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ABSTRACT

The human TCF11 gene encodes a ubiquitously
expressed bZIP transcription factor of the cap n’ collar
(CNC) domain family. It has a high sequence similarity
to the erythroid-specific bZIP factor p45 NF-E2 in the
CNC domain, which is involved in DNA binding.
LCR-F1, a TCF11 isoform, is a more potent transcrip-
tional activator than p45 NF-E2 in erythroid cells. We
show here that the TCF11 protein interacts to form
heterodimers with small Maf proteins, previously
shown to dimerize with p45 NF-E2, ECH and Fos. Such
heterodimerization significantly alters the DNA bind-
ing characteristics of TCF11. While TCF11 alone binds
in vitro  to the tandem NF-E2 site derived from 5 ′ DNase
hypersensitive site 2 in the β-globin locus control
region and to the single NF-E2 site in the porphobili-
nogen deaminase gene promoter, stronger binding is
detected in the presence of small Maf proteins. Using
antibodies, TCF11 isoforms bound to the single NF-E2
site were detected in K562 erythroid cell nuclear
extracts. These findings place TCF11 as a good
candidate for the proposed widely expressed factor(s)
known to interact with small Maf proteins and bind
NF-E2 sites in a sequence-specific manner resembling
NF-E2.

INTRODUCTION

The erythroid-specific transcription factor NF-E2 (1,2) activates
transcription from a discrete set of AP1-related sites. Such NF-E2
sites have been identified in promoters and enhancers of several
erythroid-specific genes, including the 5′ DNase hypersensitive
site 2 (5′HS2) in the β-globin locus control region (LCR) (3–5)
and the porphobilinogen deaminase (PBGD) erythroid-specific
promoter (1,6). Purification and molecular cloning of NF-E2
revealed an erythroid-specific 45 kDa bZIP protein which
dimerized with a ubiquitous 18 kDa partner (2). This partner,
necessary for DNA binding activity and transcriptional activa-
tion, was shown to be a member of the small Maf proto-
oncoprotein family, presumably MafK (7–9). The small Maf

family proteins MafF, MafG and MafK are bZIP transcription
factors which can form homo- and heterodimers with each other, in
addition to heterodimers with Fos (10–13) and the cap n’ collar
(CNC) domain family members p45 NF-E2 (7) and ECH (14). Maf
homodimers or intra-subfamily heterodimers recognize 13 or 14 bp
elements (Maf-responsive elements; MAREs) of the 12-O-tetrade-
canoylphorbol-13-acetate-responsive element (TRE) or the cyclic
AMP-responsive element (CRE) type [T-MARE (TGCTGA(C/G)-
TCAGCA) and C-MARE (TGCTGACGTCAGCA) respectively],
with strongest requirements for the first triplets in the half-sites
(13,15,16). The NF-E2 site, (T/C)GCTGA(C/G)TCA(C/T), is
composed of a T-MARE half-site [(T/C)GCTGA(C/G)] and an AP1
half-site [(C/G)TCA(T/C)], suggesting that native NF-E2 (p18:p45)
binds to this site in a fixed orientation, with Maf recognizing the long
half-site (7,8). A G→T mutation at –2 relative to the AP1 core,
which affects NF-E2 but not AP1 binding, results in loss of 5′HS2
enhancer activity (3) and of PBGD erythroid promoter inducibility
(6). The Maf recognition of this extended half-site requires an
ancillary DNA binding region on the N-terminal side of the Maf
bZIP domain (16).

Small Maf proteins lack a transactivation domain and repress
the strong NF-E2 site-driven transcription observed in transient
assays, probably by competing with endogenous activator(s) for
binding to this site (7,13). Co-expression of small Maf proteins
and CNC domain family members, however, transactivates
NF-E2 site-driven transcription by the formation of heterodimers
(7,13,14). Heterodimers of Fos and the small Maf proteins also
bind to NF-E2 sites, but such heterodimers act as trans-suppressors,
like the small Maf homodimers (13). It therefore appears that the
expression of genes containing NF-E2-like regulatory sequences,
like β-globin and erythroid expressed PBGD, depends on the
effective concentrations of Maf proteins and interacting partners.
Since small Maf proteins are widely expressed (8,11), they could
in theory act as regulators in non-erythroid tissues as homodimers
and heterodimers with other proteins yet to be characterized.
Strong endogenous binding activity and activation through
NF-E2 sites have been observed in cells that express neither
NF-E2 nor AP1 and the protein(s) which represents this activity
has been shown to interact with the small Maf proteins (17,18).
This suggests that small Maf proteins and associated partners may
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regulate other genes (15) through NF-E2-like sites in non-erythroid
tissue as well.

Molecular cloning of cDNA (19) and genomic DNA (20) for
the bZIP transcription factor TCF11 revealed a gene consisting of
seven exons spanning 15 kb with a number of alternative splicing
and polyadenylation variants and an open reading frame of 772
amino acids. Nrf1 (21) and LCR-F1 (22), which are TCF11
isoforms transcribed from the TCF11 gene, were cloned from
cDNA libraries made from the erythroleukemia cell line K562
using functional screening assays. Translation of Nrf1 in vitro
resulted in two isoforms of 110 and 65 kDa (21). The short
isoform is probably translated from an internal start site(s)
(19,21). Analysis of the TCF11 amino acid sequence reveals a
C-terminal domain which is homologous to the Drosophila
segmentation gene product CNC (23), the erythroid-specific
transcription factor p45 NF-E2 (2,24), the ubiquitously expressed
Nrf2 (25) and the more tissue restricted ECH (14). This region,
the CNC domain, includes the basic DNA binding region and
suggests that TCF11 belongs to a distinct subfamily of bZIP
factors recognizing related DNA elements.

In this study, we investigated whether TCF11 could interact
with Maf proteins and bind to NF-E2 sites. Our results suggest
that TCF11, like p45 NF-E2, ECH and Fos, competes for small
Maf proteins to form heterodimers with higher affinity than either
homodimer for binding to NF-E2 sites. In combination with the
strong transactivation observed by LCR-F1 in K562 cells (22),
this suggests that TCF11/Nrf1/LCR-F1 has a functional role as a
transcriptional activator by binding to NF-E2 sites in erythroid
tissue. Since both TCF11 and small Maf proteins are ubiquitously
expressed, TCF11–Maf heterodimers may also regulate other
genes through MARE/NF-E2-like sites in other tissues.

MATERIALS AND METHODS

Restriction enzymes were obtained from New England Biolabs
(NEB) and radioactive compounds from Amersham. Oligo-
nucleotides were synthesized at the Biotechnology Centre, Oslo,
by Dr Eshrat Babaie. Anti-p45 NF-E2 and anti-Nrf2 polyclonal
antibodies were obtained from Santa Cruz Biotechnology.
Standard methods in molecular biology were used (26).

Construction of pMALc plasmids and isolation of
fusion proteins

The plasmid vector pMALc (NEB) encoding the maltose binding
protein (MBP) was used to generate the three C-terminal
MBP–TCF11 constructs -E, -A and -H (Fig. 1). The TCF11
cDNA clone pZcEA6, which contains the 1720–4200 TCF11
fragment in pBluescript SK (19) was digested with SmaI. SalI
linkers were ligated to the resulting TCF11 fragment and the
fragment then digested with EcoRI and SalI. This EcoRI–SalI
fragment was ligated to the corresponding sites in the linearized
pMALc vector to generate the final construct MBP–TCF11-E,
encoding a 790 amino acid fusion protein where 398 amino acids
are the C-terminal part of TCF11. MBP–TCF11-A was con-
structed by digestion of pZcEA6 with ApoI followed by ligation
of the 2.1 kb 3′ TCF11 fragment into the EcoRI site of pMALc.
Translation of MBP–TCF11-A results in a 688 amino acid fusion
protein including 300 amino acids of the TCF11 C-terminal
sequence. MBP–TCF11-H was constructed by digestion of
pZcEA6 with BsiHKAI and ligation of the 1.1 kb 3′ fragment into

Figure 1. Schematic representation of TCF11 and TCF11–maltose binding
protein (MBP) fusion proteins. Acidic transactivation regions are indicated by
A (19,22). The most C-terminal acidic region (A1) has been characterized (22),
whereas the N-terminus (A2) is a putative transactivation domain (19). A
serine-rich region is indicated by S. CNC-b-ZIP represents the CNC domain,
the basic DNA binding region and the leucine zipper respectively. a, b and c
indicate regions of variability in the TCF11 protein, resulting from alternative
exon usage (19). A methionine cluster that probably directs internal translation
initiation of TCF11 (19,21) is represented by MMM. MBP indicates the region
consisting of E.coli maltose binding protein.

PstI-digested pMALc. Translation of MBP–TCF11-H results in
a protein of 546 amino acids of which 158 amino acids are the
TCF11 C-terminal part. The construction of MBP–Maf fusion
proteins is described elsewhere (12,13,15). Briefly, the MBP–
v-Maf is a fusion of MBP and the 129 C-terminal amino acids of
chicken v-Maf. The corresponding number of amino acids for the
other chicken Maf proteins are 117 (MafB), 138 (MafF) and 151
(MafG), all containing the complete bZIP region. Competent
Escherichia coli BK2118 or Y1089 cells were transformed with
the various pMALc constructs by electroporation followed by
induction of fusion proteins and their isolation by amylose
affinity chromatography. The MBP–TCF11-E fusion protein did
not bind to the amylose resin and was purified by preparative
SDS–PAGE and subsequent electroelution. Protein concentra-
tions were determined by a modified Lowry procedure (27) and
Coomassie staining. The protein solutions were diluted with an
equal volume of 50% ethylene glycol (Pierce) and stored in small
aliquots at –20�C.

In vitro transcription and translation

For protein dimerization assays, TnT-coupled transcription–
translation rabbit reticulocyte extract (Promega) was used for the
synthesis of full-length 35S-labelled TCF11 with plasmid
pZcEA48 (19) as template. Alternatively, the transcription was
performed using Ribomax (Promega) followed by RNA purifica-
tion using the RNeasy kit (Qiagen). A 3.5 kb EcoRI–EcoRV
TCF11 cDNA fragment derived from pZcEA56 (19) comprising
the protein coding region of TCF11 was subcloned into pcDNA3
(Invitrogen) in the corresponding sites. The resulting plasmid,
pcA56, was linearized with SmaI and used as a template for T7
RNA polymerase. The Maf pRAM-GEM subclones (11) were
linearized with EcoRI and used as templates for T7 RNA
polymerase.

Protein dimerization assay

Around 300 ng MBP–TCF11-A or MBP–Maf fusion proteins
were bound to amylose resin by incubating 100 µl bacterial lysate
with 100 µl 20% amylose resin in buffer A (10 mM sodium
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phosphate, pH 7.2, 0.5 M NaCl, 10 mM β-mercaptoethanol, 1
mM EGTA and 1 mM sodium azide) on ice for 15 min. MBP
alone was used as a control. The resin was washed in 1 ml buffer
B (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40)
and resuspended in 1 ml buffer B. 35S-Labelled TCF11 translated
in vitro (2.5 µl) was added and the dimerization reaction
incubated by gently mixing overnight at 4�C. Unbound protein
was removed by washing three times in 750 µl cold buffer B and
bound protein was eluted by denaturation in SDS–PAGE sample
buffer (2% SDS, 0.1 M dithiothreitol, 60 mM Tris–HCl, pH 6.8,
10% glycerol and 0.001% bromphenol blue). Released proteins
were analyzed by SDS–PAGE/Coomassie staining and auto-
radiography.

Electrophoretic mobility shift assay (EMSA)

Bacterially expressed fusion proteins were centrifuged at 30 000 g
for 60 min to remove large particular material. Ten nanograms of
each purified fusion protein in 2 µl pMAL column buffer (10 mM
Tris–HCl, pH 7.4, 200 mM NaCl and 1 mM EDTA):ethylene
glycol (1:1) or K562 nuclear extract (3 µl) was incubated in
EMSA reaction buffer [5 mM Tris–HCl, pH 8.0, 25 mM NaCl,
2.5 mM MgCl2, 0.5 mM EDTA, 5% glycerol and 100 µg/ml
poly(dI·dC)] in a total volume of 10 µl for 15 min at 20�C. When
fusion proteins were used, 1% Tween-20 was added to the binding
reaction. For heterodimer formation of MBP–TCF11-A or -H and
MBP–MafG, fusion proteins were preincubated at 37�C for 30
min. In preliminary experiments these conditions were shown to
enhance heterodimerization. Where indicated, cold competitor
DNA (50 or 100 nM) was added to the reaction buffer.
32P-Labelled DNA probe (20 000–30 000 c.p.m.) was added to
a final concentration of 1 nM and the reaction mixture incubated
for 15 min at 20�C. Complexes were resolved by electrophoresis
on a pre-run 5% polyacrylamide gel (acrylamide:bisacrylamide
36:1) in 0.4× TBE buffer (1× TBE is 89 mM Tris–borate, pH 8.3,
and 2 mM EDTA) for 10 min at 10 V/cm. Electrophoresis was
continued for 60 min at 6 V/cm. The EMSA reaction was applied
to the gel while the electrophoresis was running. Subsequently,
the gels were dried for autoradiography. The concentration of
unlabelled single-stranded oligonucleotides was determined
using OD260 or gel electrophoresis and ethidium bromide
staining. Double-stranded fragments were generated by hybridiz-
ing equimolar amounts of complementary single-stranded DNA
oligonucleotides. Probes were end-labelled using [γ-32P]dATP
and polynucleotide kinase and purified by polyacrylamide gel
electrophoresis.

Binding assay using paramagnetic beads

All incubations and washings were performed at room tempera-
ture using slow vertical rotation to keep the beads in suspension.
Dynabeads M280–streptavidin (Dynal) (2 mg) were washed
three times in 700 µl of each of the following solutions: PBS/1%
BSA, PBS/1 M NaCl, EMSA buffer containing 1% Tween-20
and 0.3% Nonidet P-40 and 10 mM Tris (pH 8.0) 1 mM EDTA
(TE) and finally resuspended in 1 ml TE. Biotinylated (5′)
double-stranded DNA was added to 0.72 µM, which is approxi-
mately three times the binding capacity of the beads, and the
suspension incubated for 45 min to promote biotin–streptavidin
binding. The beads were washed twice in TE, suspended in 1 ml
EMSA buffer and stored at 4�C.

MBP fusion proteins were preincubated for 30 min at 37�C in
EMSA buffer to promote heterodimerization. Proteins (50 ng
each) were then mixed with 50 µg DNA beads resuspended in
EMSA buffer containing 2 µg poly(dI·dC), 1% Tween-20 and
(where indicated) 180 pmol unbiotinylated competitor DNA in a
total volume of 50 µl. After 45 min slow rotation, unbound
proteins were washed off by three 5 s whirlmix washes in 500 µl
EMSA buffer containing 1% Tween-20 and 0.3% Nonidet P-40.
For proteins obtained by translation in vitro, the reticulocyte
lysate containing translated proteins was mixed with an equal
volume of 50% ethylene glycol at room temperature and stored
on ice immediately following the translation reaction. Ten
microlitres of this solution was added to 50 µg DNA beads to
reach a total volume of 50 µl EMSA buffer containing 2 µg
poly(dI·dC), 0.5% Tween-20 and 0.15% Nonidet P-40. Protein–
DNA binding and washing were performed as described, except
that detergent concentrations were as in the binding reaction and
incubation was performed for 2 h. Extraction of nuclear proteins
from exponentially growing K562 cells was performed essential-
ly according to Schreiber et al. (28). Approximately 40 µg protein
in 20 µl nuclear extract was mixed with 50 µg DNA beads in
EMSA buffer containing 0.25% Tween-20, 0.08% Nonidet P-40
and 4 µg poly(dI·dC) in a final volume of 100 µl. Incubation and
washing were performed as described except detergent con-
centrations were kept at the levels used in the binding reactions.

Retained proteins were eluted in SDS–PAGE sample buffer at
95�C and separated by SDS–PAGE. Gels were either fixed in
10% acetic acid/10% methanol for 30 min, incubated in Amplify
(Amersham) for 30 min and dried for enhanced chemilumines-
ence detection (35S-labelled proteins translated in vitro) or
proteins were electroblotted from the gel onto membranes for
detection with antibodies as described below.

Production and purification of anti-TCF11 polyclonal
antibodies

MBP–TCF11-E was purified by preparative SDS–PAGE. The
appropriate gel slices were homogenized and antisera were raised
in rabbits repeatedly injected subcutaneously with ∼10 µg
recombinant MBP–TCF11-E fusion protein. High titre anti-
TCF11 antibodies were obtained. Immunoassays established that
these polyclonal antibodies against the C-terminus of TCF11
contained a high titre of both anti-TCF11 and anti-MBP
antibodies. The anti-MBP antibody was removed by absorption
to MBP immobilized on amylose resin. The IgG fraction was then
isolated from the anti-MBP-depleted antiserum using protein
A–Sepharose (Pharmacia) and further affinity purified on a
MBP–TCF11-E–Sepharose column. The purified antibody was
eluted with 1 M citric acid, 0.2 M K2HPO4, pH 2.2, and
immediately dialysed against PBS.

SDS–PAGE, immunoprecipitation and immunoblotting

Protein samples were prepared for SDS–PAGE by reduction and
denaturation at 99�C for 3 min in SDS–PAGE sample buffer.
Minigel electrophoresis (BioRad) was performed for 50 min,
10 V/cm, in Tris–glycine SDS running buffer (25 mM Tris base,
192 mM glycine, 3.5 mM SDS, pH 8.3). The gels were either stained
with Coomassie brilliant blue or prepared for blotting by incubation
in protein transfer buffer (25 mM Tris base, 192 mM glycine and
20% methanol, pH 8.3) for 5–10 min. Proteins were electroblotted
onto polyvinylidene difluoride membranes (Immobilon P;
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Millipore) in cold protein transfer buffer for 60 min at 20 V/cm.
Membranes were either stained with amido black or incubated in
TNT (150 mM NaCl, 0.1% Tween-20, 10 mM Tris–HCl, pH 8.0)
containing 5% sterile BSA (Gibco BRL). Antibodies (0.1–1
µg/ml) were added and the protein blots incubated in TNT
overnight at 4�C with gentle agitation. Unbound antibodies were
removed by three 15 min washes in TNT and bound antibodies
detected using horseradish peroxidase (HRP)-conjugated donkey
anti-rabbit antibodies and the enhanced chemiluminesence
(ECL) detection system (Amersham). Immunoprecipitations
were performed on K562 nuclear extracts using affinity-purified
anti-TCF11 antibodies or preimmune antibodies coupled to
protein A–Sepharose using dimethyl pimelimidate (Sigma).
Immuncomplexes were resolved by SDS–PAGE, electroblotted
and detected with biotinylated anti-TCF11 antibodies, streptavi-
din–HRP and ECL (Amersham).

RESULTS

TCF11 heterodimers with small Maf proteins

TCF11, the erythroid-specific p45 NF-E2, Nrf2 and ECH have
highly similar amino acid sequences in the 63 amino acid CNC
domain. Since this domain includes the basic DNA binding
region, it is not surprising that these factors recognize very similar
DNA sequences. The leucine zipper, located immediately
C-terminal of the CNC domain, controls dimerization and hence
determines which proteins can interact to form active, DNA
binding homo- or heterodimers. This interaction surface is not
particularly well conserved among CNC domain family
members, however, both p45 NF-E2 and ECH have been shown
to interact with small Maf proteins (7,8,13,14) and will probably
compete for binding to Maf proteins when co-expressed.

To test if TCF11 could interact with the Maf protein family
members, we performed a protein interaction assay. Freshly
prepared 35S-labelled in vitro translated TCF11 was incubated
with bacterially expressed TCF11 (MBP–TCF11-A) (Fig. 1) or
MBP–Maf proteins. Co-precipitated [35S]TCF11 and MBP
fusion proteins were collected using amylose resin, eluted and
analysed by SDS–PAGE and autoradiography (Fig. 2). Only the
small Maf fusion proteins MBP–MafF and MBP–MafG and the
MBP–TCF11-A fusion protein bound [35S]TCF11. No binding of
[35S]TCF11 was observed with the large Maf fusion proteins
MBP–v-Maf and MBP–MafB or MBP alone, indicating that the
observed interaction between TCF11 and small Maf proteins was
highly specific. Both TCF11 isoforms (p115 and p65/67) formed
homodimers and also heterodimers with small Maf proteins. A
likely conclusion based on these observations is that the TCF11
isoforms may compete with p45 NF-E2 and ECH in binding to
small Maf proteins in erythroid tissue.

Homo- and heterodimer binding to the 5′HS2 tandem
NF-E2 site

Interestingly, LCR-F1 alone binds the β-globin 5′HS2 tandem
NF-E2 site in an electrophoretic mobility shift assay (22),
suggesting that TCF11, like the small Maf proteins, binds to this
site as a homodimer. To test if TCF11–small Maf heterodimeriz-
ation would enhance protein binding to the tandem NF-E2 site,
we performed EMSA on bacterially synthesized TCF11 and
MafG fusion proteins. Prior to DNA binding, the proteins were
preincubated for 30 min at 37�C to promote heterodimerization.

Figure 2. Protein interaction assay using 35S-labelled TCF11 (translated in vitro)
and various MBP fusion proteins immobilized on amylose resin. [35S]TCF11
incubated with: lane 1, MBP; lane 2, MBP–TCF11-A; lane 3, MBP–v-MAF;
lane 4, MBP–MafB; lane 5, MBP–MafF; lane 6, MBP–MafG. After binding and
washing, retained [35S]TCF11 and the MBP derivatives were eluted and
subjected to SDS–PAGE on 8% gels and autoradiography. P115 and p65/67
represent full-length and internally translation initiated TCF11 respectively.

The TCF11 complex probably formed a homopolymer in the
presence of the 5′HS2 probe. We were unable to resolve this by
varying binding and electrophoresis conditions or by using the
truncated TCF11 construct MBP–TCF11-H. Most of the complex
remained in the well (Fig. 3A, lane 1) under non-denaturing
conditions and when in vitro translated TCF11 was used (not
shown). The presence of both TCF11 and MafG in the binding
reaction resulted in enhanced binding to the 5′HS2 probe (Fig.
3A, lane 3), indicating modulation of binding following hetero-
dimerization. Oligonucleotides containing either the 5′HS2
tandem NF-E2 site or the single PBGD site both competed
significantly but not completely with the labelled 5′HS2 probe
(lanes 4 and 5).

To circumvent the problem with resolution of TCF11 com-
plexes, we coupled the tandem NF-E2 site to paramagnetic beads,
which were incubated with the proteins to be tested. Retained
proteins were eluted from the DNA beads and analysed by
SDS–PAGE and autoradiography of 35S-labelled proteins trans-
lated in vitro. Both TCF11 and MafF separately bound specifi-
cally to the tandem NF-E2 site in the bead assay (Fig. 3B, lanes
1–4). As a homodimer, both long and short TCF11 isoforms
bound to the site; the long isoform (p115) was most active in DNA
binding (lane 3). By including competitor oligonucleotides with
four mutated positions (TGCTGAGTCAT→TGCACGTTCAT)
in the first (m1), second (m2) or both (m1m2) NF-E2 sites (Table
1), we observed that both m1 and m2 but not m1m2 inhibited
DNA binding by TCF11 (Fig. 3B lanes 5–7). This indicates that
both NF-E2 sites in the tandem repeat are used by TCF11 in vitro
and that this four base substitution at one AP1 half-site inhibits
binding by TCF11.

We next co-translated TCF11 and MafF and assayed for
binding to the tandem NF-E2 site on beads (Fig. 3B). As shown,
co-translation of the proteins increased the DNA binding ∼5-fold,
as determined by 35S scanning (Fig. 3B, lane 3 versus lane 9).
This increase in binding upon co-translation probably reflected an
increased overall affinity of the heterodimer for the tandem
NF-E2 site, consistent with our observations using bacterially
synthesized proteins (Fig. 3A). By using the DNA bead assay we
could observe the relative contribution of long and short TCF11
isoforms to the DNA-associated heterodimer compared with the
TCF11 homodimer. The short TCF11 isoform appeared to be the
preferred heterodimeric partner of MafF in binding to DNA
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Figure 3. Binding of TCF11 and small Maf proteins to the 5′HS2 tandem NF-E2 site in the β-globin LCR. (A) EMSA of MBP–TCF11-A and MBP–MafG bound
to the tandem NF-E2 site (AP1X2). Lanes 4 and 5, cold competitor DNA was added to 50-fold molar excess. The proteins indicated were preincubated to promote
heterodimerization as described in Materials and Methods. (B) Binding of in vitro translated TCF11 and MafF to the AP1X2 probe immobilized to paramagnetic beads
in the presence or absence of various oligonucleotide competitors. The 35S-labelled proteins were eluted and analyzed by SDS–PAGE and autoradiography. Comp.
indicates the cold competitor oligonucleotide used (Table 1). α-TCF11 indicates the presence or absence of affinity-purified anti-TCF11 antibody in the reaction.

Table 1. Oligonucleotides used in protein binding assays

Only the upper strand is shown. AP1X2 contains a tandem NF-E2 site and
flanking sequence from the human 5�HS2 in β-globin LCR. PBGD contains
a single NF-E2 site and flanking sequence from the human erythroid-specific
PBGD promoter. AP1/CRE binding sites are underlined, NF-E2 consensus
bases (apart from the AP1/CRE core) are highlighted and mutated bases are
shown in italics.

(Fig. 3B, lane 3 versus lane 9). As was observed for the TCF11
homodimer, both m1 and m2 completely inhibited DNA binding
by the heterodimer (lanes 11 and 12), indicating that both NF-E2
sites in the tandem repeat are occupied by the heterodimer as well.
The double mutant m1m2 also competed with the heterodimer
(lane 13), suggesting that the heterodimer tolerates the
TGAG→ACGT substitution in the AP1 half-site. Addition of
polyclonal antibody directed against MBP–TCF11-E (Fig. 1) and
depleted of anti-MBP inhibited DNA binding by the TCF11

homodimer and the TCF11–MafF heterodimer (lanes 8 and 14
respectively). The lack of binding by MafF in the presence of the
anti-TCF11 antibody suggests that most MafF is in a complex
with TCF11 when the proteins are co-translated. Our antibody
can thus be used as a specific inhibitor of DNA binding by TCF11
and TCF11-containing heterodimers.

These findings suggest that by interacting with a small Maf
family member, TCF11 binding to the 5′HS2 tandem NF-E2 site
is increased. The TCF11 homodimer and the TCF11–Maf
heterodimer bind to both NF-E2 sites in the tandem repeat, the
long TCF11 isoform (p115) apparantly being most active as a
homodimer while the short isoform (p65/67) appears to be most
active as a heterodimer in the bead assay.

Homo- and heterodimer binding to the PBGD single
NF-E2 site

Another NF-E2 site is the single site present in the PBGD
erythroid promoter (1,6). A G→T mutation at –2 relative to the
AP1 core in this NF-E2 site results in loss of inducibility of the
PBGD promoter in murine erythroleukemia (MEL) cells (6),
indicating that the NF-E2 site is essential for erythroid-specific
activation of the PBGD promoter. Interestingly, mice which do
not express p45 NF-E2 revealed that this factor is not essential for
expression of erythroid-specific PBGD (29). Thus, a factor(s)
which regulates erythroid PBGD through this site remains to be
identified. None of the CNC domain family members show strong
binding to this site alone, but following heterodimerizing with
small Maf proteins binding is enhanced (7,14).

In EMSA, no binding by the TCF11 homodimers MBP–
TCF11-A or MBP–TCF11-H was detected to the single NF-E2
site derived from the erythroid PBGD promoter (Fig. 4A, lanes
1 and 2). MBP–MafG homodimer binding (lane 3) was weak but
detectable using long exposure (data not shown). Mixing the
MBP–TCF11 and MBP–MafG fusion proteins resulted in
complexes very active in binding to the probe (lanes 4 and 5). This
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Figure 4. Binding of TCF11 and small Maf proteins to the single NF-E2 site from the PBGD erythroid-specific promoter. When purified MBP fusion proteins were
used, a preincubation step to promote heterodimerization was performed as described in Materials and Methods. All translations in vitro were performed in rabbit
reticulocyte lysate at the same time using the same reagents. Results were visualized by autoradiography, except where indicated. (A) EMSA of the purified MBP fusion
proteins MBP–TCF11-A or -H, MBP–MafG and the PBGD probe. The various unlabelled competitor oligonucleotides are listed in Table 1. (B) Binding of the purified
MBP fusion proteins MBP–TCF11-A and MBP–MafG to the PBGD sequence immobilized on paramagnetic beads. A indicates MBP–TCF11-A and G indicates
MBP–MafG. Bound proteins were separated by SDS–PAGE, electroblotted and detected with an anti-MBP antibody. (C) Binding of the co-translated proteins to the
PBGD sequence immobilized to paramagnetic beads. Reticulocyte lysate translations were used as protein input in DNA binding reactions including 50 µg PBGD
beads as described in Materials and Methods. Specifically bound proteins were eluted and separated by SDS–PAGE on 14% gels. At the top of the figures, RNA input
into the translation reaction and unbiotinylated competitor DNA are indicated. Retained small Maf proteins are indicated on the right of the figure.

indicates that heterodimer formation between TCF11 and MafG
is necessary for efficient binding to this site. We used the two
MBP–TCF11 fusion proteins -A and -H (Fig. 1), differing by 15
kDa, as MBP–MafG partners. Heterodimers between each of these
TCF11 fusion proteins and MBP–MafG migrated differently in
EMSA, showing the presence of MBP–TCF11 in the DNA-
bound complex (lanes 4 and 5). A second control for the presence
of both proteins in the DNA binding complex was performed. By
DNA affinity isolation of the complex formed between the fusion
proteins and the single NF-E2 site using DNA beads, both
MBP–TCF11-A and MBP–MafG were detected when mixed, but
not when assayed separately (Fig. 4B). By including an excess of
unlabeled PBGD probe containing an intact NF-E2 site
(TGCTGAGTCAC, Table 1), the shift was competed out
(Fig. 4A, lane 7, and B, lane 4). As expected, an oligonucleotide
containing a G→T mutation in position –2 relative to the AP1
core (mPBGD, TTCTGAGTCAC) did not compete effectively
with the probe (Fig. 4A, lane 8). Competition using mutant

oligonucleotides P1 (TGCTGAGTCAG) and P2 (TGATGAGT-
CAG) showed that P1 competed fully (lane 9), whereas P2 had an
effect similar to that of mPBGD. The C→G mutation alone was
therefore not sufficient to abolish competition. PCG, a PBGD
NF-E2 site with CRE-like half-site spacing (TGCTGACGTCAC),
was a weak competitor (lane 11). Such TRE-like half-site spacing
preference has also been observed for native NF-E2 (7). As
expected, the 5′HS2 tandem NF-E2 site effectively competed
with the PBGD single NF-E2 site (lane 12). Neither in EMSA nor
in the bead assay did MBP–TCF11-A or -H bind to the PBGD
probe. This was most likely due to their N-terminal deletions
causing reduced homodimer formation or DNA binding. These
species of TCF11 can form homodimers with in vitro translated
TCF11 (Fig. 2), but may be unable to form AA or HH
homodimers.

The small Maf proteins have virtually identical DNA binding
specificity (13). We therefore examined if in vitro co-translated
TCF11 and small Maf proteins MafF, MafG and MafK displayed
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Figure 5. Proteins detected by anti-TCF11 antibody. (A) SDS–PAGE and immunoblotting of 10 µg K562 nuclear proteins (lanes 1 and 3) and 1 µl reticulocyte lysate
containing TCF11 translated in vitro (lane 2). Proteins were detected using the polyclonal anti-TCF11 antibody (lanes 2 and 3) or preimmune rabbit immunoglobulins
(lane 1). Arrows indicate two proteins also recognized by the preimmune antibody. Molecular weight markers are (top to bottom): 116, 97, 66 and 45 kDa. (B)
Immunoprecipitation of TCF11 from K562 nuclear extract using affinity-purified polyclonal anti-TCF11 antibodies (lane 3) or preimmune antibodies (lane 2). Lane
1 is a biotinylated protein standard of 116, 97, 66 and 44 kDa (top to bottom). Precipitated TCF11 proteins were resolved by SDS–PAGE (8% gel), electroblotted and
detected using biotinylated anti-TCF11 antibody. (C) Detection of proteins in 10 µg K562 nuclear protein extract resolved by SDS–PAGE (8% gel), electroblotted
and incubated with anti-p45 NF-E2 (lane 1) or anti-TCF11 (lane 2) antibodies as described in Materials and Methods. The weakly stained upper band recognized by
both antibodies is also recognized by several other antibodies (data not shown).

the same binding pattern to the single NF-E2 site. When DNA
binding reactions using in vitro co-translated proteins and the
single NF-E2 site coupled to beads were performed, an ∼30-fold
increase (determined by 35S scanning) in TCF11 binding was
observed by co-translation of TCF11 and each of the small Mafs
when compared with the homodimer (Fig. 4C, lanes 1 and 3).
Again, this indicates modulation of substrate affinity by hetero-
dimer formation. Using in vitro synthesized TCF11 and PBGD
beads, specific homodimer binding was clearly detected, in
contrast to the results using bacterially synthesized TCF11. As
observed using the 5′HS2 tandem NF-E2 site, the long TCF11
isoform (p115) bound more efficiently as a homodimer and the
short isoform (p65/67) was most active in binding as a
heterodimer with the small Maf protein family members (Fig. 4C,
lanes 1 and 3). The various TCF11–small Maf heterodimers
displayed similar DNA recognition profiles using NF-E2-like
sites (lanes 4 and 5), an AP1 site (lane 6) or a CRE site (lane 7)
oligonucleotide as competitors in the binding reactions. This
experiment also suggested that the AP1 (TGAGTCA) or CRE
(TGACGTCA) core sequences were not sufficient for strong
binding by the TCF11–small Maf heterodimer.

Antibody detection of TCF11

The ubiquitous expression of TCF11 mRNA (19,21) led us to
investigate if the TCF11 protein could be detected in different
human tissues and cell lines. The polyclonal anti-TCF11 antibody
used to inhibit DNA binding (Fig. 3B, lanes 8 and 14) recognized
both TCF11 isoforms translated in vitro in immunoblotting
experiments (Fig. 5A, lane 2) and could thus be expected to do so
in other crude extracts as well. In K562 cell extracts, two proteins
of 47 and 49 kDa were detected in both cytoplasmic (data not
shown) and nuclear fractions (Fig. 5A, lane 3). This doublet was
recognized in a native state as well, as shown by immunopreci-
pitation of p47/49 from K562 nuclear extracts (Fig. 5B). The
possibility of cross-reacting with the other CNC domain family
members, p45 NF-E2 and Nrf2, was eliminated, since the p47/49
doublet did not co-migrate with the proteins specifically detected
by anti-p45 (Fig. 5C) or anti-Nrf2 (data not shown). The observed

protein sizes are in good agreement with the expected molecular
weight of internally initiated TCF11 (49 kDa), but differ from the
apparent size (21) of in vitro translated internally initiated TCF11
(65/67 kDa).

To specifically block DNA binding of TCF11 in K562 nuclear
extracts, we included purified anti-TCF11 or preimmune anti-
bodies in a preincubation step before DNA binding. This antibody
does not react with p45 NF-E2 (Fig. 5C). Addition of anti-TCF11
antibody specifically reduced one protein complex (Fig. 6A,
arrows) using both the single and the tandem NF-E2 sites as
probes (Fig. 6A, lanes 3 and 8 respectively). The preimmune
antibody did not affect binding (lanes 4 and 9) and addition of
unlabelled competitor DNA verified that the shifts were specific
(lanes 5 and 10). The other shifts are expected to be caused by a
number of other proteins binding to AP1 sites.

We next examined if the p47/49 doublet in K562 cell extract
could specifically bind to the PBGD single NF-E2 site immobi-
lized on beads. K562 nuclear proteins were incubated with the
DNA beads and retained proteins were separated by SDS–PAGE,
electroblotted and incubated with the anti-TCF11 antibody.
P47/49 bound to the NF-E2 site (Fig. 6B) and reacted with the
anti-TCF11 antibody. No protein was detected when naked beads
were used. These results show that the p47/49 doublet is TCF11
isoforms. They are also consistent with the finding that
Nrf1/LCR-F1 binds to this site in K562 cells (21,22). P47/49
requires the conserved G at position –2 relative to the AP1 core
for binding (data not shown). Unbiotinylated PBGD site and PCG
oligonucleotides competed for binding by the p47/49 doublet,
showing that the binding was specific (Fig. 6B, lanes 4 and 5).
Thus, the TRE-like half-site spacing preference observed using
bacterially expressed and in vitro translated proteins is less
pronounced for the p47/49 doublet. In this bead assay, the
uncertainty of cross-reactivity in antibody blocking of DNA
binding is eliminated.

DISCUSSION

Increasing knowledge of the regulation of gene expression has
revealed the combinatorial nature of regulatory complexes. The
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Figure 6. Anti-TCF11 antibody recognizing proteins bound to NF-E2 sites. (A) EMSA of 6 µg K562 nuclear proteins and the AP1X2 probe (lanes 1–5) or the PBGD
probe (lanes 6–14). Various DNA competitor oligonucleotides and antibodies included in the binding reactions are denoted. Antibodies were incubated with the nuclear
proteins for 1 h at 20�C prior to the addition of radiolabelled probe. Reactions were resolved as described in Materials and Methods. Arrows indicate the complex
inhibited by anti-TCF11 antibodies. (B) DNA binding experiment where 50 µg PBGD beads were incubated with 40 µg K562 nuclear protein and specifically bound
proteins were eluted and subjected to SDS–PAGE, electroblotting and detection with anti-TCF11 antibody. Lane 1, 10 µg K562 nuclear proteins; lane 2, 40 µg nuclear
proteins incubated with 50 µg beads without DNA; lanes 3–5, 40 µg nuclear proteins bound to 50 µg PBGD-coated beads. Unbiotinylated DNA competitor
oligonucleotides (180 pmol) used in the binding reactions are denoted.

bZIP transcription factors have powerful capacities in this respect
through their ability to form homo- and heterodimers with other
bZIP factors, where partners can vary from one cell type to
another. Such interactions may modulate the DNA substrate
specificity of a given bZIP factor, in addition to altering its
potential as a transactivator or transrepressor of transcription. The
small Maf protein family members are examples of transcriptional
regulators that interact with both tissue-restricted and ubiquitously
expressed partners. As homodimers or heterodimers with Fos,
they effectively repress transcription by binding to MAREs. In
contrast, by heterodimerization with members of the CNC
domain family, powerful transcriptional activators are formed.

In this study we have shown that the ubiquitously expressed
bZIP factor TCF11 (Nrf1/LCR-F1) interacts specifically with
members of the small Maf protein family. This interaction
significantly enhances DNA binding to NF-E2 sites derived from
the human β-globin LCR 5′HS2 and the erythroid PBGD
promoter. We also observed that both full-length and internally
translation initiated TCF11 bound to NF-E2 sites, the latter
isoform being most active as a heterodimer with small Mafs. In
K562 nuclear extracts, a polyclonal anti-TCF11 antibody directed
against the C-terminus of TCF11 recognizes a 47/49 kDa doublet
that specifically binds to the PBGD NF-E2 site. These data
suggest that TCF11 may be important, at least in K562 cells,
either by influencing gene regulation through NF-E2 sites by
direct binding and transactivation, or indirectly by competing
with other CNC domain family members for small Maf protein
partners. Taken together with previous reports showing that the
TCF11 isoform LCR-F1 is a more potent erythroid-specific

transactivator than p45 NF-E2 (22), our findings suggest that
TCF11 is a functional homolog of p45 NF-E2.

The discovery of MARE/NF-E2-like sites adds complexity to
gene regulation through AP1 sites (1,15). Several AP1 sites in
human promoters and enhancers closely resemble MARE/NF-E2
sites (15) and uncharacterized factors specifically recognizing
NF-E2 sites have been detected (17,18). Since TCF11 is widely
expressed, TCF11 could represent one of these previously
unidentified binding activities. It is possible that TCF11 binds to
and activates through several of these sites and thereby influences
the transcription of a number of genes. Alternatively, the activator
function of TCF11 may be restricted to certain genes and cell
types by a limited number of available partners. The fact that
TCF11 can utilize small Maf proteins for efficient binding to
DNA suggests that TCF11 can either directly or indirectly
(through competition with other bZIP proteins for small Mafs) be
involved in regulating a broader scope of genes. Indeed,
preliminary transient transfection assays suggest that TCF11 can
activate transcription in several non-erythroid cell lines through
the NF-E2 site (P.Murphy, unpublished results). There is also
accumulating evidence that functional homologs of both p18 and
p45 NF-E2 are present in haematopoietic cell lineages (29,30).
For example, using anti-p18 antibodies we did not detect any p18
together with p47/49 (data not shown), suggesting that TCF11
interacts with another protein(s) in K562 cells.

The p47/49 doublet detected by an anti-TCF11 antibody
corresponds well with the expected molecular weight of TCF11
translated from the ‘downstream’ initiation site (49 kDa) and
suggests that in K562 cells this is the major TCF11 translation
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product. The size discrepancy between p47/49 and TCF11
translated in vitro could be due to protein modifications in the
reticulocyte lysate or the endogenous p47/49 doublet could be the
result of post-translational modification/proteolysis of p65/67 in
vivo. The p47/49 doublet was also observed in HL60 cells (not
shown). Chan and co-workers observed a 65 kDa protein in K562
extracts using an anti-Nrf1 antibody directed against a synthetic
peptide derived from the leucine zipper region (21). This 65 kDa
protein could be a preprocessed form of internally initiated
TCF11, although, using several nuclear protein preparations and
a protease inhibitor cocktail for the extractions, we have never
observed this species in nuclear extracts.
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