1
(reviewed in reference 17). Elegant mutational studies re-
vealed that exposed surface residues in the central region of
the Oct-1 homeodomain are essential for interaction. This
corresponds to the region of the Eve homeodomain that our
deletion analysis suggested is necessary for both TBP binding
and repression, although there is currently no evidence that the
details of the two interactions are related. Perhaps more rele-
vant to Eve repression is the murine Msx1 protein, in which
specific residues in the N-terminal arm of the homeodomain
were shown to be essential for TBP binding and repression but
not DNA binding (53). This is analogous to the situation with
Eve, except that the N-terminal arm is dispensable for the
Eve-TBP interaction, so the exact role of the homeodomain in
the two cases must be distinct. Indeed, several previous studies
have shown that fusion proteins containing sequences encom-
passing the Ala-Pro-rich repression region (but not the home-
odomain) fused to heterologous DNA binding domains are
capable of repression in several different assays (2, 11, 21, 47).
In our previous experiments, which involved transient trans-
fections with plasmids encoding GAL4 fusion proteins similar
to those analyzed here (11), we subsequently showed that the
requirement of the homeodomain was promoter specific: re-
pression of a promoter containing a TATA box required the
homeodomain, while an initiator-containing promoter did not
(30). Taken together, these findings suggest that the homeodo-
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main does not always play an essential role in Eve-mediated
repression. However, the studies described here indicate that it
can be required in a defined in vitro transcription system and
that its function extends beyond DNA binding. Whether resi-
dues within the homeodomain directly contact TBP or play an
indirect role not involving specific contacts will require addi-
tional studies.

We initially characterized two repressors in transient-trans-
fection assays, Eve and Engrailed (En) (11, 12). Although both
contain Ala-rich motifs and displayed some similarities in ac-
tivity in these assays, it is now clear that their mechanisms are
distinct. This was suggested initially by one difference in their
behavior in transfection assays, which was that Eve could re-
press basal (i.e., non-activated) expression whereas En could
not. Using in vitro binding assays, we were also unable to
detect an interaction between En and TBP (unpublished data).
More recently, genetic and biochemical experiments have
shown that an interaction between the En repression domain
and a previously described corepressor, Groucho, can be re-
quired for En-mediated repression in vivo. In contrast, the Eve
repression domain does not interact with Groucho and Eve-
mediated repression is Groucho independent (21). The global
repressor Drl also contains an Ala-rich domain that is essen-
tial for repression, and recent studies have shown that this
region also interacts with TBP (52). However, since Dr1 blocks
a step subsequent to DNA binding, the Eve-TBP and Dr1-TBP
interactions are functionally distinct. The Drosophila Kriippel
protein likewise contains an Ala-rich repression domain, which
is located at its N terminus. Although its precise mode of
action is not known, it is likely distinct from those just de-
scribed and may involve a quenching mechanism (29). (Note
that Krippel also contains a C-terminal repression domain,
one not Ala-rich, that appears to function by interacting with
the small subunit of TFIIE [43].) Thus, while the presence of
an Ala-rich region in a transcription factor may be diagnostic
of a repression domain, it does not suggest a clear mechanism,
since four Ala-rich repression domains appear to employ four
distinct mechanisms. Many other repressors, of course, contain
repression domains that are not Ala-rich (see reference 13 for
a review), and it appears that repression motifs are as diverse
in composition and function as are activation domains.

An important conclusion of our studies is that Eve represses
transcription by preventing a stable TBP-TFIID and DNA
interaction. Consistent with this, Austin and Biggin showed
that template-bound Eve could block binding of TFIID to a
TATA box on the same DNA (2). Based on this and other
data, these authors also concluded that Eve functions by pre-
venting TFIID from binding the promoter but proposed a
mechanism different than that indicated by our data. Specifi-
cally, they provided evidence that sequences C terminal to the
Eve homeodomain (likely corresponding to the Ala-Pro-rich
repression domain) could impart to a heterologous DNA bind-
ing domain the ability to recognize low-affinity, nonspecific
sites in the promoter region as a result of cooperative DNA
binding nucleated by high-affinity sites located upstream of the
TATA box. It was proposed that this nucleoprotein structure
occluded the TATA box, preventing recognition by TBP-
TFIID. Although it is attractive to consider that this “cooper-
ative blocking” mechanism might function in conjunction with
the repressive Eve-TBP interaction we have described to en-
sure strong repression, there are reasons to question the gen-
eral significance of cooperative blocking. DNase footprinting
studies by Hoey et al. (19), who used several DNA probes, did
not detect any differences in the binding properties of Eve
derivatives containing or lacking sequences C terminal to the
homeodomain, and we have obtained essentially identical re-
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sults with gel mobility shift assays (30; unpublished data).
Johnson and Krasnow (23) measured template occupancy by
Eve in nuclear extracts under conditions resulting in transcrip-
tional repression. Using DNase footprinting assays, they found
no indication of an Eve-DNA interaction outside of the Eve
binding sites and over a distance of at least 100 bp downstream
of the TATA box. Together, these results indicate that the Eve
repression domain does not influence DNA binding by the
homeodomain and that Eve can repress transcription without
making DNA contacts outside of its binding sites. Thus, it
seems that additional experiments are necessary to evaluate
the generality of the cooperative blocking mechanism.

How does the Eve-TBP interaction prevent stable associa-
tion of TBP-TFIID with the promoter? One possibility is based
on observations suggesting that free TBP-TFIID exists as dim-
ers, which must dissociate to bind DNA (e.g., see reference
46). Perhaps Eve binding to TBP prevents this required disso-
ciation. However, by this view it is difficult to explain the ob-
served DNA binding site dependence of Eve repression and
also the ability of the TATA oligonucleotide to compete with
the Eve and TBP-TFIID interaction. We favor instead a mech-
anism we refer to as the goalkeeper model. By this model,
Eve (more precisely, multiple molecules of Eve) needs to be
bound to the DNA in the vicinity (i.e., within several 100 bp) of
the promoter (the “goal”) in order to fend off “shots” (i.e.,
TFIID). The multiple Eve molecules required would create
a “hydraheaded goalkeeper,” whereby multiple repression
domains could significantly increase Eve’s effectiveness. For
example, they could not only allow a lower-affinity Eve-TBP
interaction to compete successfully with TFIID-TATA binding
but also simultaneously block TATA binding by more than one
TFIID molecule. What prevents Eve from interacting with
TFIID in solution and thereby nonspecifically inhibiting tran-
scription? We suggest that the requirement for DNA binding
by Eve reflects the relatively low affinity of the Eve-TBP inter-
action such that in solution the interaction, which would be
with only a single Eve molecule, is sufficiently weak so as not to
affect promoter binding by TFIID. In keeping with this, pre-
incubation of Eve and TBP does not interfere with subsequent
transcription from a template lacking Eve binding sites (un-
published data). In contrast, if Eve molecules are bound to
DNA near the promoter, then repeated transient interactions
could effectively block TFIID binding, leading to transcrip-
tional repression. The most straightforward way Eve might
accomplish this is via direct contact between the Eve repres-
sion domain and the concave DNA binding surface of TBP, but
additional studies are required to address more precisely the
exact nature of the repressive interaction.
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