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The PRDI-BF1/Blimp-1 protein is a transcriptional repressor required for normal B-cell differentiation, and it
has been implicated in the repression of b-interferon (IFN-b) and c-myc gene expression. Here, we show that
PRDI-BF1 represses transcription of the IFN-b promoter and of an artificial promoter through an active
repression mechanism. We also identified a minimal repression domain in PRDI-BF1 that is sufficient for
transcriptional repression when tethered to DNA as a Gal4 fusion protein. Remarkably, this repression
domain interacts specifically with hGrg, TLE1, and TLE2 proteins, all of which are members of the Groucho
family of transcriptional corepressors. In addition, the hGrg protein itself can function as a potent repressor
when tethered to DNA through the Gal4 DNA-binding domain. We also find that the amino-terminal
glutamine-rich domains of hGrg and TLE1 are sufficient to mediate dimerization of the two Groucho family
proteins. Proteins containing only this domain can function as a dominant-negative inhibitor of PRDI-BF1
repression, and can significantly increase the IFN-b promoter activity after virus induction. We conclude that
PRDI-BF1/Blimp-1 represses transcription by recruiting a complex of Groucho family proteins to DNA, and
suggest that such corepressor complexes are required for the postinduction repression of the IFN-b promoter.

[Key Words: PRDI-BF1 Blimp-1 protein; transcriptional repressor; B-cell differentiation; Groucho proteins;
IFN-b promoter]

Received October 2, 1998; accepted November 12, 1998.

b-Interferon (IFN-b) is not synthesized usually in normal
growing tissue cultures or in animals, but its production
is highly inducible by virus or double-stranded RNA (for
review, see DeMaeyer and DeMaeyer-Guignard 1988).
The level of IFN-b mRNA in human fibroblast cells
peaks ∼6–12 hr after induction and then decreases rap-
idly. This transient induction of the IFN-b gene is caused
by transcriptional activation followed by postinduction
repression of transcription (for review, see Maniatis et al.
1992). It has been shown that the postinduction shutoff
requires protein synthesis as well as the PRDI (positive
regulatory domain I) site within the IFN-b gene promoter
(Whittemore and Maniatis 1990a).

Two or more copies of the PRDI elements are tran-
siently virus-inducible and are turned off at the same
time as the intact IFN-b promoter (Whittemore and Ma-
niatis 1990a,b). The PRDI-BF1 protein, which was first
identified by virtue of its ability to bind to the PRDI site
(hence, the name PRDI-binding factor), can repress tran-
scription of the human IFN-b gene in cotransfection ex-
periments (Keller and Maniatis 1991). The PRDI-BF1

gene is virus-inducible, and the level of PRDI-BF1
mRNA is detectable 4 hr after virus induction. It in-
creases for the next 20 hr (Keller and Maniatis 1991). The
level of PRDI-BF1 mRNA reaches a maximum at a time
at which the IFN-b gene is turned off after virus induc-
tion. Thus, PRDI-BF1 is a postinduction repressor of the
IFN-b gene (Keller and Maniatis 1991).

The PRDI-BF1 gene also plays an essential role in the
differentiation of B cells into plasma cells (Turner et al.
1994). The PRDI-BF1 mouse homolog, also known as
B-lymphocyte induction maturation protein-1 (Blimp-1),
is specifically expressed late in B-cell differentiation and
continues to be expressed in plasma cells. Ectopic ex-
pression of Blimp-1 in a mature B-lymphoma cell line
results in phenotypic changes characteristic of B cells
that differentiate into plasma cells, including the induc-
tion of J-chain message and immunoglobulin secretion,
up-regulation of Syndecan-1, and an increase in cell size
and granularity (Turner et al. 1994). Interestingly, when
the Blimp-1 gene is expressed at earlier stages of B-cell
development, it induces apoptosis (Lin et al. 1997;
Messika et al. 1998). Thus, the mouse Blimp-1 gene
seems to act as a checkpoint gene in the course of B-cell
differentiation: It ensures that fully activated B cells pro-
ceed to the plasma cell stage and helps to eliminate the
immature and partially activated B cells (Messika et al.
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1998). The human PRDI-BF1 gene has likewise been im-
plicated as a regulator of B-cell differentiation, as dele-
tion of the PRDI-BF1 locus is found in several human
malignancies, particularly in B-cell non-Hodgkin lym-
phoma (B-NHL) (Mock et al. 1996).

At least one of the functions of PRDI-BF1/Blimp-1 in
B-cell differentiation appears to be repression of the c-
myc proto-oncogene (Turner et al. 1994; Lin et al. 1997).
The general function of the c-myc gene is to promote
cellular proliferation, thus preventing terminal differen-
tiation. In particular, the regulation of c-myc during B-
cell development correlates with transitions in B-cell dif-
ferentiation. Expression of c-myc is induced upon stimu-
lation by antigens and maintained at high levels in
proliferating cells, but is absent in quiescent or termi-
nally differentiated plasma cells (Hoffman-Liebermann
and Liebermann 1991; Melchers 1997). Therefore, it is
not surprising that deregulation of c-myc gene expres-
sion is a common feature of virtually all plasma cell
tumors and Burkitt lymphomas (Potter and Marcu 1997).
Thus, activation and repression of c-myc expression cor-
relates with B-cell proliferation and differentiation, re-
spectively.

Recently, Blimp-1 was shown to repress c-myc tran-
scription by binding to the plasma repression factor
(PRF) site located 290 bp upstream from the P1 transcrip-
tional start site of the c-myc gene (Kakkis and Calame
1987; Kakkis et al. 1989; Lin et al. 1997). This site is
identical to the previously identified PRDI-BF1 binding
site in the human IFN-b promoter (Keller and Maniatis
1991). At present, the mechanism of repression by PRDI-
BF1/Blimp-1 is not well understood. In the case of the
IFN-b promoter, PRDI-BF1 binds to a sequence that is
also recognized by members of the interferon regulatory
factor (IRF) family of transcriptional activators (Miya-
moto et al. 1988; Wathelet et al. 1998). Thus, PRDI-BF1
is thought to act at least in part by interfering with the
binding of critical activator proteins to the IFN-b en-
hancer (Keller and Maniatis 1991). In the case of the c-
myc promoter Blimp-1 does not prevent the binding of
an activator. Rather, Blimp-1 forms a stable complex
with the YY1 protein bound to an adjacent site (Kakkis
et al. 1989; Riggs et al. 1993; Lin et al. 1997). How this
interaction leads to repression is not understood.

Here, we investigate the mechanism of repression by
PRDI-BF1/Blimp-1 at the IFN-b promoter and a simple
promoter containing multiple binding sites for the PRDI-
BF1/Blimp-1 protein. Using PRDI-BF1 deletions and
Gal4 hybrid proteins we show that a 58-amino acid se-
quence in PRDI-BF1 is both necessary and sufficient for
PRDI-BF1-mediated repression. This repression domain
interacts specifically with hGrg and other members of
the Groucho family of transcriptional corepressors. Fur-
thermore, we show that hGrg functions as a potent re-
pressor when fused to the Gal4 DNA-binding domain,
and that the conserved Q domain in the Groucho pro-
teins can act as a dominant-negative mutant and relieve
the PRDI-BF1 repression in cultured cells. Remarkably,
the hGrg dominant-negative mutant can delay the
postinduction repression of IFN-b transcription signifi-

cantly. Based on these observations, we propose that
PRDI-BF1/Blimp-1 represses transcription by recruiting
the Groucho family corepressors to adjacent promoters.

Results

PRDI-BF1 is a long-range repressor

Previous experiments showed that PRDI-BF1 can repress
IFN-b promoter activity in cotransfection experiments.
The mechanism for this repression was thought to be
steric hindrance, because the PRDI site is also recog-
nized by activator proteins that play critical roles in the
activation phase of the IFN-b expression and it is con-
ceivable that the binding of PRDI-BF1 to this site can
displace activators. This model, however, has not been
tested directly.

PRDI-BF1 is a 789-amino-acid protein bearing five car-
boxy-terminal zinc finger DNA-binding motifs (Keller
and Maniatis 1991). The carboxy-terminal domain of
PRDI-BF1, including the zinc finger motifs, is sufficient
for specific DNA binding (Keller and Maniatis 1991). If
PRDI-BF1 represses transcription through steric hin-
drance, the carboxy-terminal DNA-binding domain of
PRDI-BF1 should be sufficient for repression. This pos-
sibility was tested by carrying out cotransfection experi-
ments in HeLa cells. The PRDI-BF1 full-length cDNA or
a carboxy-terminal truncation of PRDI-BF1 that retains
the DNA-binding domain was cloned into a mammalian
expression vector (pcDNA3, Invitrogen) and then co-
transfected with a reporter plasmid containing the intact
IFN-b promoter driving the expression of the bacterial
chloramphenicol acetyltransferase (CAT) gene (Fig. 1A).
As a control, the mammalian expression vector lacking
the PRDI-BF1 insert was cotransfected with the reporter
gene. Consistent with the previous results, expression of
the full-length PRDI-BF1 gene resulted in a dramatic in-
hibition of the IFN-b promoter activity both before and
after virus induction. Surprisingly, expression of the car-
boxy-terminal DNA-binding domain of PRDI-BF1 failed
to repress the activity of the reporter. Rather, it elevated
the level of the IFN-b promoter activity to >threefold
before virus induction, and also slightly increased the
virus-induced level of transcription. Thus, the DNA-
binding domain of PRDI-BF1 is not sufficient for the re-
pression, suggesting that the PRDI-BF1 repression is not
mediated through a steric hindrance.

The above result implies that PRDI-BF1 is an active
repressor that can repress transcription on its own, prob-
ably by recruiting corepressor proteins through its
amino-terminal region. If this is true, one would expect
that PRDI-BF1 may repress transcription regardless of
the distance between the core promoter and the PRDI-
BF1-binding site. To determine whether PRDI-BF1 could
function at a distance from the promoter, HeLa cells
were transfected with a plasmid expressing full-length
PRDI-BF1 along with three different reporter plasmids.
The control reporter pBLCAT2 contains the herpes sim-
plex virus thymidine kinase (tk) promoter driving the
expression of CAT gene. The second reporter contains
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four copies of the PRF element from the mouse c-myc
gene inserted upstream of the herpes virus tk promoter.
The third reporter contains a 1.1-kb insert of l DNA
between the four PRF sites and the promoter. Sequence
analysis verified that the l DNA insert does not contain
a fortuitous PRDI-BF1-binding site.

As shown in Figure 1B, PRDI-BF1 repressed transcrip-
tion regardless of the distance of the PRF sites from the
promoter. This result confirms that PRDI-BF1 is an ac-
tive repressor, and suggests that its amino-terminal re-
gion contains a repression domain that is necessary and
sufficient for repression.

Identification and characterization of a PRDI-BF1
repression domain

To identify the repression domain of PRDI-BF1, system-
atic amino-terminal truncations of the protein were con-
structed and overexpressed in HeLa cells along with a
reporter bearing four PRF sites (Fig. 1B). Successive trun-
cations of ∼65 amino acids were constructed and tested.
The first two truncations, PRDI-BF1(269–789) and (331–
789), exhibited >threefold repression of the reporter gene,
which is comparable to the repression by the full-length
PRDI-BF1 protein. By contrast, subsequent truncations
actually exhibited 1.5- to 2-fold activation (Fig. 1C).
Western blotting assays were performed to confirm that

each construct was expressed at the same level (data not
shown). Thus, the region of PRDI-BF1 between 331 and
398 amino acids is necessary for transcriptional repres-
sion. Remarkably, the corresponding sequence in the
mouse Blimp-1 gene was shown recently to be required
for the induction of apoptosis in immature B cells by
Blimp-1 (Messika et al. 1998). Thus, PRDI-BF1/Blimp-1
protein appears to induce apoptosis by repressing tran-
scription of genes required for protection of cells from
programmed cell death.

To test whether the repression domain of PRDI-BF1 is
sufficient to repress transcription, this sequence and the
adjacent 30-amino-acid residues (331–429) were fused to
a Gal4 DNA-binding domain. As shown in Figure 2A,
this fusion protein was capable of repressing the expres-
sion of a reporter containing five Gal4-binding sites up-
stream of the tk promoter which drives the expression of
the CAT gene (G5BLCAT2; Fig. 2A). Thus, the PRDI-BF1
repression domain is sufficient for transcriptional repres-
sion.

To further localize the PRDI-BF1 repression domain,
various amino- and carboxy-terminal truncation mu-
tants were fused to the Gal4 DNA-binding domain.
When these PRDI-BF1 constructs were transfected into
HeLa cells, between two- and fivefold repression was ob-
served for all of the constructs, with the exception of
PRDI-BF1(398–429), which activated transcription by al-

Figure 1. PRDI-BF1 is an active repressor. (A) PRDI-BF1 represses
transcription from the natural IFN-b promoter, and this repression
requires the amino terminus of the protein. The histogram shows the
CAT activity produced in HeLa cells transfected with 5 µg of the
reporter gene containing the −110 IFN-b promoter fused to the CAT
gene, cotransfected with 1 µg of the indicated expression vector, 4 µg
of the pcDNA3 vector, and 2 µg of pCMV–lacZ. The cells were either
untreated (dark bars) or infected with Sendai virus (open bars) 24 hr
after transfection, and harvested 16 hr later. (Control) pcDNA3 vec-
tor. CAT activities in this and the following experiments are nor-
malized to the activity of the cotransfected pCMV–lacZ gene. (B)
PRDI-BF1 represses transcription of the tk promoter when bound to
sites located 1000 nucleotides from the start site of transcription.
HeLa cells were transfected with 2 µg of pCMV–lacZ control plas-
mid, 6 µg of pXM, 3 µg of reporter, and 1 µg of effector pcDNA3 (−)
or pcDNA3–PRDI-BF1 (+). The control reporter BLCAT2 contains a
fragment (−109 to +55 bp) of the herpes simplex virus tk promoter
driving the expression of the bacterial CAT gene. The 4×PRF reporter
contains four copies of the PRF element inserted adjacent to the tk
promoter. In the case of the 4×PRF + 1.1-kb reporter a 1.1-kb lDNA
fragment was inserted between the tk promoter and the PRF ele-
ments. The data shown are representative of three independent as-
says. For each reporter, the CAT activity for PRDI-BF1 was normal-
ized to that of the negative control pcDNA3. (C) Amino acids 331–
398 of PRDI-BF1 functions as a transcriptional repression domain.
The PRDI-BF1 sequences tested in each assay are illustrated at left.
Horizontal lines represent PRDI-BF1 sequences of the full-length
protein and various deletion mutants as illustrated. Shaded boxes
denote the zinc finger DNA-binding domains of PRDI-BF1. PRDI-
BF1 constructs (1 µg of each) were transfected into HeLa cells with
the same control reporter and PRF-containing reporter (4×PRF) as in

B. The data shown are representative of three independent assays, and the CAT activity for all PRDI-BF1 constructs was normalized
by the CAT activity of the cells transfected with the control pcDNA3–Flag vector and the respective reporter BLCAT2 (dark bars) or
4×PRF–BLCAT2 (open bars).
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most fivefold above the control vector (Fig. 2A). This
observation suggests that there is an activation domain
in the region from amino acids 398–429 in PRDI-BF1
that is not detected when the repression domain is also
present. Although the minimal sequence required to ob-
serve repression lies between amino acids 365 and 398,
the minimal sequence required for maximal repression
lies between amino acids 331 and 429 (Fig. 2A).

We note that the extended repression domain of PRDI-
BF1 contains two proline-rich sequences, PRI and PRII,
that are highly conserved between PRDI-BF1 and its mu-
rine homolog Blimp-1 (Fig. 2B). Similar proline-rich re-
gions have been identified in the Wilm’s tumor protein

(WT1), which also functions as a transcriptional repres-
sor (Fig. 2C). The proline-rich region between amino ac-
ids 13–34 of WT1 lies outside of a minimal 40-amino
acid repression domain, but the proline-rich region is
required for maximal repression in vivo (Madden et al.
1991; Wang et al. 1995). Although a proline-rich region is
shared by many transcriptional repressors, the func-
tional significance of the sequence is not understood
(Hanna-Rose and Hansen 1996).

PRDI-BF1 interacts with the human
Groucho-related gene

Previously characterized long-range repressors have been
shown to function through recruitment of corepressor
proteins (Gray and Levine 1996). We therefore carried
out a yeast two-hybrid screen with the repression do-
main of PRDI-BF1 (amino acids 331–429) as bait in an
effort to identify a potential corepressor protein. A plas-
mid library of fusions between a transcriptional activa-
tion domain and cDNAs from human bone marrow cells
(Clontech) was used as prey in the two-hybrid screen.
Five positive clones were isolated and all were found to
correspond to the human Groucho-related gene (hGrg),
also named human amino-terminal enhancer of split
(hAES) (Mallo et al. 1993; Miyasaka et al. 1993). To dem-
onstrate that the two-hybrid PRDI-BF1/hGrg interaction
is specific, the hGrg plasmid was reintroduced into yeast
cells along with Gal4–PRDI-BF1 fusion constructs that
contain or lack the repression domain of PRDI-BF1.
Yeast cells containing hGrg and Gal4–PRDI-BF1(398–
429; lacking the repression domain) were unable to grow
in the selective medium, indicating that no interaction
between hGrg and the PRDI-BF1 fragment occurred. In
contrast, yeast transformed with Gal4–PRDI-BF1(331–
429) and hGrg grew in selective medium, and the colo-
nies were blue in the X-gal assay (data not shown).

To further investigate the interactions between hGrg
and PRDI-BF1 we performed in vitro protein–protein in-
teraction assays using GST fusion proteins. Various
PRDI-BF1 mutant proteins were synthesized and labeled
with [35S]methionine by in vitro transcription/transla-
tion, and incubated with a GST–hGrg fusion protein im-
mobilized on glutathione–agarose beads. Whereas the
full-length PRDI-BF1 protein, as well as truncations that
retain the repression domain of PRDI-BF1, interacted
with GST–hGrg, truncation mutants in which the re-
pression domain was deleted failed to interact (Fig. 3).
Thus, the PRDI-BF1/hGrg interaction requires the re-
pression domain of PRDI-BF1.

The hGrg protein encodes a 197-amino-acid nuclear
protein that belongs to a family of highly conserved pro-
teins named for one of its members, the Drosophila
Groucho protein (Hartley et al. 1988). The Groucho fam-
ily includes three types of proteins (for review, see Fisher
and Caudy 1998). The larger proteins such as Groucho
and its mammalian homologs, the TLE proteins [trans-
ducin-like enhancer of split (TLE1-3)], share five domain
structures: the amino-terminal Q domain that is gluta-
mine-rich, the GP domain that is rich in glycine and

Figure 2. The PRDI-BF1 repression domain functions when
fused to the Gal4-DNA-binding domain. (A) The ability of vari-
ous Gal4–PRDI-BF1 fusion proteins to repress transcription was
tested with a reporter that bears five Gal4 DNA-binding sites
upstream of the tk promoter (G5BLCAT2). The BLCAT2 (see
Fig. 1B) reporter was used as a control. Horizontal lines repre-
sent various PRDI-BF1 amino- and carboxy-terminal trunca-
tions cloned into the pBXG expression vector, which contains a
DNA sequence encoding the Gal4 DNA-binding domain,
Gal4(1–147) (boxed). PRDI-BF1 constructs (1 µg) were trans-
fected into HeLa cells with either the control reporter BLCAT2
(dark bars) or G5BLCAT2 (open bars). The data shown are rep-
resentative of three independent assays, and the CAT activities
for all Gal4–PRDI-BF1 constructs were normalized by the CAT
activity of the cells transfected with the control vector pECE
and the respective reporter G5BLCAT2 or BLCAT2. (B) The
sequence of a portion of the repression domain in PRDI-BF1.
The sequence of the homologous region in Blimp-1 is also
shown. The amino acid residues shared by the two proteins are
listed between the two sequences. Two stretches of proline-rich
regions, PRI and PRII, are indicated by brackets. (C) The proline-
rich region of PRDI-BF1 is compared to similar region in WT1.
Residues shared by PRDI-BF1 and WT1 protein are listed be-
tween the two sequences.
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proline residues, a CcN domain that includes a casein
kinase II site/cdc2 kinase site/nuclear localization se-
quence motif, an SP domain that is rich in serine and
proline residues, and carboxy-terminal WD-40 repeats
(Stifani et al. 1992) (Fig. 4A). Three of these domains, the
Q, CcN, and WD-40 domains, are the most highly con-
served. A shorter protein, the human TLE4, contains all
the domains except for the amino-terminal Q domain.
The shortest proteins in the Groucho family, including
hGrg and its murine homolog mGrg, share only the first
two regions from the amino terminus (Mallo et al. 1993).
Significant homology is observed in the Q domain be-
tween hGrg and other Groucho proteins except for TLE4
(Fig. 4B). This region has been shown to participate in the
dimerization of Groucho family proteins (Pinto and Lobe
1996).

PRDI-BF1 interacts with the Q domain of Groucho
family proteins

Based on the extensive homology shared by hGrg and
other members of the Groucho family (except for TLE4),
it is likely that PRDI-BF1 also interacts with other
Groucho proteins, such as TLE1 and TLE2. To test this
hypothesis, GST pull-down assays were carried out. The
amino-terminal 269 amino acid residues of TLE1 and
315 amino acid residues of TLE2 were used to create
GST fusion proteins (Fig. 5A). Labeled PRDI-BF1 pro-
teins with truncations in the amino or caboxy terminus
were incubated with the GST–TLE1 and GST–TLE2 pro-
teins immobilized on glutathione–agarose beads. Figure
5, B and D, shows that both TLE1 and TLE2 interacted
specifically with the PRDI-BF1 truncations containing
the repression domain, whereas no protein–protein in-
teractions were detected between TLE proteins and
PRDI-BF1 truncations lacking the repression domain.
The GST protein was used in parallel as a negative con-
trol and did not interact with any of the PRDI-BF1 pro-

Figure 4. Organization of Groucho family
proteins. (A) Domain structures of three
forms of the Groucho family proteins. The
Q domain is rich in glutamine. The GP do-
main is proline- and glycine-rich. The CcN
domain contains target sites for casein ki-
nase II and cdc2 kinase, and a nuclear local-
ization signal. The SP domain is rich in ser-
ine and proline. The carboxy-terminal do-
main contains four WD-40 repeats. Among
these, the Q domain, the CcN domain, and
the WD-40 domain are the most conserved.
(B) An amino acid sequence alignment of
the hGrg, TLE1, TLE2, and Groucho pro-
teins. The entire lengths of hGrg and the
amino-terminal 200 amino acids of proteins
are shown. Identical residues to hGrg
shared by any of the three other proteins are
marked by black boxes, and the similar
amino acids marked by shaded boxes. Dots
denote the alignment gaps.

Figure 3. The PRDI-BF1 protein interacts specifically with the
human Groucho-related protein (hGrg) in vitro. (A) Radiola-
beled PRDI-BF1 full-length protein or various truncations of
PRDI-BF1 were incubated with GST–hGrg protein immobilized
on agarose beads. After washing the beads, the bound PRDI-BF1
proteins and one-fifth of the input were analyzed on a 10%
SDS–polyacyrlamide gel and visualized by autoradiography.
The protein size marker (in kD) is shown at left. (B) Correlation
between the repressive function of various PRDI-BF1 trunca-
tions and their interaction with GST–hGrg protein is shown. (−)
Lack of repression or protein–protein interactions; (+) presence
of repressive activity or protein–protein interactions; (n.a.) re-
pressive function was not studied.
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teins. These findings therefore confirm that PRDI-BF1
can associate in vitro with TLE1 and TLE2.

The Q domain is the most homologous region shared
by all three PRDI-BF1 interacting proteins, and may
therefore mediate TLE/PRDI-BF1 interactions. To test
this possibility, truncations of hGrg and TLE1 contain-
ing only the Q domain were fused to the GST protein,
and incubated with the in vitro-labeled PRDI-BF1 pro-
teins (Fig. 5A). Consistent with our prediction, these
GST fusion proteins interacted with the PRDI-BF1 trun-
cation that retains the repression domain, that is, PRDI-
BF1(331–789), but not with the one that lacks the repres-
sion domain, that is, PRDI-BF1(398–789) (Fig. 5C).

Transcription repression by DNA-bound hGrg
and TLE1 proteins

Many members of the Groucho family can function as

corepressors. For example, genetic experiments showed
that the Groucho protein is required for Hairy-mediated
repression during Drosophila embryonic segmentation
(Paroush et al. 1994). The Groucho protein can interact
directly with a conserved WRPW motif in the Hairy pro-
tein, and this protein–protein interaction is important
for the function of Hairy as a repressor in vivo (Jimenez
et al. 1997). Groucho and TLE proteins do not have a
recognizable DNA-binding domain, but they can repress
transcription directly if tethered to DNA through a Gal4
DNA-binding domain, and the region in Groucho that is
sufficient to mediate repression has been localized to its
amino-terminal 269 amino acids (Fisher et al. 1996).
However, it is not known whether the short form of
Groucho proteins, that is, hGrg and its murine homolog
mGrg, can function as transcriptional corepressors.

To test this possibility, and to further delineate the
region in TLE1 that is necessary for repression, full-
length hGrg, full-length TLE1, and truncations of hGrg
and TLE1 were fused to the Gal4 DNA-binding domain
(Fig. 6A). When these constructs were overexpressed in
HeLa cells along with the reporter G5BLCAT2, strong

Figure 5. Groucho family proteins interact with each other
and with PRDI-BF1. (A) Diagram of the GST/hGrg, GST/TLE1,
and GST/TLE2 fusion constructs used in B–D. The GST do-
main was fused to various fragments of Groucho proteins, with
the numbers indicating the starting and ending amino acids.
(B,D) Groucho family proteins TLE1 and TLE2 bind to the re-
pression domain of PRDI-BF1 in vitro. (C) The Q domain of
hGrg and TLE1 is sufficient to bind to PRDI-BF1. PRDI-BF1
truncations (lanes 1–22) were translated and radiolabeled in
vitro, and incubated with immobilized GST fusion proteins or
GST protein, as indicated at the top. After the beads were
washed, one-fifth of the input (top) and bound proteins were
analyzed on a 10% SDS–polyacrylamide gel and visualized by
autoradiography. The protein size marker (in kD) is listed at left.
The abnormality of PRDI-BF1(331–789) migration in lane 3 is
probably caused by the comigrating GST/TLE2(N) protein,
which has a similar molecular weight.

Figure 6. Repression by hGrg and TLE1 proteins fused to the
Gal4 DNA-binding domain. (A) Diagram of the Gal4/hGrg and
Gal4/TLE1 fusion constructs. (B,C) The full-length hGrg and
the amino-terminal Q domains of TLE1 are sufficient for tran-
scriptional repression. HeLa cell transfections similar to those
in Fig. 2A were carried out with 0.1 µg of a control vector (pECE)
or the indicated Gal4 fusion expression vector, along with a
reporter G5BLCAT2 (B) or BLCAT2 (C). Relative CAT activities
of the transfections are compared in the histogram.
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inhibition was observed with the full-length hGrg fusion
construct and all the TLE1 fusion constructs (Fig. 6B).
Thus, the full-length hGrg can function as a potent re-
pressor when tethered to DNA, and the amino-terminal
135 amino acids, i.e., the Q domain, are sufficient for
TLE1-mediated repression. These observations are con-
sistent with the hypothesis that the Groucho family pro-
teins are part of a corepressor complex, that can mediate
transcriptional repression when tethered to the pro-
moter. The fact that the Q domain also functions to re-
press transcription as a Gal4 fusion protein suggests that
this domain can dimerize with the endogenous Groucho
family proteins and recruit a corepressor complex to the
promoter.

Given the extensive homology shared by hGrg and
TLE1 in their Q domain (see Fig. 4B), it is surprising to
find that the hGrg truncation containing amino acids
1–130 does not repress transcription to the same extent
as the TLE1 amino-terminal truncation when fused to
the Gal4 DNA-binding domain. This might be caused by
the 4-amino-acid region at the carboxyl terminus of the
Q domain, which is missing in the hGrg truncation but
present in the TLE1 truncation. Alternatively, this phe-
nomenon could be explained by a nonspecific activation
effect of this particular Gal4–hGrg fusion protein, as it
also appeared to activate the reporter that does not have
the Gal4-binding sites (Fig. 6C).

The Groucho family proteins dimerize
through the amino-terminal Q domain

We have performed a secondary-structure prediction
analysis of the entire hGrg protein using the PHD server,
which predicts protein secondary structure based on in-
formation about evolutionary conservation derived from
multiple sequence alignments (Rost et al. 1994). We
found that the Q domain is predicted to have two a he-
lical structures, one located between amino acids 25 and
69, and the other from amino acid 73 to 135 (Fig. 7A).
The first a helix is likely to be involved in the formation
of a coiled–coil structure, as predicted by the PairCoil
program, which uses an algorithm based on pairwise
residue correlation (Berger et al. 1995). The sequence
from amino acids 30–59 scored a probability of 0.628,
with the cutoff for scoring a coiled coil being 0.50. Fur-
ther analysis with the MultiCoil program shows that
this region is more likely to form three-stranded coils
than two-stranded coils (Wolf et al. 1997). Thus, the
hGrg protein very likely forms oligomers through its Q
domain.

Consistent with this possibility, the Q domain of the
mouse Grg proteins was shown previously to mediate
the formation of homo- and heterodimers (Pinto and
Lobe 1996). However, neither the first nor the second a
helix alone was sufficient for dimerization, and the mini-
mal region for optimal dimerization includes amino ac-
ids 1–162 (Pinto and Lobe 1996). Based on this result, and
the results of the secondary structure prediction for
hGrg, we speculate that the two a helices cooperate with
each other to mediate optimal oligomerization, and thus

the carboxy-terminal boundary of the minimal dimeriza-
tion domain should be around amino acid 130.

To test this hypothesis, GST fusion proteins that con-
tain the amino-terminal 130 amino acids of hGrg or the
amino-terminal 135 amino acids of TLE1 were mixed
with the in vitro-translated and radiolabeled full-length
hGrg protein or the truncated TLE1 protein containing
amino acids 1–436 (Fig. 7B). Both GST fusion proteins
bound to either hGrg or TLE1 proteins, indicating that
the Q domain is sufficient to promote homo- and het-
erodimerization of the Groucho family proteins (Fig
7C,D).

Truncations of hGrg and TLE1 protein relieve
PRDI-BF1 repression

Previous studies suggested that Groucho and TLE pro-
teins form large multiprotein complexes in cells (Pala-
parti et al. 1997). Although the exact composition of
these complexes is unclear, there is evidence suggesting
that they may contain multimeric forms of Groucho or
TLEs (Palaparti et al. 1997). Because the amino-terminal
Q domain in hGrg and TLE1 is the minimal region that
is sufficient for dimerization between these proteins,
truncations containing only this domain may exhibit

Figure 7. The Q domains of hGrg and TLE1 are sufficient for
dimerization. (A) A secondary structure prediction of the entire
hGrg sequence using the PHD server. Below the amino acid
sequence is the PHD secondary prediction for each residue. (E)
Residues likely involved in extended structure (strand); (H) resi-
dues involved in forming helix structure; (blank spaces) residues
likely to form loop structure or unpredictable. (B) Diagram of
the GST–hGrg(N) and GST–TLE1(N2) fusion constructs used in
C and D. (C,D) The Q domains of hGrg and TLE1 are sufficient
to mediate homo- and heterodimerization. hGrg protein (lanes
1–4) or TLE1 truncations (lanes 5–8) were translated and radio-
labeled in vitro, and incubated with immobilized GST–hGrg(N),
GST–TLE1(N2) or GST protein, as indicated at the top. After the
beads were washed, one-fifth of the input (top) and bound pro-
teins were analyzed on a 10% SDS–polyacrylamide gel and vi-
sualized by autoradiography. The protein size marker (in kD) is
listed at left.
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dominant-negative effect in vivo, because they can
dimerize with the endogenous hGrg or TLE proteins but
form nonfunctional multimers because of lack of other
domains in these hGrg or TLE1 truncations. We there-
fore made use of the hGrg and TLE1 truncations hGrg(1–
130) and TLE1(1–135), which contain only the amino-
terminal Q domain in each protein, to test their role in
the PRDI-BF1 repression in vivo. HeLa cells were trans-
fected with a CAT reporter plasmid that bears four PRF
sites along with a control vector or a PRDI-BF1-express-
ing plasmid (Fig. 8A). PRDI-BF1 exhibited a 13-fold re-
pression of the reporter, and this repression was reduced
to only two- to threefold when the hGrg and TLE1 trun-
cations were also included in the transfection. In con-
trast, cotransfection of the full-length hGrg- or TLE1-
expressing plasmids did not affect the PRDI-BF1-depen-
dent repression. The failure to observe an augmentation
of PRDI-BF1 repression by overexpressing full-length
hGrg or TLE1 is most likely caused by the high level of
endogenous Groucho proteins in HeLa cells (Stifani et al.
1992). As a control, HeLa cells were also transfected with
a CAT reporter without PRF sites along with a control
vector or the same hGrg- or TLE1-expressing plasmids as
above (Fig. 8B). The hGrg or TLE1 truncations did not
affect the transcription of this reporter. The full-length
hGrg and TLE1, for unknown reasons, activated the lev-
els of reporter activity slightly. We conclude that the Q
domains of hGrg and TLE1 function as dominant-nega-
tive inhibitors of the PRDI-BF1 dependent repression in
HeLa cells. These observations provide additional evi-
dence that Groucho proteins are required for repression
by PRDI-BF1.

Dominant-negative hGrg mutants relieve
the postinduction repression of the IFN-b promoter

Previous studies showed that the human IFN-b promoter
is induced transiently by virus. Its mRNA level peaks at
∼6–12 hr after virus induction, then rapidly decreases
(Whittemore and Maniatis 1991a,b). The PRDI-BF1 pro-
tein has been implicated as a postinduction repressor of
the IFN-b gene because of its DNA-binding properties
and the fact that its virus-induced accumulation in cells
correlates with the shutoff of the IFN-b transcription
after virus induction (Keller and Maniatis 1991). To test
whether the PRDI-BF1 interactions with Groucho family
proteins play a role in the repression of the IFN-b pro-
moter after virus induction, we performed transient
transfection experiments. We constructed a reporter
gene in which the intact IFN-b promoter drives the se-
creted alkaline phosphotase (SEAP) gene, then cotrans-
fected this reporter with a mammalian expression vector
(pcDNA3) containing the dominant-negative hGrg mu-
tant, hGrg(1–130). As a control, the SEAP reporter gene
was cotransfected with the pcDNA3 vector. The cells
were infected by sendai virus 24 hr after transfection,
and the SEAP activity present in the cell culture medium
was measured at various time after infection. Because
SEAP protein is quite stable in the medium, the rate of
the accumulation of SEAP activity corresponds to the

promoter activity, assuming that the SEAP mRNA is
degraded rapidly.

As shown in Figure 8C, the reporter SEAP expression
was highly induced by virus, but was not detectable in
the mock induction. In the absence of hGrg(1-130), the
SEAP activity peaked at ∼9 hr after addition of virus,
then was maintained at a constant level, consistent with

Figure 8. The Q domains of hGrg and TLE1 act as dominant-
negative inhibitors of PRDI-BF1 repression. (A,B) Histograms
showing CAT activities produced in HeLa cells transfected with
a the reporter gene and various hGrg and TLE constructs. One
microgram of a control vector (pcDNA3) or a PRDI-BF1 full-
length expression vector was cotransfected as indicated by − or
+, respectively. One microgram of the expression plasmid con-
taining the Q domain of hGrg [hGrg (1–130)], the full-length
hGrg, the Q domain of TLE1 [TLE1(1–135)], or the full-length
TLE1 was cotransfected as indicated at the bottom of the graph.
(A) Reporter gene containing four tandem PRF sites upstream of
the tk promoter driving the CAT gene. (B) A control reporter
containing only the tk promoter driving the CAT gene. (C,D) A
dominant-negative inhibitor hGrg(1–130) relieves the postin-
duction repression of the IFN-b promoter. HeLa cells were
transfected with 5 µg of a reporter plasmid, indicated at the top,
cotransfected with 2 µg of a mammalian expression vector con-
taining [+hGrg(1–130); n] or lacking [−hGrg(1–130); m] the
hGrg(1–130) gene. Twenty-four hours after transfection, the
cells were either infected with Sendai virus or untreated (mock
induction, j), and SEAP activities in the culture medium were
measured at various times following virus infection. (C) Re-
porter containing the −110 IFN-b promoter driving the expres-
sion of the SEAP gene. (D) Reporter containing the herpes virus
SV40 promoter driving the SEAP gene (Clontech) (s) −hGrg.
The cells were untreated, and SEAP activities were measured at
the corresponding time points to those in C.
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the fact that the IFN-b promoter was shut off by this
time. However, in the presence of hGrg(1–130), the SEAP
activity did not plateau 9 hr after induction, but contin-
ued to increase over the next several hours. The rate of
SEAP accumulation did not drop until 20 hr after virus
induction. Thus, hGrg(1–130) dramatically delayed or
eliminated the postinduction shutoff of the IFN-b pro-
moter. As a control, hGrg(1–130) was cotransfected with
a reporter containing the SV40 promoter driving expres-
sion of the SEAP gene. Only slight activation of this
promoter by hGrg(1–130) was observed (Fig. 8D). These
results suggest that PRDI-BF1 and its association with
Groucho family corepressors play an important role in
the shutoff of the IFN-b transcription after virus induc-
tion.

Discussion

PRDI-BF1 represses transcription by recruiting
Groucho family proteins

Transcriptional repressors utilize a variety of mecha-
nisms to inhibit transcription and thereby regulate cel-
lular growth. In this study, we provide a number of lines
of evidence that the PRDI-BF1 repressor functions by
recruiting Groucho family corepressor proteins to DNA.
Our results indicate that PRDI-BF1 is a long-range re-
pressor, effectively mediating repression when its bind-
ing site is >1 kb upstream from the promoter. We have
mapped the repression domain of PRDI-BF1 to a minimal
58-amino-acid region that is sufficient to repress tran-
scription when fused to a Gal4 DNA-binding domain.
We also demonstrated that PRDI-BF1 interacts through
its repression domain specifically with proteins of the
Groucho family, in particular hGrg, TLE1, and TLE2.
These Groucho family proteins were shown to function
as repressors when fused to the Gal4 DNA-binding do-
main, and the amino-terminal dimerization domains of
hGrg and TLE1 act as dominant-negative inhibitors of
the PRDI-BF1 repression in HeLa cells. Taken together,
these observations provide strong evidence for the core-
pressor recruitment model of PRDI-BF1 repression.

One of the target genes for the PRDI-BF1 protein is the
human IFN-b promoter. PRDI-BF1 is thought to inhibit
the transcription of the promoter after virus induction,
thereby contributing to the transient expression profile
of the IFN-b (Keller and Maniatis 1991). Although previ-
ous studies were consistent with the conclusion that
PRDI-BF1 acts by a steric interference mechanism
(Keller and Maniatis 1991), we show here that PRDI-BF1
repression not only depends on the binding of PRDI-BF1
to the PRDI site of the IFN-b promoter, it also requires a
repression domain in the amino terminus of PRDI-BF1,
which recruits a corepressor complex containing the
Groucho family proteins. This repression domain, inter-
estingly, was discovered independently by Messika et al.
(1998) to be required for the ability of PRDI-BF1/Blimp-1
to induce apoptosis in immature B cells. We also find
that overexpression of the PRDI-BF1 protein in HeLa
cells is sufficient to cause cell death, and this phenom-

enon depends on the repression domain of PRDI-BF1 (B.
Ren, K. Chee, and T. Maniatis, unpubl.). Thus, PRDI-
BF1/Blimp-1 appears to repress transcription of genes
whose expression protects cells from undergoing apop-
tosis directly or indirectly.

It is highly possible that a corepressor-recruiting
mechanism is used by PRDI-BF1/Blimp-1 protein at its
other target genes, for example, the mouse c-myc pro-
moter. In this case, the Blimp-1 binding site is located
290 bp upstream of the P1 promoter of the c-myc gene.
Overexpression of Blimp-1 in a B-cell line causes repres-
sion of the c-myc gene transcription (Lin et al. 1997).
Based on the high homology between PRDI-BF1 and
Blimp-1 proteins, and the observation that PRDI-BF1 re-
presses transcription regardless of the distance between
its binding site and the promoter, we propose that
Blimp-1 represses the c-myc gene by recruiting the
Groucho family corepressors. Work is in progress to de-
termine whether the dominant-negative inhibitor
hGrg(1–130) can relieve the repression of c-myc gene
transcription by Blimp-1.

Mechanisms of Groucho family protein function

At present, relatively little is known about the mecha-
nisms by which Groucho family proteins function as eu-
karyotic corepressors (Fisher and Caudy 1998). Repres-
sors that functionally depend on Groucho proteins in-
clude the products of genes that participate in a number
of regulatory pathways. They include the Drosophila
Hairy-related proteins, Runt domain proteins, Engrailed,
Dorsal, and their mammalian homologs. These repres-
sors recruit the Groucho proteins through specific inter-
actions between their repression domains and various
regions of Groucho proteins.

The structural resemblance of Groucho and TLE pro-
teins to Tup1, a general transcription repressor in yeast,
suggests that the two proteins may function by similar
mechanisms (Keleher et al. 1992; Johnson 1995). Both
Groucho family proteins and Tup1 lack DNA-binding
domains and must therefore be recruited to DNA
through interactions with transcriptional regulators.
Tup1 and Groucho proteins share a conserved amino-
terminal glutamine-rich dimerization domain, a serine–
proline-rich central region, and carboxy-terminal tan-
dem WD-40 repeats (Williams and Trumbly 1990; Stifani
et al. 1992). The Tup1 protein, together with the Ssn6
protein, constitute a multimeric corepressor complex
that is recruited to many different promoters by specific
DNA-binding regulatory proteins (Keleher et al. 1992;
Komachi et al. 1994; Treitel and Carlson 1995; Tza-
marias and Struhl 1995; Varanasi et al. 1996). Tup1/Ssn6
complex mediates transcriptional repression through at
least two mechanisms. The findings that mutations in
Tup1 result in derepression and perturbation of nucleo-
some positioning on DNA, and that the repression do-
main of Tup1 directly interacts with the amino-terminal
tails of histones H3 and H4, suggest that the Tup1/Ssn6
complex interacts with nucleosomal histone proteins to
modulate chromatin structure (Cooper et al. 1994; Ed-
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mondson et al. 1996). Significantly, the Tup1–histone
interactions occur only with underacetylated histones
(Edmondson et al. 1996). Histone acetylation reduces the
net positive charge of the histones, presumably render-
ing them less effective in associating with negatively
charged DNA to form an ordered chromatin structure
(Grunstein 1997). The Tup1/Ssn6 complex also appears
to function by interacting directly with components of
the general transcription machinery (Herschbach et al.
1994; Redd et al. 1997). In support of this model, dele-
tions or mutations in Srb10, Srb11, SIN4, and Rox3,
which are all associated with the yeast RNA polymerase
II holoenzyme, cause a partial loss of repression at Tup1-
dependent promoters (Chen et al. 1993; Wahi and
Johnson 1995; Kuchin and Carlson 1998).

Because of their structural and functional similarities
to Tup1 as transcriptional repressors, the Groucho fam-
ily proteins may mediate repression through similar
mechanisms. It has been shown that TLE proteins are
associated with chromatin in Jurkat cell extracts (Pala-
parti et al. 1997). In addition, TLE proteins can specifi-
cally interact with the amino-terminal tail of histone
H3, the same region shown to be important for the in-
teraction between yeast histone H3 and Tup1. Muta-
tions of the amino-terminal tail of yeast histone H3 were
shown to cause derepression of the a-type-specific genes
in a mating-type cells, as well as depression of the hap-
loid-specific genes in diploid cells (Edmondson et al.
1996; Huang et al. 1997). Thus, Groucho proteins may
regulate transcription by promoting formation of a re-
pressive chromatin configuration in the vicinity of their
target sites. Alternatively, it is also possible that they
contact components in the general transcription ma-
chinery directly and inhibit transcription.

Although previous studies have shown that Groucho
family proteins can form oligomers (Pinto and Lobe
1996), here we provide the first evidence that the mul-
timerization of Groucho family proteins is required for
their in vivo functions. A dominant-negative inhibitor,
the hGrg(1–130), retains the ability to dimerize with
other Groucho family proteins. However, because it
lacks other functional domains, it may form nonfunc-
tional complexes with the endogenous Groucho family
proteins, and thus disrupt the repression of IFN-b tran-
scription by PRDI-BF1.

Recent studies have identified a number of corepres-
sors that can function by histone deacetylation. These
include Sin3/mSin3, N-CoR, SMRT, and Rb, each re-
quired for transcription repression by a different set of
transcription factors (Weintraub et al. 1992, 1995; Ayer
et al. 1995; Downes et al. 1996; Zamir et al. 1996). All of
these proteins are associated in vivo with a protein com-
plex possessing histone deacetylase activity (DePinho
1998; Wolffe 1997), which are believed to alter chroma-
tin structure by removing the acetyl groups from amino
termini of core histones (Grunstein 1997). It remains to
be shown whether these histone–deacetylase-containing
complexes represent a group of transcriptional corepres-
sors that are distinct from the Groucho protein-contain-
ing complexes.

Groucho family proteins play important roles
in development

The Drosophila Groucho gene was first identified as a
component of the Notch signal transduction pathway,
which is critical for cell-fate determination in both in-
vertebrates and vertebrates (Hartley et al. 1988). Subse-
quently Groucho proteins were shown to function as co-
repressors for the Hairy family of bHLH transcription
factors, including Hairy, Deadpan, and the Enhancer of
Split (Esl), proteins that act in Drosophila embryonic
segmentation, sex determination, and neurogenesis, re-
spectively (Paroush et al. 1994; Jimenez et al. 1997).
Groucho is also required for the Drosophila dorsal–ven-
tral patterning, as it participates in the conversion of the
transcription activator dorsal to a repressor at the ventral
repression regions (VRRs) located in dorsal fate-deter-
mining genes, such as zerknullt (zen) and decapentaple-
gic (dpp) (Dubnicoff et al. 1997). In all of these cases,
direct protein–protein interactions were detected be-
tween the Groucho protein and the repressors. Groucho
binds to the WRPW motif that is shared by all the Hairy
family proteins, and this interaction is mediated by the
internal region of Groucho (Paroush et al. 1994; Fisher et
al. 1996). Groucho’s interaction with dorsal protein re-
quires the Rel homology domain. However, this interac-
tion is not likely to be sufficient for Groucho recruit-
ment in vivo, as the dorsal-mediated repression requires
additional repression elements in the proximity of the
dorsal-binding sites (Courey and Huang 1995; Dubnicoff
et al. 1997).

The role of Groucho as a transcription corepressor ap-
pears to be highly conserved in mammals. The mamma-
lian homologs of Groucho, including TLE1 and TLE2,
have been shown to interact with the mammalian Hairy-
related genes such as hairy-like enhancer of split-1 (HES-
1) through the WRPW motif (Fisher et al. 1996; Grbavec
and Stifani 1996). HES-1 and TLE genes are expressed in
overlapping tissues during development, suggesting
similar functions of the Groucho family proteins in Dro-
sophila and in mammals (Dehni et al. 1995).

The short form of Groucho proteins, that is, Grg has
thus far been found only in humans, mice, and rats. Ex-
pression of the mouse Grg protein is ubiquitous in em-
bryos after gestation, and is widespread in adults (Mallo
et al. 1993). The function of the mouse Grg protein was
studied by gene knockout experiments (Mallo et al.
1995). Mice homozygous for a Grg null mutation are
viable and appear normal upon birth, but later exhibit
various degrees of growth deficiency. The cause of this
growth retardation phenotype is not clear. However, it is
also possible that phenotypic consequence of the Grg
null mutation may be complemented by TLE proteins,
which have widespread expression patterns in both em-
bryos and adults (Stifani et al. 1992; Miyasaka et al. 1993;
Dehni et al. 1995).

Materials and methods

Plasmid construction

To construct the reporter plasmid 4×PRF BLCAT2, a double-
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stranded PRF oligonucleotide was synthesized (58-CTAGCGTA-
CAGAAAGGGAAAGGA-38) and (58-CTAGTCCTTTCCCTTT-
CTGTACG-38), self-ligated, digested with NheI and SpeI (New En-
gland Biolabs), and the products were separated by gel electro-
phoresis. A 100-bp DNA fragment was cloned into the XbaI site
of the vector BLCAT2. The reporter 4×PRF l1.1 BLCAT2 was
constructed by inserting a 1.1-kb fragment of the BamHI/BglII
digestion product of the l phage DNA (Promega) into the
BamHI site in the 4×PRF BLCAT vector.

For the construction of most PRDI-BF1 mammalian expres-
sion vectors, DNA fragments were obtained by PCR amplifica-
tion using appropriate primers, and inserted between the EcoRI
and XbaI sites in pcDNA3 vector (Invitrogen) that had been
modified by inserting a Flag tag sequence (58GGTACCTAGC-
CGCCACATGGACTACAAGGACGACGATGACAAGGAA-
TTC-38) between the KpnI and EcoRI sites. To obtain the Gal4/
PRDI-BF1, Gal4/hGrg, and Gal4/TLE1 fusion vectors, DNA
fragments were made by PCR using appropriate primers and
cloned into the EcoRI and XbaI sites in the pBXG vector. GST/
hGrg, GST/TLE1, and GST/TLE2 constructs were made by in-
serting the corresponding DNA fragments into pGEX-5x-1
(Pharmacia) or pGEX-A (a gift from M. Tian, Children’s Hospi-
tal, Harvard Medical School, Cambridge, MA) vector. All con-
structs were confirmed by either sequencing and/or restriction
digestion.

Yeast two-hybrid screen

The two-hybrid screen was performed essentially as outlined in
the Clontech Laboratories protocol using the strain HF7c. The
repression domain of PRDI-BF1, amino acids 331–429, was
cloned into the EcoRI and SmaI sites in the DNA-binding do-
main vector pGBT9 (Clontech), and cDNA libraries (a gift from
L. Gaudreau, Memorial Sloan-Kettering Cancer Institute, New
York, NY) were built into the Gal4 activation domain vector
pGAD10. Among 5 × 105 library plasmids screened, five inter-
acting clones were identified that support growth on
His−Leu−Trp−Glu medium, and show blue color on
His−Leu−Trp−Glu plates coated with X-gal substrate. The plas-
mids that tested positive were reintroduced into yeast (HF7c) to
test their interaction with two baits, one containing the repres-
sion domain and another lacking amino acids 331–397, on
His−Leu−Trp−Glu medium. The five positive clones were ana-
lyzed by ABI sequencing and characterized using the BLASTN
program on the NCBI database. All were identified as hGrg
(GenBank accession no. U04241).

In vitro transcription/translation and binding

PRDI-BF1 proteins were synthesized and labeled in vitro using
rabbit reticulocyte lysate and [35S]methionine, according to the
instructions of the manufacturer (Promega). For the analysis of
direct protein–protein interactions between Groucho family
proteins and PRDI-BF1 in vitro, hGrg, TLE1, and TLE2 were
subcloned into the pGEX-5X-1 vector (Pharmacia) to create fu-
sion proteins of GST. These plasmids were transformed into the
bacterial strain DH5a. Transformed bacteria were grown at
37°C to OD595 = 0.5, induced with 1 mM IPTG, and allowed to
grow for an additional 2 hr. Cells were pelleted by centrifuga-
tion and resuspended in buffer A (10% glycerol, 20 mM HEPES
at pH 7.9, 100 mM KCl, 1 mM DTT, 0.5 mM PMSF, 1% NP-40,
1 µg/ml leupeptin, 1 µg/ml pepstatin A). Cells were lysed by
sonication, and the crude extract was centrifuged at 8000 for 30
min. Glutathione–agarose beads were swollen overnight in

buffer A and washed three times before use. The washed beads
were added to the bacterial lysate and incubated with rocking
for 2 hr at 4°C. After incubation, the beads were washed five
times with buffer A, and most of the supernatant removed after
the last wash. GST–hGrg, GST–TLE1, and GST–TLE2 fusion
proteins were analyzed on 10% SDS-PAGE. The 35S-labeled,
PRDI-BF1 full-length and truncated proteins (5 µl of each) were
incubated with equivalent amounts (2 µg) of the GST fusion
proteins in 0.25 ml of +BSA buffer (50 mM KCl, 0.5% NP-40, 20
mM HEPES at pH 7.9, 0.1 mM DTT, 5% glycerol, 50 µM ZnSO4,
0.2 mM PMSF, 1% BSA) for 1 hr at 25°C, washed twice with
+BSA buffer and three times with −BSA buffer, and analyzed on
an 11% SDS-polyacrylamide gel and autoradiography.

Mammalian cell transfections

HeLa cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM)/10% fetal bovine serum (FBS) and were seeded 1 day
prior to transfection at a concentration of 1 × 105 cells/well.
Cells were transfected by the calcium phosphate precipitation
method with 0.125 M CaCl2 and 1× BBS (N,N-bis[2-hydroxy-
ethyl]-2-aminoethanesulfonic acid-buffered solution). Typical
transfections included 2 µg of pCMV–lacZ, 3 µg of reporter con-
struct, 1 µg of effector, and 6 µg of the expression plasmid pXM,
which includes the adenovirus major-late promoter, or 6 µg of a
1:2 mixture of pXM:sp72 plasmid vectors. At 48 hr post-trans-
fection, the cells were harvested by scraping, and the extracts
were prepared for CAT assays. The chloramphenicol products
were resolved on TLC, and CAT activity was quantified. Trans-
fection efficiencies were normalized using a cotransfected b-ga-
lactosidase plasmid. All transfections were performed in tripli-
cate. For SEAP assays in Figure 8C, 100 µl of cell medium was
collected at the indicated time points, and SEAP activity was
determined according to Cullen and Malim (1992).

Protein secondary structure prediction

The PHD server can be found at http://www.embl-heidelberg.
de/predictprotein/predictprotein.html. The PairCoil and Mul-
tiCoil servers can be found at http://www.wi.mit.edu/kim/
computing.html.
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