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The Drosophila homeodomain protein Even-skipped (Eve) has previously been shown to function as a
sequence-specific transcriptional repressor, and in vitro and in vivo experiments have shown that the protein
can actively block basal transcription. However, the mechanism of repression is not known. Here, we present
evidence establishing a direct interaction between Eve and the TATA-binding protein (TBP). Using cotrans-
fection assays with minimal basal promoters whose activity can be enhanced by coexpression of TBP, we found
that Eve could efficiently block, or squelch, this enhancement. Squelching did not require Eve DNA-binding
sites on the reporter plasmids but was dependent on the presence of the Eve repression domain. Further
support for an in vivo interaction between the Eve repression domain and TBP was derived from a two-hybrid-
type assay with transfected cells. Evidence that Eve and TBP interact directly was provided by in vitro binding
assays, which revealed a specific protein-protein interaction that required an intact Eve repression domain and
the conserved C terminus of TBP. The Eve homeodomain was also required for these associations, suggesting
that it may function in protein-protein interactions. We also show that a previously characterized artificial
repression region behaves in a manner similar to that of the Eve repression domain, including its ability to
squelch TBP-enhanced expression in vivo and to bind TBP specifically in vitro. Our results suggest a model for

transcriptional repression that involves an interaction between Eve and TBP.

It is clear by now that control of gene expression in eu-
karyotes involves repression as well as activation of transcrip-
tion. A significant number of proteins that are capable of
functioning as transcriptional repressors in various assays have
been identified, and many of them are known to play key roles
in a variety of important cellular and developmental processes.
These include, for example, the homeodomain protein o2,
which functions with other proteins to control cell type in
Saccharomyces cerevisiae (19, 21); the homeodomain proteins
Even-skipped (Eve) and Engrailed (En), which are involved in
pattern formation during early Drosophila embryogenesis (13,
17); and in mammals, the Zn?" finger-containing v-erbA on-
coprotein, or thyroid hormone receptor (8), and the WT1
Wilms tumor gene product (31). These proteins all share the
property that they are sequence-specific DNA binding proteins
capable of recognizing binding sites in target genes and re-
pressing transcription.

There are a number of ways in which transcriptional repres-
sors can function, and even those whose action involves se-
quence-specific DNA binding can employ distinct mechanisms
(for reviews, see references 26 and 39). Perhaps the simplest
involves competition for DNA-binding sites, whereby the re-
pressor interferes with binding of either an activator or a basal
transcription factor, by virtue of adjacent or overlapping bind-
ing sites. A second mechanism, called quenching, involves si-
multaneous DNA binding by both the activator and the repres-
sor, coupled with a protein-protein interaction that prevents
the activator from functioning, for example by masking the
activation domain. Thirdly, a direct repressor functions by
binding DNA and then interfering, via protein-protein inter-
actions, with the formation or activity of the basal transcription
complex. This form of repression is of particular interest be-
cause the mechanism(s) involved appears to be analogous to
those thought to be employed by transcriptional activators,
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with the exception that it leads to repression rather than acti-
vation of transcription. However, unlike the situation with ac-
tivators, in which direct interactions between activation do-
mains and basal transcription factors have been demonstrated
in vitro (e.g., see references 29 and 45), a direct interaction
between a defined repression domain and a basal factor has
not yet been demonstrated. As has also been observed with
activators, at least some repressors appear to require the func-
tion of interacting proteins; for example, a2 in S. cerevisiae (23)
and the Drosophila Hairy protein (37) both interact with aux-
iliary proteins that are essential for full activity.

A number of repressors, like activators, have been shown to
consist of a modular structure, containing separable DNA-
binding and repression domains. This was shown first with the
Drosophila Kriippel protein, which contains DNA binding
Zn*" fingers and a distinct repression region that is capable of
blocking transcription in transfected mammalian cells when it
is fused to a heterologous DNA-binding domain (27). Like-
wise, the Eve (14, 47) and En (15, 18) proteins contain trans-
ferable repression regions that can function in transfected Dro-
sophila cells. Remarkably, all three of these repression regions
are characterized by alanine richness (the Eve domain is more-
over enriched in proline residues) (14, 15, 27). Transferable
repression regions have been found in several mammalian pro-
teins (1, 4, 32, 44), including those described above. Although
alanine richness does not seem to be a feature of all charac-
terized repression regions, a common theme appears to be that
charged residues, particularly acidic ones, are scarce. Two ar-
tificial repression regions that function when fused to DNA-
binding domains have also been described. One, in Drosophila
melanogaster, is proline plus leucine rich (14), while the other,
in S. cerevisiae, is highly basic (41).

Repression mediated by Eve has been studied in some de-
tail. Initial experiments employing cotransfection assays pro-
vided evidence that the protein is a DNA-binding-site-depen-
dent repressor but could not clearly distinguish among possible
repression mechanisms (13, 17). However, subsequent work
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has provided strong support for the idea that Eve is a direct
repressor. Biggin and Tjian (3) showed that Eve can repress
basal transcription in vitro from binding sites situated up-
stream or downstream of the promoter. Subsequently, evi-
dence was provided that Eve can interfere with transcription
complex assembly in vitro, perhaps resulting in formation of
nonproductive preinitiation complexes (20). Finally, Han and
Manley (14) provided evidence, using transfection assays, that
Eve can repress transcription from a minimal basal promoter
containing Eve-binding sites upstream of the promoter. Tran-
scription stimulated by any of several activators was also effec-
tively repressed.

In this paper, we present data suggesting that Eve repression
involves a direct interaction between Eve and the TATA-bind-
ing protein (TBP). Using cotransfection assays, we first show
that Eve can squelch basal expression enhanced by TBP and
that an intact repression domain is required for this activity.
Additional evidence for an in vivo interaction between the two
proteins is provided by a two-hybrid-type assay. We then dem-
onstrate by an in vitro protein-protein interaction assay that
Eve and TBP specifically bind to each other and that an active
repression domain is essential for this interaction.

MATERIALS AND METHODS

Recombinant plasmids. The in vivo expression vector Act 5C PPA and all Eve
expression plasmids, including EveABFS1 and EveABFS2, were described pre-
viously (13, 14). The TBP expression plasmid Act-TBP was described by Colgan
and Manley (5). The reporter plasmid E1b TATA CAT was described by Colgan
et al. (7). NP6 E1b TATA CAT, which contains six Eve binding sites located 30
bp upstream of the E1b TATA sequence, was constructed by inserting an NP6
fragment (14) into E1b TATA CAT. G5 Inr CAT and G5 TATA CAT, which
contain five GAL4-binding sites upstream of the TdT Inr or E1b TATA box,
respectively, were described by Colgan and Manley (5, 6). The GAL4-TBP fusion
protein expression plasmids Act GAL4-TBP, Act GAL4-TBP(1-157), and Act
GALA4-TBP(1-282) and the Eve-VP16 expression plasmids Actflu eveAB-VP16
and Actflu eveABCD-VP16 were constructed from Act GAL4(1-147)-TBP(1-
335) and Actflu VP16 (provided by J. Colgan), respectively, by standard sub-
cloning procedures. Sequences around the junctions of the fusion proteins were
confirmed by DNA sequencing. The protein encoded by Actflu eveAB-VP16
consists of the nine-residue influenza virus (flu) epitope, Eve residues 1 to 139,
and the VP16 activation domain, while the Actflu eve ABCD-VP16-encoded
protein is identical, except that it contains Eve residues 1 to 246 (see reference
14 for details).

pGST-dTBP and pGST-hTBP were constructed by cloning full-length dTBP
c¢DNA:s into the glutathione S-transferase (GST) expression vector pGEX-2TK.
pGST-yTBP was kindly provided by J. Reese and M. Green. The GST-dTBP
derivative A1-161 was constructed from the corresponding in vivo expression
vector (provided by J. Colgan). PET-3a was used as in vitro transcription vector,
and full-length Eve cDNA was inserted into this vector under the control of the
T, promoter. Vectors encoding Eve mutants were made by subcloning appro-
priate DNA fragments from in vivo expression vectors (14) into PET-3a.

DNA transfection and transient-expression assays. Transient-expression as-
says were performed essentially as described by Han et al. (13). Drosophila
Schneider L2 cells were maintained in M3 medium supplemented with 10% fetal
bovine serum (Gibco). Cells were plated at 2 X 10° to 4 X 10° cells per 10-cm cell
culture dish 1 day before DNA transfection. Transfection mixtures contained the
amounts of expression plasmids indicated in the figure legends, 2 ug of a reporter
plasmid and 2 pg of copia LTR-lacZ internal control plasmid. Act SC PPA was
added as necessary so that the total amount of actin 5C promoter was constant,
and Gem1 was used as a carrier to adjust the total amount of plasmid DNA to
10 pg. Transfected cells were incubated for 2 days, removed from cell culture
dishes by agitation, washed twice with phosphate-buffered saline, resuspended in
0.1 ml of 0.25 M Tris-HCI (pH 7.8), and frozen at —70°C. Whole-cell extracts
were prepared by thawing and sonicating for 2 min, which was followed by
centrifugation for 10 min in an Eppendorf Microfuge. The chloramphenicol
acetyltransferase (CAT) values obtained all fell within the linear range of the
reaction and were normalized for any variations in transfection efficiency by
measurement of B-galactosidase activities (see reference 13 for details). To
facilitate comparisons, the basal value obtained with the reporter plasmid used in
each experiment was set equal to 1.0. Each experiment was done at least three
times in duplicate, and the indicated values are the averages of at least three
independent experiments. Western blot (immunoblot) analyses of whole-cell
lysates from transfected cells were performed essentially as described by Colgan
and Manley (5).

Purification of GST-TBP fusion proteins from Escherichia coli. E. coli IM101
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containing plasmids encoding each of the pGST-TBP derivatives was cultured in
2X YT medium supplemented with ampicillin (200 wg/ml) at 37°C. Protein
expression was induced with 0.4 mM isopropyl-B-p-thiogalactopyranoside when
the optical density at 600 nm was ~0.6. After 3 h of induction, the cells were
harvested by centrifugation. The pellet was resuspended in NETN (100 mM
NaCl, 1 mM EDTA, 20 mM Tris-HCI [pH 8.0], 0.5% Nonidet P-40) with 0.5 mg
of lysozyme per ml. The lysate was sonicated and rotated in a cold room for 1 h.
Cell debris was removed by centrifugation. The supernatant was loaded on a
glutathione-agarose (S) column. After extensive washing with NETN, the GST
fusion proteins were eluted with elution buffer (100 mM Tris-HCI [pH 8.0], 120
mM NaCl, 20 mM reduced form of glutathione). Purified GST fusion proteins
were then dialyzed in buffer containing 20 mM Tris-HCI (pH 8.0), 120 mM NaCl,
20% glycerol, 1 mM dithiothreitol, and 0.2 mM EDTA. GST fusion proteins
were frozen on dry ice and stored at —70°C. Concentrations of the fusion
proteins, which were determined by the Bradford method, varied from 0.2 to 0.4
mg/ml.

Protein-protein interaction assays. Wild-type and mutant Eve proteins were
produced by in vitro transcription, which was followed by translation in reticu-
locyte lysate (Promega) in the presence of [>*S]methionine. Two micrograms of
each purified GST-TBP fusion protein was incubated with 20 pl of glutathione-
agarose beads in 100 wl of NETN for 1 h at 4°C, with rocking. The glutathione-
agarose-GST-TBP complexes were recovered by centrifugation, and the super-
natants were discarded. Simultaneously, equal amounts of [**S]methionine-
labeled Eve proteins (1 pl) were also incubated with 20 ul of glutathione-agarose
in 40 pl of NETN for 1 h at 4°C. After centrifugation, the supernatants were
transferred to tubes containing the agarose-GST-TBP complexes. Radiolabeled
Eve proteins were incubated with agarose-GST-TBP for 1 h at room temperature
with shaking. After extensive washing with NETN, the bound proteins were
eluted twice by incubation with 30 ! of elution buffer at room temperature for
30 min. The combined elutions were diluted with 2X sample buffer, boiled, and
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and fluorography.

RESULTS

Eve can squelch TBP-enhanced expression. We previously
used cotransfection assays to investigate the possible roles of
the general transcription factors TBP and TFIIB in activated
transcription. For example, we showed that overexpression of
TBP could significantly enhance expression from minimal
TATA-containing promoters, indicating that, under the condi-
tions employed, TBP is limiting for RNA polymerase II tran-
scription in vivo (5). Consistent with this, overexpression of
TFIIB did not significantly affect promoter activity, although a
mutant TFIIB was shown to act as a strong, dominant negative
inhibitor of a specific transcriptional activator (7). Therefore,
we decided to examine whether similar approaches might in-
dicate a functional interaction between Eve and a basal factor.
A series of cotransfection experiments with Eve and TFIIB
failed to suggest a relationship between these factors (results
not shown). However, similar assays involving TBP and Eve
have provided evidence for a functional interaction between
these two proteins.

In a first set of experiments, we took advantage of the fact
that overexpression of Drosophila TBP in transfected Schnei-
der cells enhanced very significantly, and in a concentration-
dependent manner, expression from minimal TATA-contain-
ing promoters (5). This phenomenon provided an opportunity
to determine whether Eve might be able to squelch (12) TBP-
enhanced transcription. Previous studies showed that repres-
sion by Eve was, in all cases studied, completely dependent on
the presence of Eve-binding sites in the reporter plasmid (e.g.,
see references 13 and 14). However, we reasoned that if Eve
and TBP could in fact interact in vivo, then perhaps TBP-
enhanced transcription would be sensitive to Eve expression in
the absence of DNA-binding sites. Figure 1 provides evidence
that this is the case. In this experiment, an amount of TBP
expression vector (0.2 pg of Act-TBP) sufficient to enhance
transcription from a minimal TATA-containing reporter plas-
mid (E1b TATA CAT) ~40 fold was included in transfection
mixtures, together with increasing amounts of Eve expression
vector (Act eve). Strikingly, strong repression, nearly to the
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FIG. 1. Eve can repress TBP-enhanced transcription in the absence of Eve-
binding sites. A 2-pg amount of the reporter plasmid E1b TATA CAT and the
indicated amounts of Eve expression plasmid Actflu eve were cotransfected into
Drosophila Schneider L2 cells with and without the TBP expression plasmid
Act-TBP. In this and all subsequent experiments, the total amount of expression
plasmid in each sample was adjusted to 1.8 ug by the addition of Act 5C PPA,
and 2 pg of an internal control plasmid, copia LTR-lacZ, which was not affected
by TBP overexpression was also included. The graph displays CAT activities
normalized via assays of B-galactosidase activity (see Materials and Methods).
The scale on the left presents values obtained in the presence of 0.2 pg of
Act-TBP (hatched bars), while that on the right gives values in the absence of
Act-TBP (black bars).

basal level, was detected despite the absence of Eve-binding
sites in the reporter plasmid. In contrast, and consistent with
previous experiments, Eve was found to have essentially no
effect on CAT expression in the absence of exogenous TBP
(Fig. 1). To ensure that this phenomenon was not unique to
Elb TATA CAT, we tested another promoter previously
shown to be responsive to elevated TBP concentrations, the
Drosophila metallothionein minimal promoter (met TATA
CAT [5]). TBP-enhanced expression from this promoter was
also found to be inhibited by Eve (~8 fold; results not shown),
while basal expression was not significantly affected (see be-
low).

The fact that Eve squelched TBP-enhanced but not basal
expression is consistent with the existence of an interaction
between Eve and the exogenous TBP. However, it was possible
that the effect was indirect and that Eve squelched by inter-
acting with some other general transcription factor. By this
model, basal transcription from E1b TATA CAT would have
escaped inhibition because it was so weak that there were
sufficient levels of the hypothetical target factor even after
squelching. To test this idea, we examined the effect of Eve
expression on the basal activities of several additional minimal

TABLE 1. Eve squelches only TBP-activated transcription®

R | " CAT activity Fold
eporter plasmi e
P P Act 5C PPA Actflu eve inhibition
copia CAT 30 33 0.91
met TATA CAT 35 2.8 1.3
hsp TATA CAT 350 220 1.6
Elb TATA CAT + Act-TBP 42 3.0 14

“ A 2-pg amount of each reporter plasmid was cotransfected with 0.8 pg of
Actflu eve or 0.8 pg of Act SC PPA, except for E1b TATA CAT, which was
cotransfected with 0.2 ug of Act-TBP plus 0.8 g of Actflu eve or 0.8 pg of Act
5C PPA. The CAT activities shown were determined as described in Materials
and Methods. Fold inhibition is the ratio between the CAT activity observed in
the presence of Actflu eve and the CAT activity observed in its absence.
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promoters lacking Eve-binding sites (Table 1). The strengths of
these promoters (as measured by CAT activities) varied by
100-fold, from activities that were approximately 10-fold lower
(met TATA CAT) to 10-fold higher (hsp TATA CAT) than
the activity of E1b TATA CAT in the presence of coexpressed
TBP. One of the promoters (copia CAT) was TATA lacking,
and the other two (met TATA CAT and hsp TATA CAT)
contained TATA boxes (all have been described previously
[5]). In each case, coexpression of Eve had at most a very
minor effect (maximum inhibition of 1.6-fold), which was less
by a factor of nearly 10 than the efficient inhibition of TBP-
enhanced expression (Table 1). These results indicate that Eve
does not squelch an essential endogenous basal factor and
support the idea that Eve interacts with transfected TBP.

Squelching requires a functional repression domain. If the
squelching that we observed was related to the DNA-binding-
site-dependent repression activity of Eve, then it should re-
quire the alanine- and proline-rich repression region that we
described previously (14). To test this, we analyzed the abilities
of a series of Eve derivatives to squelch TBP-enhanced expres-
sion. As shown previously (14), differences in protein accumu-
lation (measured by Western blotting) were minimal and could
not be responsible for differences in activity. The results, some
of which are illustrated in Fig. 2, reveal a pattern extremely
similar to that observed in our previous experiments. (To fa-
cilitate comparisons, relative repression values [from reference
14] are listed in parentheses at the bottom of the graph and
relative squelching values are given at the top.) Sequences
within the alanine- and proline-rich region encompassed by
Eve regions C and D (residues 140 to 247) were essential for
efficient squelching, and neither the alanine-rich C domain nor
the proline-rich D domain was sufficient (Fig. 2A). Regions
dispensable for repression, such as A, E, and F, were also
unnecessary for squelching. Further, we previously dissected
the C-D repression region and identified shorter derivatives
that retained full or partial repression activity, including a
minimal 57-residue sequence (C2D2) that contains the major-
ity of the alanine and proline residues, and retained nearly full
repression activity for both activated and basal expression (14,
15a). Figure 2B shows that these derivatives all had similar
activities in the squelching assay. For example, the Eve deriv-
ative containing the C2D2 region (Eve ABC2D2) was an ex-
tremely effective squelcher, while the protein containing the C
and D1 regions, which had weaker repression activity, likewise
showed somewhat weaker squelching activity.

We previously described a 29-residue artificial repression
region (FS1) that when fused to the Eve homeodomain im-
parted a high level of sequence-specific repression activity,
which was very similar to that observed with Eve itself (14).
However, a related derivative, FS2 (see Fig. 8 below for amino
acid sequences), was nearly inactive in repression. Figure 2B
shows that the two fusion proteins displayed very similar prop-
erties in the squelching assay; EveABFS1 was extremely effec-
tive in blocking TBP-mediated activation, while the FS2-con-
taining derivative was much less effective. Taken together,
these results provide evidence for a functional interaction be-
tween TBP and each of two repression regions shown previ-
ously to have the ability to act as direct repressors in vivo.

All but one of the proteins described above contained an
intact homeodomain. The derivative that we tested with a
lesion in this region (AbCDEF, which contains an in-frame
deletion that removes 25 residues) was inactive in squelching
(Fig. 2A), despite being stable and localized to the nucleus
(14). We believe that this reflects a role for the homeodomain
in the protein-protein interaction between TBP and the Eve
repression domain, a view supported by data presented below.
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FIG. 2. Eve alanine- and proline-rich regions are required for binding-site-
independent repression. The reporter plasmid E1b TATA CAT, Act-TBP, and
the indicated Eve expression plasmids were cotransfected into Schneider cells.
The scale on the left of each graph displays the actual, B-galactosidase-normal-
ized CAT activities. The numbers above each bar display relative CAT activities,
in which the value resulting from cotransfection of Act-TBP in the absence of any
Eve expression plasmids was taken as 100%. Corresponding binding-site-depen-
dent repression values, which are taken from reference 14, are shown in paren-
theses below each bar. (A) The repression domains C and D are necessary for
binding-site-independent repression of TBP-activated transcription. The dia-
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However, an alternative explanation was suggested by the re-
sults described by Ohkuma et al. (36), which showed that the
homeodomain protein Engrailed could repress transcription in
vitro by competition with TFIID for binding to the TATA box
(the homeodomain-binding site is A-T rich). If this were the
mechanism of squelching, then a prediction would be that Eve
should inhibit TATA-containing promoters in the absence of
TBP overexpression, and elevated levels of TBP would in fact
lessen the inhibition by altering the competition. However,
analysis of the effect of Eve expression on several TATA-
containing promoters lacking Eve-binding sites indicated that
Eve cannot compete with TFIID for the TATA box in vivo.
The activity of the very weak E1b TATA promoter was not
significantly affected by Eve in the absence of exogenously
expressed TBP (Fig. 1), while the stronger met TATA and hsp
TATA promoters were likewise only very slightly inhibited
(Table 1). These findings are not consistent with the idea that
squelching was due to competition for the TATA box.

Eve-binding sites increase repression of TBP-enhanced
transcription. During the course of the above experiments, we
observed that transcription squelched by Eve did not fall below
the basal level of expression observed in the absence of co-
transfected TBP (e.g., Fig. 1). However, our previous studies
indicated that in the presence of binding sites, Eve efficiently
repressed basal transcription (14). Therefore, we wished to
determine whether Eve-binding sites would allow more effi-
cient repression of TBP-enhanced transcription. To test this
directly, we compared the abilities of Eve to repress TBP-
enhanced expression from reporter plasmids that differed only
by the presence or absence of Eve-binding sites, and the results
are shown in Fig. 3. The results show that increasing concen-
trations of Eve effectively blocked TBP-enhanced expression
from the plasmid lacking Eve-binding sites but were unable to
reduce transcription below basal levels (which are displayed in
the leftmost columns). In contrast, in the presence of Eve-
binding sites, Eve not only inhibited TBP-enhanced transcrip-
tion more efficiently but also reduced expression to well below
basal levels. These results suggest that the interactions between
Eve and its target (i.e., TBP or TFIID) are more effective when
Eve is bound to upstream DNA than when it is not. A possible
mechanistic basis for this is discussed below.

Eve and TBP interact in a two-hybrid-type assay. As an
independent test that Eve and TBP interact in vivo, we em-
ployed a modification of the yeast two-hybrid assay (10; see
also reference 30). This involved cotransfection of Schneider
cells with appropriate expression plasmids plus a CAT reporter
plasmid. In a first experiment, we used two types of expression
plasmids (see Materials and Methods for details). The first
type encoded the yeast GAL4 DNA-binding domain, either
alone or fused to full-length TBP. The second type expressed
the VP16 activation domain, either alone or fused to the Eve
AB or ABCD regions. The latter plasmids also encoded an
influenza virus hemagglutinin epitope tag at the N termini of
the proteins. The reporter plasmid contained five GAL4-bind-
ing sites located upstream of a 23-bp fragment encompassing
the TdT initiator (Inr) element. An Inr was used to prevent
possible interactions between GAL4-TBP and a TATA box.
The rationale for the experiments was that an Eve-TBP inter-

gram at the top depicts the domains of full-length Eve, which were originally
defined by Han and Manley (14). Domain C is rich in alanine (46%), and domain
D is rich in proline (25%). (B) Minimal Eve repression domains also squelch
TBP-activated transcription in the absence of Eve-binding sites. The diagram at
the top of the panel depicts the subdivided repression region of Eve, also as
defined by Han and Manley (14).
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FIG. 3. Repression of TBP-enhanced transcription is more efficient from a
template containing Eve-binding sites. Act-TBP and increasing amounts of Act-
flu eve were cotransfected with E1b TATA CAT or NP6 Elb TATA CAT as
indicated. The reporter plasmids are diagrammed at the bottom of the figure.
The graph displays normalized CAT activities. The hatched bars denote results
from experiments with E1b TATA CAT, and the black bars indicate the results
with NP6 E1b TATA CAT.

action would bring the VP16 activation domain to the pro-
moter via the GAL4 DNA-binding domain, resulting in in-
creased CAT expression. A possible complication stemmed
from the fact that VP16 and TBP have been shown to interact
in vitro (e.g., see reference 45). However, controls with several
different VP16 derivatives failed to provide evidence for a
TBP-VP16 interaction in this assay (results not shown; see also
below).

The results of CAT assays from transfections with different
combinations of the plasmids described above are shown in
Fig. 4A. When transfected alone, all of the expression plasmids
but one had no significant effect on CAT activity. Somewhat
surprisingly, however, GAL4-TBP resulted in significant, con-
centration-dependent (not shown) increases in CAT expres-
sion. This was unexpected, because we had shown previously
that overexpression of TBP with an Inr plasmid similar to the
one used here repressed, rather than activated, transcription
(5). Activation by GAL4-TBP required the conserved C ter-
minus of TBP and not the N-terminal glutamine-rich region
(results not shown; see also below). When the GAL4-alone
expression plasmid was cotransfected with any one of the three
VP16 plasmids, no activation was detected. Likewise, cotrans-
fection of VP16 and GAL4-TBP plasmids did not enhance
expression above the value seen with GAL4-TBP alone. Co-
expression of Eve AB-VP16 with GAL4-TBP enhanced CAT
activity slightly, somewhat less than 2-fold. However, when Eve
ABCD-VP16 and GAL4-TBP were coexpressed, a significant
enhancement of ~5-fold was observed. Although modest, this
level of activation has been detected reproducibly and supports
the existence of an interaction between TBP and the Eve
repression domain. The higher activity observed with Eve
ABCD-VP16 relative to Eve AB-VP16 was not due to higher
protein accumulation. As determined by Western blotting (Fig.
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4C), the levels of ABCD-VP16 were in fact somewhat lower
than those of AB-VP16.

The above results encouraged us to investigate the behavior
of several GAL4-TBP mutant derivatives. One reason for do-
ing this was to identify possible TBP mutants that were unable
to bring about activation by themselves but which retained the
ability to interact with Eve and thereby to activate transcription
in the two-hybrid assay. This could conceivably lead to a higher
fold activation due to the reduced background from the GAL4-
TBP derivative alone and at the same time could allow us to
begin to define the region of TBP responsible for the interac-
tion with Eve. Figure 4B displays the results obtained with two
GALA4-TBP derivatives, GAL4-TBP(1-157) and GAL4-TBP(1-
282). The former consists of essentially only the species-spe-
cific N terminus of TBP, while the latter lacks ~70 C-terminal
residues. (Because both proteins were inactive by themselves,
a TATA-containing reporter plasmid and higher amounts of
expression vectors were used in the experiment illustrated in
Fig. 4B.) GAL4-TBP(1-157) failed to activate transcription
when cotransfected with expression vectors encoding any of
the three VP16 derivatives. GAL4-TBP(1-282) was also inac-
tive when expressed with either VP16 or Eve AB-VP16. In
contrast, coexpression of GAL4-TBP(1-282) and Eve ABCD-
VP16 resulted in an ~16-fold activation of CAT expression.
These results taken together provide strong evidence for an
interaction between residues in the conserved core of TBP and
the Eve repression domain.

TBP and Eve physically interact. The results described
above support the existence of a functionally relevant interac-
tion between Eve and TBP in vivo. To provide evidence that
this involves a direct, physical interaction between the two
proteins, we employed the GST fusion protein interaction as-
say. For this, we first constructed an in-frame fusion between
GST and a cDNA encoding full-length Drosophila TBP (dTBP
[Fig. 5]). GST-dTBP and GST were expressed in E. coli, puri-
fied (Fig. 5A), and immobilized on glutathione agarose beads.
[>*S]methionine-labeled Eve was produced by in vitro tran-
scription-translation, and aliquots were mixed with the appro-
priate beads (see Materials and Methods). After extensive
washing, proteins were eluted with buffer containing 20 mM
glutathione, resolved by SDS-PAGE, and subjected to fluorog-
raphy. The results (Fig. 5B) show that Eve did not bind de-
tectably either to the glutathione beads (mock) or to the beads
containing GST. Eve also did not bind to a GST-Drosophila
TFIIB (GST-dTFIIB) fusion protein (results not shown).
However, significant binding of Eve to GST-dTBP was de-
tected, supporting the existence of a specific interaction be-
tween the two proteins. Because both Eve and TBP are DNA-
binding proteins, it was important to show that the interaction
did not depend on contaminating DNA, which could conceiv-
ably tether the two proteins (24). This was tested by determin-
ing the effect of including ethidium bromide (EtBr) in the
binding buffer to disrupt possible DNA-protein interactions
(24). The results (Fig. 5B) indicate that EtBr not only did not
reduce the interaction but in fact increased binding to nearly
quantitative levels (~3-fold, as judged by phosphorImager
analysis). While we can currently only speculate on the signif-
icance of this enhancement (see Discussion), the results pro-
vide strong evidence that DNA is not necessary for the inter-
action between Eve and TBP.

A functional repression domain is required for TBP bind-
ing. We then wished to determine whether the Eve repression
domain is required for the interaction with TBP. For this, we
prepared a number of Eve derivatives labeled with [**S]methi-
onine by in vitro transcription-translation and determined their
ability to bind GST-dTBP (Fig. 6). Eve ABCD, which as de-
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FIG. 4. Eve and TBP interact in a two-hybrid assay. (A) GAL4-TBP and Eve
ABCD-VP16 interact to activate transcription in vivo. Act GAL4 or Act GAL4-
TBP plasmid (0.05 pg) and/or Actflu-VP16, Actflu eveAB-VP16, or Actflu eve-
ABCD-VP16 plasmid (2 pg) was cotransfected with the reporter plasmid G5 Inr
CAT, which is diagrammed at the bottom. The values shown are the normalized
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scribed above retains strong repression and squelching activity,
also retained the ability to interact with TBP (although binding
was slightly reduced relative to that of wild-type Eve [Fig. 6A]).
In contrast, binding was undetectable with variants lacking the
CD region. Figure 6A shows that Eve ABEF and ABF were
not retained on the GST-dTBP resin. Likewise, Eve AB, which
contains the homeodomain and Eve N terminus, was unable to
interact with GST-dTBP (see Fig. 8 below). These results in-
dicate that sequences contained within the CD region, which
includes residues essential for repression and squelching, are
also essential for binding TBP.

As described above for squelching and previously for repres-
sion (14), the CD region can be further subdivided to pro-
duce fragments that have various degrees of activity. Two
of these Eve derivatives, which both have very high repres-
sion and squelching activities, were produced by in vitro tran-
scription-translation, and the ability of each to bind GST-dTBP
was determined. The results (Fig. 6B) were again consistent
with those from the activity assays. Eve ABCD2 and ABC2D2
(recall that C2D2 is the minimally defined repression re-
gion) both bound GST-dTBP with efficiencies similar to that
of wild-type Eve, which correlates with their ability to func-
tion very effectively as repressors. Taken together, these re-
sults indicate that the region of Eve required for repression is
also required for binding TBP, and conversely that regions
dispensable for repression are also dispensable for TBP bind-
ing.

We also tested whether the CD region could by itself bind
GST-dTBP but were unable to detect an interaction (results
not shown). This suggests that the B domain (homeodomain)
is required along with the repression domain for TBP binding.
(The N-terminal A domain is not required; results not shown.)
Whether the homeodomain makes direct contacts with TBP or
functions indirectly, for example by stabilizing a specific con-
formation of the repression domain, is unclear. However, the
fact that the Eve-TBP interaction was resistant to EtBr indi-
cates that the role of the homeodomain is distinct from that of
DNA binding.

The conserved C-terminal core of TBP is sufficient for Eve
binding. The two-hybrid interaction assay described above sug-
gested that sequences within the evolutionarily conserved C-
terminal domain of TBP mediate the in vivo interaction be-
tween TBP and Eve. To determine whether this region of TBP
is also responsible for the in vitro interaction, we tested the
ability of several GST-TBP fusion proteins, which are dia-
grammed in Fig. 7A, to bind [**S]methionine-labeled Eve. The
proteins, purified from E. coli, are shown in Fig. 7B, and the
results of binding assays, performed as above, are shown in Fig.
7C. Deletion of the species-specific N-terminal region of TBP
(mutant A1-162) had no effect on binding, indicating that se-
quences within the C-terminal core were sufficient. We also
purified GST human and yeast TBP (hTBP and yTBP, respec-
tively) fusion proteins and found that Eve could bind to these
derivatives with efficiencies comparable to that of GST-dTBP
(Fig. 7C). Taken together, these results indicate that Eve rec-

CAT activities. (B) TBP C-terminal residues 158 to 282 are sufficient for inter-
action with the Eve repression domain. Act GAL4-TBP(1-157) or Act GAL4-
TBP(1-282) plasmid (0.5 pg) and/or Actflu-VP16, Actflu eveAB-VP16, or Actflu
eveABCD-VP16 (5 ng) was cotransfected with the reporter plasmid G5 Elb
TATA CAT, which is diagrammed at the bottom. (C) Accumulation of flu
Eve-VP16 fusion proteins. Whole-cell lysates were prepared from cells trans-
fected with Actflu eveAB-VP16 (lanes 1 and 3) or Actflu eveABCD-VP16 (lanes
2 and 4), plus (lanes 3 and 4) or minus (lanes 1 and 2) Act GAL4-TBP(1-282).
flu-Eve fusion proteins were detected by Western blotting. The sizes of protein
markers (in kilodaltons) are indicated on the left.
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FIG. 5. Eve interacts with immobilized dTBP. (A) Coomassie blue stain of an
SDS-polyacrylamide gel containing GST and GST-dTBP (2 pg) used in the
protein-protein association assay shown in panel B. The sizes of molecular mass
markers (in kilodaltons) are indicated on the right. (B) In vitro-translated Eve
binds to immobilized dTBP. In vitro-transcribed and translated *>S-labeled Eve
was incubated with either buffer plus glutathione-agarose beads (lane 2), or 2 ug
of GST (lane 3) or 2 pg of GST-dTBP (lanes 4 to 7) bound to glutathione-
agarose beads. The input lane (lane 1) was loaded with the amount of Eve used
in each of the binding reaction mixtures. The Eve-GST-dTBP complexes were
eluted with glutathione and analyzed by SDS-PAGE as described in Materials
and Methods. The reactions were done in the absence of EtBr (lanes 2 to 5) or
in the presence of EtBr at a concentration of 100 pg/ml (lane 6) or 400 pg/ml
(lane 7). The position of Eve in the gel is indicated. A schematic diagram of
GST-dTBP is also shown. The two imperfect direct repeats present in the C-
terminally conserved region of dTBP are represented by arrows.

ognizes a highly conserved sequence or structure in the C-
terminal region of TBP.

An artificial repression region also binds TBP. As described
above, the artificial repression region FS1 displays properties
very similar to those of the Eve repression domain. Therefore,
we wished to determine whether the 29-residue FS1 peptide
could mediate TBP binding in the context of the Eve ABFS1
protein. For this, [**S]methionine-labeled Eve ABFS1 was pro-
duced by in vitro transcription-translation as described above,
and its ability to bind immobilized GST or GST-dTBP was
determined. As shown in Fig. 8, Eve ABFS1 bound GST-dTBP
at least as well as wild-type Eve but did not bind at all to GST
alone. The FS1 region was essential for binding, since the Eve
AB region by itself was completely inactive.

As mentioned above, FS2 is a second artificial sequence that
is related to FS1 but is greatly reduced in both repression and
squelching activity. (The sequences of both FS1 and FS2 are
shown at the bottom of Fig. 8.) The existence of this related
pair of sequences allowed us to test further the correlation
between direct repression (or squelching) activity in vivo and
the ability to bind TBP in vitro. Therefore, Eve ABFS2 was
produced by in vitro transcription-translation, and its ability to
bind GST-dTBP was compared with that of Eve ABFS1. Ex-
tending the pattern observed above with different Eve deriva-
tives, ABFS2 bound GST-dTBP much less efficiently than did
ABFS1 (Fig. 8). In agreement with the ability of Eve ABFS2 to
mediate very weak repression (14), a very low level of binding
was observed. Taken together, our results show that two dif-
ferent repression regions can each mediate binding to TBP in
vitro and bring about squelching of TBP-enhanced transcrip-
tion in vivo.
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FIG. 6. The Eve repression domain is required for interaction with immobi-
lized dTBP. [**S]methionine-labeled Eve and the indicated derivatives were
produced by in vitro transcription-translation, and equal amounts (Input) of Eve
proteins were incubated with either 2 ug of GST or 2 pug of GST-dTBP linked to
glutathione-agarose beads. After extensive washing, the bound proteins were
eluted, resolved by electrophoresis, and visualized by fluorography as described
in the legend to Fig. 6. wt, wild type.

DISCUSSION

The data described above indicate that the Drosophila tran-
scriptional repressor Eve interacts directly with TBP. The
squelching and two-hybrid assays are indicative of an in vivo
interaction between Eve and TBP, with the relevance of this to
repression supported by the perfect correspondence between
the protein domains required for repression on the one hand
and for squelching and the two-hybrid interaction on the other.
Evidence that these in vivo interactions are reflective of a
direct association between the two proteins came from the in
vitro protein-binding assays, with the relevance to repression
again established by the requirement for a functional repres-
sion domain. Our data thus demonstrate that a sequence-
specific DNA-binding transcriptional repressor can interact
with a component of the basal transcription machinery. Our
findings also support the idea, which was previously suggested
by others (20), that the mechanisms employed by certain acti-
vators and repressors may be related.

Squelching by Eve was found to be specific for TBP-en-
hanced transcription. That is, basal expression from the same
minimal reporter plasmids in the absence of exogenously ex-
pressed TBP was essentially unaffected by Eve. Since TBP, or
TFIID, is required in both cases, why was only the former
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FIG. 7. Eve interacts with the conserved C-terminal core of TBP. Protein
binding assays were performed by using [>*S]methionine-labeled Eve and the
indicated GST-TBP fusion proteins. (A) Structures of GST-TBP fusion proteins.
Drosophila, human, and yeast GST-TBP constructs are shown. The two direct
repeats in the conserved C terminus of TBP are represented by arrows. Numbers
indicate amino acid residues. (B) Coomassie blue staining of a protein gel
containing 2 pg of GST-TBP fusion proteins used in protein binding assays
shown in panel C. (C) Binding of in vitro-translated 3*S-labeled Eve to GST-TBP
fusion proteins. In vitro-translated Eve was incubated with buffer (lane 2), GST
(lane 3), or the indicated GST-TBP fusion protein (lanes 4 to 8). The bound
proteins were eluted and analyzed by PAGE as described in the legend to Fig. 6.

subject to squelching? One possibility is that exogenously ex-
pressed TBP was not efficiently assembled into TFIID, and
free, or partially assembled, TBP is a better target for Eve than
is fully assembled TFIID. However, recent results indicate that
at least a fraction of TBP exogenously expressed in Schneider
cells is bound to TBP-associated factors (TAFs) (9), which is
consistent with data indicating that cotransfected TBP can
effectively cooperate with a number of different activators (e.g.,
see references 2, 5, 9, and 22). Presumably for such coopera-
tion, TBP must be incorporated into TFIID, since to date only
TFIID has been found capable of mediating activation in vitro
(e.g., see references 38 and 46). It is also possible that other
differences between endogenous and exogenous (i.e., newly
synthesized) TBP, for example subcellular localization and/or
association with other basal transcription factors, influence
their ability to interact with Eve. Perhaps there are changes in
the conformation of TFIID that occur during assembly of the
initiation complex, and only when Eve and endogenous TFIID
are both bound to DNA, which occurs in natural, DNA-bind-
ing-site-dependent repression, is the Eve-TBP interaction suf-
ficiently strong to block transcription. This idea is supported by
our finding that repression of TBP-enhanced transcription by
Eve from a reporter plasmid containing Eve-binding sites was
significantly more efficient than was squelching from the same
plasmid lacking binding sites.
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FIG. 8. Interaction of Eve derivatives FS1 and FS2 with immobilized dTBP.
The indicated Eve derivatives were produced by in vitro transcription-translation
as described above, and equal amounts were incubated with 2 ug of GST or 2 pg
of GST-dTBP bound to glutathione-agarose. Protein complexes were eluted and
analyzed as described in the legend to Fig. 6. The primary sequences of FS1 and
FS2 are shown at the bottom of the figure. The region that is identical in both
peptides is underlined. wt, wild type.

We previously showed that the Eve repression domain (CD)
was functional when fused to the heterologous GAL4 DNA-
binding domain (14), suggesting that the homeodomain is not
essential for repression activity. The experiments described
here, however, provide evidence that the homeodomain is nec-
essary for the interaction of Eve with TBP. One possible ex-
planation for this apparent discrepancy is that the role of the
homeodomain in the TBP interaction is relatively nonspecific
(e.g., to stabilize or solubilize the hydrophobic repression do-
main) and can be fulfilled by other sequences such as the
GAL4 DNA-binding domain. Another explanation derives
from the fact that GAL4-CD-mediated repression is relatively
weak (14), and more recent experiments have shown that some
promoters containing GAL4-binding sites cannot be repressed
by GALA4-CD, although they can be repressed by the homeo-
domain-containing GAL4-BCD derivative (unpublished data).
This suggests that the homeodomain can play a role in Eve
repression apart from DNA binding, which could, as our data
suggest, be to participate in the interaction with TBP.

Several other proteins that are able to influence transcrip-
tion negatively and to bind TBP have been identified previ-
ously. Two, DR1 (16) and DR2 (or topoisomerase I [35]), were
characterized as activities in nuclear extracts that can repress
basal transcription in vitro. (Two activities with similar prop-
erties, NC1 and NC2, had been described previously [33, 34].)
These proteins appear likely to function as more general re-
pressors of transcription, since neither has specific DNA-bind-
ing activity. Nonetheless, certain properties of DR1 are note-
worthy in light of our studies of Eve. Like Eve, DR1 can inhibit
both basal and activated transcription. DR1 appears to do this
by binding TBP and preventing association with TFIIA and/or
TFIIB, which is certainly a plausible mechanism by which Eve
might function (see below). It is notable that DR1 contains an
alanine-rich region that shares some similarity with the repres-
sion region of Eve (16). Recent studies have shown that this
region is in fact required for repression, although TBP binding
appears to be mediated by a separate region (49). Finally, the
adenovirus E1A 128 and 13S proteins have been shown to have
the ability to repress the activity of a variety of enhancer
elements, perhaps through interactions with a common, basal
factor (reference 40 and references therein). Consistent with
the idea that this factor could be TBP, both E1A proteins have
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been found to interact in vitro with TBP (25), although the
relevance of this binding to enhancer repression is unknown.

As mentioned in the introduction, a number of sequence-
specific DNA-binding proteins that function as transcriptional
repressors have been identified, and several of these may have
features in common with Eve. Like Eve, the Drosophila Kriip-
pel protein contains an alanine-rich region that can function as
a repression domain (27). However, unlike Eve, Kriippel ap-
pears unable to repress transcription in an activator-indepen-
dent fashion, and it has been suggested that Kriippel may
function by a quenching mechanism involving interactions with
certain specific activators (28, 50). In addition, also unlike Eve,
Kriippel can, depending on its concentration in transfected
cells, be an activator as well as a repressor (42, 43). In mam-
malian systems, the v-erbA oncogene product, which is the
unliganded thyroid hormone receptor (TR), is a strong repres-
sor that has been well characterized. Initial experiments (8)
suggested that TR can function as a direct repressor (i.e.,
through interactions with basal factors), and this has more
recently been confirmed by in vitro transcription assays show-
ing that TR can prevent formation of productive preinitiation
complexes (11). Protein interaction assays revealed that TR
can bind TFIIB, and no interaction with TBP was detected.
One explanation for this difference between Eve and TR is
that, like activators, repressors can function in diverse ways
involving interactions with distinct general factors. However, it
is well established that TR can also function as a transcrip-
tional activator, and it is presently not known whether the
TR-TFIIB interaction is indeed relevant to repression. Re-
cently, the murine homeodomain protein Msx-1 was shown to
mediate repression via alanine-plus-proline-rich regions and to
interact with DNA-basal factor complexes in gel shift assays
(4). In both transfection and in vitro transcription assays, re-
pression was independent of Msx-1-binding sites on the DNA
template, suggesting a potentially important role for interac-
tions between Msx-1 and one of the basal factors, which our
data suggest could be TBP.

How might the Eve-TBP (or Eve FS1-TBP) interaction lead
to transcriptional repression? Although additional work is cer-
tainly required to answer this question, we suggest two possi-
bilities. First, Eve may function in a manner similar to that
suggested for DR1 (16). That is, Eve would interact with TBP
(TFIID) subsequent to DNA binding by both factors and by so
doing would interfere with binding of other general factors
such as TFIIA and/or TFIIB. A second model envisions that
Eve functions even earlier in preinitiation complex assembly,
by either blocking or destabilizing the interaction of TBP
(TFIID) with DNA. Our observation that addition of EtBr to
binding reaction mixtures enhanced the Eve-TBP interaction
can be taken as evidence in support of this; EtBr likely removes
contaminating E. coli DNA bound to the GST-dTBP protein,
and because this increases Eve binding, it could be that Eve
and DNA in essence compete for binding to TBP. If this is the
case, then an interesting question is whether Eve functions
solely by preventing TBP (TFIID) from binding DNA or
whether it might be able to displace TBP (TFIID) that is
already bound. Finally, although our data support the idea that
a TBP-Eve interaction is likely important for repression, they
do not address the question of whether it could be sufficient. If
current models for transcriptional activation provide a prece-
dent (for a review, see reference 48), then it could be that
multiple protein contacts with distinct factors will be required
for efficient repression. Some of these interactions may be
mediated by corepressors, such as the Groucho protein in D.
melanogaster (37). However, whatever the detailed mechanism,
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our studies indicate that the function of a direct repressor such
as Eve may involve an interaction with TBP.
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