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We describe here a novel member of the bZIP family of DNA-binding proteins, designated E4BP4, that
displays an unusual DNA-binding specificity which overlaps that of the activating transcription factor family
of factors. When expressed in a transient transfection assay with a suitable reporter plasmid, E4BP4 strongly
repressed transcription in a DNA-binding-site-dependent manner. Examination of a series of deletion mutants
revealed that sequences responsible for the repressing potential of E4BP4 lie within the carboxyl-terminal
region of the protein. No similarity was found between this region and the repressing domains of other known
eukaryotic transcriptional repressors.

Transcription initiation depends to a large extent upon the
activating capacity of specific protein factors which bind to
gene regulatory regions, usually upstream of the transcrip-
tion start site (33, 38, 43). However, regulation of transcrip-
tion also involves inhibitory processes, and a growing num-

ber of DNA-binding factors which repress transcription in a

gene-specific manner have recently been described else-
where (3, 5, 11, 24, 26, 34, 50). Various mechanisms as to
how transcriptional inhibition is effected may be envisaged.
One such mechanism is steric hindrance of or direct compe-
tition for DNA binding with positively acting transcription
factors. An example of this type of transcriptional repression
is the ability of the transcription factor AP1 to inhibit basal
and retinoic acid-induced expression of the osteocalcin gene
by competition for binding to a common sequence element
which is also recognized by the retinoic acid receptor (49).
Repression of another kind again involves inhibition of DNA
binding of a transcriptional activator, but in this case through
protein-protein interactions. Examples of this type of repres-
sion include the mutual inhibition of DNA binding of AP1
proteins and the glucocorticoid receptor (48, 55) and nega-
tive regulation by the formation of non-DNA-binding het-
erodimers between helix-loop-helix proteins and the Id pro-
tein (5). A third type of transcriptional repressor does not
suppress transcription through inhibition of the DNA bind-
ing of transcriptional activators. Repressors of this type are

DNA-binding proteins whose action appears to be a direct
down regulation of transcription. Such repressors will here
be collectively termed active transcriptional repressors. Ex-
amples include the Drosophila kruppel (34) and engrailed
proteins (17, 24), the human kruppel-related factor YY1 (50),
and the Wilms' tumor gene product (36).

Transcription factors are conveniently divided into a num-

ber of structurally related families. The bZIP factors consti-
tute one such family and share an amphipathic a-helical
dimerization domain characterized by a heptad repeat of
leucine residues, the leucine zipper (30), and a conserved
DNA-binding domain which is rich in basic amino acids. The
bZIP family contains some well-known transcriptional acti-
vators, such as c-jun (7),fos (1), and CREB (54), and may be
subdivided into groups with similar DNA-binding specifici-
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ties. The CREB-activating transcription factor (ATF) family,
for example, all bind a critical core sequence, CGTCA,
which is implicated in positive transcriptional control by
cyclic AMP (9), by transactivator proteins from the bovine
leukemia virus (28) and human T-cell lymphotrophic virus
type I (13, 53), and by the adenovirus Ela gene product (6,
20, 25, 31, 32). The functional diversity inherent in the
CREB-ATF core binding sequence probably reflects the
number of DNA binding factors that interact with it. To date,
more than 10 distinct mammalian cDNA clones which en-

code members of this family have been reported (12, 14, 16,
19, 23, 27, 37, 56). Each of these cloned factors bind as

homodimers to the CREB-ATF core sequence, and some
combinations can heterodimerize. In addition, heterodimer-
ization between members of the CREB-ATF family and the
fos-jun family can occur (4, 15).
We have cloned a DNA-binding factor of the bZIP class

whose binding activity overlaps with that of the CREB-ATF
family of transcription factors but which is a transcriptional
repressor.

MATERIALS AND METHODS

Isolation of cDNA clones. A lambda gtll cDNA library
prepared from placental mRNA was obtained from Clon-
tech. Approximately 5 x 105 plaques were screened for
binding to an adenovirus E4 promoter ATF site probe,
essentially as described by Singh et al. (51). The probe
consisted of a double-stranded oligonucleotide, AAGCTTC
TAAAAAATGACGTAACGGAAGCTT, corresponding to
the proximal ATF site of the E4 promoter. The oligonucle-
otide was labelled with T4 polynucleotide kinase in the
presence of [y-32P]ATP and concatenated by overnight liga-
tion with T4 DNA ligase. Hybridization analysis of polymer-
ase chain reaction (PCR)-amplified phage insert DNA was
used to determine the relationship of these clones to each
other and to CREB and ATF-2 cDNAs.

Characterization of cDNA clones. Lambda lysogens were
prepared from clones which failed to hybridize to CREB or
ATF-2 and were tested for their ability to bind to a mono-
meric E4 ATF site probe in a gel retardation assay. Phage
DNA was prepared, and the cloned cDNA was subcloned
into Bluescript SK (Stratagene) and thence into the pGEM-
2-derived vector pT7pSRF (40). The sequence of the cDNA
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insert of lambda-P4 was determined by the dideoxy chain
termination method by using the Sequenase enzyme (USB).
A cDNA clone overlapping the insert contained in lamb-
da-P4 was obtained by hybridization screening of the original
placental cDNA library with the 0.2-kb EcoRI fragment of
the lambda-P4 insert as a probe. The resulting lambda clone,
lambda-P4/0.2, contained an extra 800 bp of sequence 3' to
the sequence contained in lambda-P4.

Plasmids. The plasmid pT7,P4 was generated by substi-
tuting the cDNA insert of lambda-P4 for the SRF insert in
the pGEM-2-derived plasmid pT7,SRF (40). A full-length
cDNA was generated as follows. The cDNA insert of
lambda-P4/0.2 was cloned into the EcoRV site of Bluescript
SK and a BglII-SmaI fragment was isolated by utilizing a
BglII site within the cDNA sequence and a SmaI site 3' of
the cDNA in the Bluescript polylinker sequence. The
1.45-kb fragment was cloned into BglII-SmaI-digested
pT7PP4, again making use of the BglII site internal to the
cDNA sequence and a SmaI site in the polylinker of the
plasmid, 3' to the cDNA insert. The resulting plasmid,
pT7PP4L-2, contained the full-length cDNA, including 5'-
and 3'-untranslated regions, cloned downstream of the 5'-
untranslated region and initiation codon of the human
P-globin gene (40). To remove the 5'-untranslated region of
the cloned cDNA, the cDNA insert was amplified by PCR
with Vent polymerase (Biolabs) by using an SP6 promoter
primer and a 5' PCR primer ATCCATGGGATTlTAAAC
CAGAGlTTT; this procedure introduced an NcoI site at the
initiation codon (and also changed the second codon to
glutamine rather than glutamate). The product was se-
quenced to ensure that no alterations had been introduced
during the PCR reaction. After digestion with NcoI, the PCR
product was recloned into the NcoI and SmaI sites of
pT7PSRF. The coding sequence of the cDNA in the resulting
plasmid, p4RS2, was thus fused in frame to the initiation
codon and 5'-untranslated region of the P-globin gene con-
tained in the plasmid. The plasmid pP4Ea was generated by
cloning the 554-bp EcoRI fragment from p4RS2 into StuI-
and XbaI-digested pT7PStu (40), after all 3'-recessed ends
had been filled in with the Klenow fragment of Escherichia
coli DNA polymerase. The NcoI-SmaI fragment containing
the entire cDNA insert of p4RS2 minus the 5'-untranslated
region was cloned into the XbaI site downstream of the
simian virus 40 promoter of pSVK3 (Pharmacia), following
the filling in of the 3'-recessed ends of each fragment. The
resulting plasmid, pSVKP4, was digested with ApaI or
PstI, and the fragments were recircularized to generate
pSVKP4delta-Apa and pSVKP4delta-Pst, respectively.
The reporter plasmid pSSO.2CAT was described by Dixon

et al. (10). pTrS12(34)CAT was derived from this by ligation
of three copies of the double-stranded oligonucleotide AGC
TTAAAAAATTATGTAACGGTAAGCT into the Hindlll
site at position -94 in the GST-ir promoter.

In vitro transcription and translation. p4RS2 or pP4Ea was
digested with SmaI, and RNA was transcribed from 1 ,ug of
the linearized template in a 25-,u reaction mixture containing
40 mM Tris (pH 7.5), 50 mM NaCl, 12.5 mM Mg2Cl, 2 mM
spermidine, 0.4 mM UTP, 0.4 mM ATP, 0.4 mM TTP, 40
,uM GTP, 0.3 mM dithiothreitol, 0.5 mM GpppG, 1 U of
RNasin (Promega), and 10 U of T7 RNA polymerase for 30
min at 37°C. In vitro translation was performed in a rabbit
reticulocyte lysate (Promega) in a standard reaction volume
of 50 pI. The reactions were carried out for 20 min at 30°C.
For optimum synthesis of full-length product, potassium was
adjusted to a final concentration of 120 mM by the addition
of 4 pul of 1 M potassium acetate (pH 7.5) to each standard

reaction mix. At the end of the translation reaction, an equal
volume of 2x dialysis buffer (40 mM HEPES [N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid], 20% glycerol,
2 mM MgCl2, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 1 mM dithiothreitol, 50 mM KCI) was added. Yields
of in vitro-translated protein were sufficient for dilution of
the extract to a level at which endogenous DNA-binding
activity was negligible.

Gel retardation analysis. Probes for gel retardation were
labelled as described previously (20), and gel retardation
assays were carried out as described by Hurst et al. (21). The
probe that was used in all of the gel retardation experiments
shown here was a double-stranded oligonucleotide contain-
ing the proximal ATF site of the adenovirus E4 promoter, as
used in concatenated form for expression library screening.

Binding site selection. The optimum DNA-binding sites for
E4BP4 were selected from a mixture of random sequence
oligonucleotides essentially as described by Pollock and
Treisman (41). Binding reactions were performed in GRA
buffer (25 mM HEPES [pH 7.9], 1 mM EDTA, 5 mM
dithiothreitol, 150 mM NaCl, 20% [vol/vol] glycerol) with in
vitro-translated E4BP4. DNA-protein complexes were im-
munoprecipitated with a rabbit antiserum raised against the
15 C-terminal amino acids of E4BP4. Selected DNA was
cloned into Bluescript SK and sequenced with a T7 promoter
primer.

Cell culture and transfection assays. HeLa JEG-3 and
HepG2 cells were maintained in Dulbecco's modified Eagle
medium supplemented with 10% fetal calf serum. The cells
were transfected by the calcium phosphate procedure (2),
with 3 p.g of reporter plasmid and up to 10 ,ug of expression
plasmid in a standard experiment. Cell extracts were pre-
pared by lysis of the cells in situ, and the extracts were
assayed for chloramphenicol acetyltransferase (CAT) activ-
ity as described by Ausubel et al. (2). In each experiment,
cells were cotransfected with pJATLAC3z, which contains
the ,B-galactosidase coding region driven by the rat P-actin
promoter. Extracts were routinely assayed for 3-galactosi-
dase activity (18) to normalize for transfection efficiency.
Each experiment was repeated at least three times.

Nucleotide sequence accession number. The E4BP4 cDNA
sequence reported here has been lodged with the EMBL
data library and received the accession number X64318.

RESULTS

Isolation and sequence analysis of cDNA clones encoding E4
ATF site binding factors. Of the independent cDNA clones
that were isolated following the screening of a human
placental cDNA library with a concatenated adenovirus E4
ATF site probe (see Materials and Methods), several corre-
sponded on initial examination by hybridization and se-
quence analysis to the previously characterized CRE-BP1/
ATF-2 factor (13, 16). However, one clone, lambda-P4,
represented a novel factor, which when expressed in a
lambda lysogen system, efficiently formed protein-DNA
complexes with an ATF site oligonucleotide probe (data not
shown). The protein factor encoded by lambda-P4 was
designated E4BP4 to reflect its affinity for the E4 promoter.
Sequence analysis of the lambda-P4 cDNA insert revealed

a long open reading frame (ORF) commencing with an ATG
codon 214 bp from the 5' end of the cDNA sequence (Fig. 1).
This ATG presumably represents the initiation codon, since
a TAA stop codon is positioned 84 bp upstream of this triplet
in the cDNA sequence. Rescreening of the placental cDNA
library by hybridization with a 3' fragment of the lambda-P4
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1 GCCCCTTTCT TTCTCCTCGT CGGCCCGAGA GCAGGAACAC GATAACGAAG GAGGCCCAAC TTCATTCAAT

71 AAGGAGCCTG ACGGATTTAT CCCAGACGGT AGAACAAAAG GAAGAATATT GATGGATTTT AAACCAGAGT

141 TTTTAAAGAG CTTGAGAATA CGGGGAAATT AATTTGTTCT CCTACACACA TAGATAGGGT AAGGTTGTTT

M Q L R K M Q T V K K E Q A S L D
211 CTG ATG CAG CTG AGA AAA ATG CAG ACC GTC AAA AAG GAG CAG GCG TCT CTT GAT

A S 'S N V D K M M V L N S A L T E V
265 GCC AGT AGC AAT GTG GAC AAG ATG ATG GTC CTT AAT TCT GCT TTA ACG GAA GTG

S E D S T T G E D V L L S E G S V G
319 TCA GAA GAC TCC ACA ACA GGT GAG GAC GTG CTT CTC AGT GAA GGA AGT GTG GGG

K N K S S A C R R K R E F I P D E K
373 AAG AAC AAA TCT TCT GCA TGT CGG AGG AAA CGG GAA TTC ATT CCT GAT GAA AAG

K D A M Y W E K R R K N N E A A K R
427 AAA GAT GCT ATG TAT TGG GAA AAA AGG CGG AAA AAT AAT GAA GCT GCC AAA AGA

S R E K R R L N D L V L E N K L I A
481 TCT CGT GAG AAG CGT CGA CTG AAT GAC CTG GTT TTA GAG AAC AAA CTA ATT GCA

L G E E N A T L K A E L L S L K L K
535 CTG GGA GAA GAA AAC GCC ACT TTA AAA GCT GAG CTG CTT TCA CTA AAA TTA AAG

F G L I S S T A Y A Q E I Q K L S N
589 TTT GGT TTA ATT AGC TCC ACA GCA TAT GCT CAA GAG ATT CAG AAA CTC AGT AAT

S T A V Y F Q D Y Q T S K S N V S S
643 TCT ACA GCT GTG TAC TTT CAA GAT TAC CAG ACT TCC AAA TCC AAT GTG AGT TCA

F V D E H E P S M V S S S C I S V I
697 TTT GTG GAC GAG CAC GAA CCC TCG ATG GTG TCA AGT AGT TGT ATT TCT GTC ATT

K H S P Q S S L S D V S E V S S V E
751 AAA CAC TCT CCA CAA AGC TCG CTG TCC GAT GTT TCA GAA GTG TCC TCA GTA GAA

H T Q E S S V Q G S C R S P E N K F
805 CAC ACG CAG GAG AGC TCT GTG CAG GGA AGC TGC AGA AGT CCT GAA AAC AAG TTC

Q I I K Q E P N E L E S Y T R E P R
859 CAG ATT ATC AAG CAA GAG CCG ATG GAA TTA GAG AGC TAC ACA AGG GAG CCA AGA

D D R G S Y T A S I Y Q N Y M G N S
913 GAT GAC CGA GGC TCT TAC ACA GCG TCC ATC TAT CAA AAC TAT ATG GGG AAT TCT

F S G Y S H S P P L L Q V N R S S S
967 TTC TCT GGG TAC TCA CAC TCT CCC CCA CTA CTG CAA GTC AAC CGA TCC TCC AGC

N S P R T S E T D D G V V G K S S D
1021 AAC TCC CCG AGA ACG TCG GAA ACT GAT GAT GGT GTG GTA GGA AAG TCA TCT GAT

G E D E Q Q V P K G P I H S P V E L
1075 GGA GAA GAC GAG CAA CAG GTC CCC AAG GGC CCC ATC CAT TCT CCA GTT GAA CTC

K H V H A T V V K V P E V N S S A L
1129 AAG CAT GTG CAT GCA ACT GTG GTT AAA GTT CCA GAA GTG AAT TCC TCT GCC TTG

P H K L R I K A K A M Q I K V E A F
1183 CCA CAC AAG CTC CGG ATC AAA GCC AAA GCC ATG CAG ATC AAA GTA GAA GCC TTT

D N E F E A T Q K L S S P I D M T S
1237 GAT AAT GAA TTT GAG GCC ACG CAA AAA CTT TCC TCA CCT ATT GAC ATG ACA TCT

K R H F E L E K H S A P S M V H S S
1291 AAA AGA CAT TTC GAA CTC GAA AAG CAT AGT GCC CCA AGT ATG GTA CAT TCT TCT

L T P F S V Q V T N I Q D W S L K S
1345 CTT ACT CCT TTC TCA GTG CAA GTG ACT AAC ATT CAA GAT TGG TCT CTC AAA TCG

E H W H Q K E L S G K T Q N S F K T
1399 GAG CAC TGG CAT CAA AAA GAA CTG AGT GGC AAA ACT CAG AAT AGT TTC AAA ACT

G V V E M K D S G Y K V S D P E N L
1453 GGA GTT GTT GAA ATG AAA GAC AGT GGC TAC AAA GTT TCT GAC CCA GAG AAC TTG

Y L K Q G I A N L S A E V V S L K R
1507 TAT TTG AAG CAG GGG ATA GCA AAC TTA TCT GCA GAG GTT GTC TCA CTC AAG AGA

L I A T Q P I S A S D S G ***
1561 CTT ATA GCC ACA CAA CCA ATC TCT GCT TCA GAC TCT GGG TAA ATTACTACTG AGTAAGAGCT

1623 GGGCATTTAG AAAGATGTCA TTTGCAATAG AGCAGTCCAT TTTGTATTAT GCTGAATTTT CACTGGACCT

1693 GTGATGTCAT TTCACTGTGA TGTGCACATG TTGTCTGTTT GGTGTCTTTT TGTGCACAGA TTATGATGAA

1763 GATTAGATTG TGTTATCACT CTGCCTGTGT ATAGTCAGAT AGTCATATGC GTAAGGCTGT ATATATTAAA

1833 CTTTTATTTT TGTTGTTCTA TTATAAAGTG TGTAAGTTAC CAGTTTCAAT AAAGGATTGG TGACAAACAC

1903 AGAAAAAAAA AAAAAAAAA A

FIG. 1. Nucleotide sequence of the cDNA insert of lambda-P4
and the encoded amino acid sequence of E4BP4. Leucine residues
of the leucine heptad are underlined.

cDNA resulted in the isolation of an overlapping clone
extending the length of the 3' sequence of the cDNA. The
resulting ORF terminated at a TAA stop codon and was
followed by 300 bp of 3'-untranslated region, including a
canonical AATAAA polyadenylation signal. The molecular
mass of E4BP4 was calculated to be 51.4 kDa from an ORF
containing 462 amino acids.
E4BP4 is a member of the bZIP family of DNA-binding

factors. Inspection of the ORF contained in the cDNA insert
of lambda-P4 revealed a region of homology with the bZIP
family of transcription factors (52). The characteristic fea-
tures of this family of DNA-binding proteins are a linked
basic DNA-binding domain and a leucine zipper structure
(30) which is necessary for dimerization. Figure 2 shows an
alignment between the basic region and leucine zippers of
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FIG. 2. E4BP4 is a member of the bZIP family of proteins. A
region toward the N terminus of E4BP4 was aligned with the basic
and leucine zipper domains of the following representative bZIP
factors CREB (14), ATF-1 (16), CRE-BP1 (37), c-jun, C/EBP (29),
DBP (39), and BZLF (35). Residues identical to those of E4BP4 are
boxed. Within the basic domain, certain residues, such as Asn-83,
Ala-86, Arg-91, and Lys-93, are highly conserved, and while the
basic region is most similar to that of DBP, the leucine zipper is most
like that of CREB-ATF-1. A second region of homology with the
leucine heptad repeat regions of bZIP factors near the C terminus of
E4BP4 is shown on the last line of the alignment.

E4BP4 and a number of other bZIP proteins. E4BP4 appears
to be most closely related (26 of 69 residues) to a bZIP
factor, DBP, which binds a sequence in the human albumin
promoter (39); the next closest relation is CREB (20 of 69
residues), while c-jun (14 of 69) and C/EBP (13 of 69
residues) appear more distantly related. No sequence simi-
larity was detected between E4BP4 and any members of the
bZIP family outside the DNA binding-dimerization domain.
Similarly, no significant similarity was found between
E4BP4 and other proteins in the SwissProt protein sequence
data base, with the exception of the bZIP factors CREB and
DBP.
E4BP4 binds DNA as a dimer. The cDNA insert of lamb-

da-P4 was cloned into a pGEM2-derived plasmid for in vitro
transcription and translation. A truncated protein, SmP4,
retaining the predicted DNA-binding and dimerization do-
mains of E4BP4, was generated in the same way, by trans-
lation of RNA transcribed in vitro from the plasmid pP4Ea
(see Materials and Methods). Protein synthesized in vitro
was tested for specific DNA binding. As shown in Fig. 3,
both the full-length and the truncated forms of E4BP4
formed protein-DNA complexes with the E4 ATF site probe.
As expected, the complex generated with the truncated
protein exhibited greater mobility in a gel retardation assay
than did the full-length protein. When the truncated and
full-length proteins were mixed prior to incubation with the
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FIG. 3. DNA binding and dimerization of E4BP4. The truncated
form, SmP4 (lane 1), and the full-length E4BP4 (lane 3) were
translated in vitro and allowed to bind a 32P-labelled E4 ATF site
oligonucleotide probe. Protein-DNA complexes were resolved by
gel retardation analysis. In lane 2, E4BP4 and SmP4 were mixed
prior to incubation with the binding site probe. The arrow indicates
the position of migration of the heterodimeric complex formed
between E4BP4 and SmP4.

binding site oligonucleotide, a complex of intermediate mo-
bility was also observed (Fig. 3), demonstrating dimerization
between the long and short forms of E4BP4. Heterodimer-
ization has been shown to occur between some pairs of bZIP
factors; for example, AP1 consists largely of heterodimeric
c-jun-c-fos, and heterodimerization has been reported be-
tween ATF-2 and c-jun (4, 15), between CREB and ATF-1
(21, 22), and between different members of the C/EBP
family. No heterodimerization between E4BP4 and CREB,
c-jun, ATF-1, or ATF-2 was observed by the type of assay
described above (data not shown). However, this study was
not exhaustive, and it is therefore still possible that E4BP4
might interact with a still unidentified partner.
DNA-binding of E4BP4: specificity for E4 ATF sites. E4BP4

efficiently forms DNA-protein complexes with the ATF site
from the adenovirus E4 promoter. Its affinity for other
CREB-ATF sequences and for the related AP1, C/EBP, and
USF sites was tested by competition analysis with a series of
unlabelled oligonucleotides. As illustrated in Fig. 4, oligonu-
cleotides containing the CREs from the human chorionic
gonadotrophin gene (hcg), fibronectin gene, and somato-
statin gene and the ATF site from the adenovirus E3 gene all
failed to compete efficiently for binding, even at a 50-fold
molar excess. Oligonucleotides containing AP1-, C/EBP-,
and USF-binding sites also failed to compete. Thus, while
E4BP4 is able to bind the E4 ATF site, it does not bind the
canonical CRE sequence, even though both contain the core
sequence CGTCA. To further probe the DNA-binding pref-
erences of E4BP4, a number of E4 ATF site point mutants
were tested for their ability to compete with the wild-type
ATF site. The results of this analysis and of similar experi-
ments carried out with ATF-1 and CREB are shown in Table
1. While the point mutant PM1 was unable to compete for
binding to E4BP4, CREB, or ATF-1, other point mutants

B E4 (WT) aaTGACGTAAcg
E3 tcTGACGAAAgc
AP1 gcTGAC-TAAtt
E4M aaTGACGTCAcg
HCG ctTGACGTCAtg

atTGACGTCAtg
Som ccTGACGTCAgc
Fn cgTGACGTCAcc
USF ggCCACGTGAcc

FIG. 4. Competition between CRE-ATF sites for E4BP4 bind-
ing. (A) Oligonucleotides containing the sequences indicated in
panel B were used as competitors at a 50-fold M excess for binding
of either E4BP4 or ATF-1. The probe in each case was a 32P-labelled
E4 ATF site oligonucleotide. (B) Sequences of the CREB-ATF sites
contained in the competitor oligonucleotides. E4 (WT), adenovirus
E4 gene ATF site; E3, adenovirus E3 gene ATF site; AP1, simian
virus 40 AP1 site; E4M, E4 ATF site containing a single point
mutation to a canonical CRE sequence; HCG, Som, and Fn, CREs
from the human chorionic gonadotrophin, somatostatin, and fi-
bronectin genes, respectively; USF, USF (MLTF)-binding site
within the adenovirus major late promoter.

clearly discriminated between E4BP4 and ATF-1. For ex-
ample, PM4 competed efficiently with the wild-type site for
binding to ATF-1 but not for binding to E4BP4, while the
converse was true of PM2.

Selection of optimum E4BP4-binding sites. Competition
experiments of the kind described above suggest that the
DNA-binding specificity of E4BP4 differs markedly from
those of members of the CREB-ATF family and indeed of
other bZIP factors. To determine the true binding-site pref-
erences of E4BP4, oligonucleotides containing E4BP4-bind-
ing sites were selected from a pool of random-sequence
oligonucleotides by a method described by Pollock and
Treisman (41). Briefly, E4BP4 synthesized in vitro was
incubated in a DNA-binding reaction containing a pool of
oligonucleotides constructed with a random-sequence cen-

1 2 3
1 r---i

123-

-i
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TABLE 1. The effect of point mutations in the adenovirus E4
ATF site on binding of E4BP4, ATF-1, and CREB

Point mutant Relative binding affinity
(sequence) E4BP4 ATF-1 CREB

E4(wild type) (a T G A C G T A A c)
PMP (a T T A C G T A Ac)
PM2 (a T G A T G T A AC*
E4M (a T G A C G T C A C)
PM4 (a T G A C G T A Tc) NDa

PM1 (a T A A C G T A Ac) ND

a ND, not determined.

tral section flanked by 25-bp fixed sequences suitable for
priming PCR amplification. DNA-protein complexes were
then purified by immunoprecipitation, and the DNA was
amplified by PCR. After several rounds of binding-immuno-
precipitation and amplification, specific complexes were
observed by gel retardation analysis. The complexes were
cut from the gel, and DNA was amplified, cloned, and
sequenced. Figure 5 shows the DNA sequence of the 23
clones that were analyzed. All of the oligonucleotides that
were selected contained a sequence resembling that of the
E4 ATF site, and none of the selected oligonucleotides
occurred more than once. Interestingly, only a small number
of variations on the E4 site were represented; more than 50%
of the clones contained the sequence TTATGTAA, and just
more than 25% contained the palindromic sequence
TTACGTAA. This suggests that TTATGTAA represents the
highest affinity-binding site for E4BP4. From this study, the
consensus sequence (G/A)T(G/T)A(C/T)GTAA(C/T) for op-
timal E4BP4 binding emerged.
E4BP4 has transcriptional repressing activity. By analogy

with other leucine zipper factors, such as CREB or c-jun, it
was anticipated that E4BP4 was a transcriptional activator.
To test this hypothesis, cells were cotransfected with an

-I
pSSO.2CAT > cncn

-10 +1,
-100 +1

pnSl2(34)CAT > tneng
__

_ _ k ,~~~~~L-L-
+1

Hi
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CAT

i CAT I

_., E4BP4 binding site, TTATGTAA

FIG. 6. Structures of the reporter plasmids pSSO.2CAT and
p'rrS12(34)CAT.

E4BP4 expression plasmid, pSVKP4, together with a re-
porter plasmid harboring E4BP4-binding sites. The reporter
plasmid used for this experiment, pmrS12(34)CAT (Fig. 6),
contained three binding sites for E4BP4 (TTATGTAA) po-
sitioned upstream of the basal promoter of the human
glutathione transferase mr gene (see Materials and Methods).
The E4BP4-binding sequence, which is in effect a double-
point-mutated E4 ATF site, corresponds to a high-affinity
E4BP4-binding site (as shown in Fig. 5) and was chosen
since it is not bound by members of the CREB-ATF family
or other factors in HeLa, HepG2, or JEG-3 nuclear extracts
(unpublished results). When transfected alone into HeLa
cells, p'rS12(34)CAT and the pSSO.2CAT control plasmid,
which lacked E4BP4-binding sites, expressed similar levels
of CAT activity. However, when increasing amounts of
pSVKP4 were cotransfected with the reporter plasmids,
CAT activity was quantitatively reduced from pirS12(34)
CAT, while CAT activity in cells transfected with
pSSO.2CAT was essentially unaffected (Fig. 7). This effect
was observed with as little as 100 ng of pSVKP4 plasmid per
plate and was maximal by 2 ,ug per plate. Thus, at least in
this assay, E4BP4 acts as a binding site-dependent transcrip-

TTATGTAA
Si gaattcgcctcCGTTATGTAACTTAGTACCTACTcgacaggatcc

Si l gaattcgcctcCATCGGCAAGATTATGTAATATGGTcgacaggatcc
S12 gaattcgcctcCATGAGGATTTTATAGCCATTATGTAAcgacaggatcc

S5 gaattcgcctcTTGTTATGTAATGCCTATTAATCCTAcgacaggatcc
S16 gaattcgcctcTCACTTATGTAATCTGTTCATCGTGCcgacaggatcc

S17 gaattcgcctcGATCCTCATTATGTAACGCACGCCCAcgacaggatcc
S18' ggatcctgtcgTTATGTAACTTCTCCTCCAATCGCACgaggcgaattc
S22 ggatcctgtcgTTATGTAATCGCGAAGGACTACGGTgaggaattc

S23 gaattcgcctcTGCAGTTATCTGGACTTATGTAACAAcgacaggatcc
S24 gaattcgcctcATATTATGTAAGACTCTCTTACCCTCTcgacggatcc
S26 ggatcctgtcgATTATGTAAGTGGGGGATTACTACATgaggcgaattc

S28 gaattcgcctcGAAGCTGACGAATTATGTAACGTAGCcgacaggatcc
S33' ggatcctgtcgTTATGTAACGCATACCCTGTGTCACgaggcgaattc

TTACGTAA
S6 gaattcgcctcTGAGCGGGTGAATTACGTAAGAATCCcgacaggatcc

S14 gaattcgcctcCGCCCCTGCGACGATTACGTAACGGcgacaggatcc
S19 gaattcgcctcGGTTGCTATGCGTTACGTAAGCTAGTcgacaggatcc

S20 ggatccgcctcTGTTACGTAATTTAACTCGAAGGCATcgacaggatcc
S25 gaattcgcctcTATATCGCGTCCTTACGTAACATCAAcgacaggatcc

S31 gaattcgcctcCGAATCTAATTAGTTACGTAACGAACcgacaggatcc

S27

S7

TGACGTAA
S4' ggatcctgtcgTCCATGTGACGTAATGTACCACGTCCgaggcgaattc

TGATGTAA
gaattcgcctcTCCCTTGACTATGATGTAATACCAACCAACcgacaggatcc

S8'

Consensus
(G/A)T(G/T)A(C/T)GTAA(C/T)

FIG. 5. E4BP4-binding site selection analysis. High-affinity bind-
ing sites were recovered from a pool of random-sequence oligonu-
cleotides. The sequences of cloned, selected oligonucleotides were

aligned around the ATF-like sequence that each contained. The
consensus sequence that emerged is shown at the bottom.

C.)
C)0=
(U
03

-a- nS1 2(34)CAT reporter
--- SSO.2CAT reporter

0 1 2 3 4 5
gg PSVKP4

FIG. 7. E4BP4 is a transcriptional repressor. HeLa cells were
cotransfected with up to 5 ,ug of the E4BP4 expression plasmid
pSVKP4 and 3 jig of either pSSO.2CAT or p'rrSl2(34)CAT reporter.
Each experiment was repeated at least three times, and transfection
efficiency was corrected for by comparison with p-galactosidase
internal control. Data are the mean relative CAT activities plus or
minus the standard errors of the means. All of the data are expressed
relative to the CAT activity obtained following transfection of
p'rrSl2(34)CAT alone.
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NONE
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F
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Relative CAT activity

FIG. 8. Localization of traAscriptional repressing activity to the C-terminal domain of E4BP4. HepG2 cells were cotransfected with
p"rS12(34)CAT and 2 ,ug of either pSVKP4 or one of two E4BP4 deletion constructs, pSVKP4-deltaApa or pSVKP4-deltaPst. The resulting
CAT activities were normalized against that obtained with reporter alone. The data are the mean results plus or minus the standard errors
of the means obtained from at least three experiments.

tional repressor. Essentially identical results were obtained
when these experiments were conducted with either HepG2
or JEG cells (data not shown).
The C-terminal region of E4BP4 is required for transcrip-

tional repressing activity. In order to map the domain or
domains of E4BP4 that are involved in its transcriptional
repressor activity, a series of C-terminal deletions was
constructed (Fig. 8). DNA-binding activity corresponding to
that of either wild-type E4BP4 or the truncated proteins
could be detected in nuclear extracts prepared from appro-
priately transfected cells (data not shown), demonstrating
that the truncated proteins are stable, active in DNA bind-
ing, and not defective in nuclear localization. However,
neither of the forms of E4BP4 truncated at the C terminus
was able to repress the pirS12(34)CAT reporter (Fig. 8). This
strongly suggests either that the transcriptional repressing
activity of E4BP4 lies in its C-terminal region or at least that
C-terminal amino acids are necessary for this activity.

DISCUSSION

In this paper, we describe the expression cloning of a
novel bZIP factor, which we have called E4BP4. Surpris-
ingly, this factor acts as a repressor of transcription. The
repressing activity of E4BP4 depends on binding to the test
promoter and is therefore not due to the "squelching" (42) of
positively acting factors. In experiments with the prrSl2(34)
CAT reporter, it is unlikely that E4BP4 is acting by displac-
ing positively acting factors, because in the absence of
exogenous E4BP4, the test promoter that contains E4BP4-
binding sites has the same activity as the parent basal
promoter (pSSO.2CAT) that lacks such sites. Furthermore,
forms of E4BP4 truncated at the C terminus retain DNA-
binding activity but lose the ability to repress transcription.
Consequently, E4BP4 would appear to be an active repres-
sor of transcription. However, we cannot rule out the
interpretation that E4BP4 could behave as an activator
under some circumstances. Such characteristics have re-
cently been described for the factor YY1 (50), which in the
absence of the adenovirus Ela product can behave as a
transcriptional repressor but which activates transcription
when Ela is present.

Relatively little is known about the mechanisms of active
transcriptional repression. By analogy to what is understood
of the mechanism of transcriptional activation, active repres-
sors could destabilize or inhibit the formation of preinitiation

complexes (8), perhaps by interfering with the interactions
between positively acting transcription factors and the gen-
eral transcription machinery. The Drosophila transcriptional
repressors kruppel, engrailed, and even-skipped each con-
tain alanine-rich regions, which, in the case of kruppel, have
been mapped to the region responsible for its repressing
activity (34). Inspection of its amino acid sequence revealed
no similar alanine-rich regions in E4BP4. The transcriptional
repressing domain of the Wilms' tumor gene product has
been mapped and found to contain a predominance of
proline and glutamine residues (36). However, the C-termi-
nal region of E4BP4, which is essential for transcriptional
repression, again bears no significant similarity to this se-
quence. Interestingly, the C-terminal domain of E4BP4 does
contain a second heptad repeat of leucine residues (Fig. 2).
In this region (residues 432 to 448), three leucine residues are
spaced at seven amino acid intervals in a short region of
probable a-helical structure (Chou and Fasman) bounded by
helix-breaking proline residues. Finer deletion analysis
should determine the importance of this motif for the tran-
scriptional repressing activity of E4BP4. In addition to the
leucine zipper(s) and basic domain, E4BP4 contains a small
glutamine-rich region just C terminal of the leucine zipper (4
of 18 residues) and two regions rich in serine (20 of 55 and 11
of 36 residues) (Fig. 8), but any functions of these regions
have yet to be elucidated, since they fall outside the C-ter-
minal transcriptional repressing domain.
Another protein that is known to bind the sites in the E4

promoter that are also bound by E4BP4 is the cellular factor
E4F (45, 46). Interestingly, the DNA-binding specificities of
E4F (47) and E4BP4 appear to be very similar. Both factors
bind poorly to CRE sequences and to the PM1 mutant of the
E4 ATF site, while they both bind efficiently to the wild-type
ATF site and the PM2 mutant (Table 1). However, we
believe these two proteins to be distinct, since an antiserum
raised against the 15 C-terminal amino acids of E4BP4 failed
to interact with purified samples of E4F (44).
The distinct amino acid sequence and DNA-binding spec-

ificity of E4BP4 place it in a separate class within the bZIP
family of factors distinct from the CREB-ATF family, whose
DNA-binding specificities it overlaps. From binding-site
selection studies, the optimum binding site for E4BP4
emerged as (G/A)TTATGTAA(C/T). The sequence TTACG
TAA was selected less frequently than the asymmetric
TTATGTAA motif, suggesting that the sequence TTAT- is
a better half site than TTAC-; however, the corresponding
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palindrome, TTATATAA, occurred only once in the 23
sequenced clones and presumably represents a lower-affin-
ity-binding site. Thus, although E4BP4 is a dimeric DNA-
binding factor, its optimal DNA-binding site consists of one
TTAC- and one TTAT- half site. A search of the GenBank
DNA sequence data base for consensus sequence binding
sites revealed E4BP4-binding sites in a number of cellular
and viral promoters. Unfortunately, these give little clue to
the role that E4BP4 may play. Northern (RNA) analysis of a
number of cell lines and human fetal tissues has shown that
the E4BP4 gene is ubiquitously expressed. However, gel
retardation and Western blot (immunoblot) analysis have
shown that the cell lines contain little or no E4BP4 protein
(unpublished results). It is possible, therefore, that normal
expression of E4BP4 is controlled at the level of translation,
as has been suggested for the bZIP factor DBP (39). We are
currently further investigating the expression of E4BP4 and
are studying in more detail its mechanism of transcriptional
repression and its mode of interaction with other cellular
components. One interesting possibility is that E4BP4 may
have a still unidentified cellular dimerization partner which
may profoundly affect its overall activity.
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