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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 from5 ' DNase
hypersensitive site 2 in the B-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 TCF11l 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-E2J activates

family proteins MafF, MafG and MafK are bZIP transcription
factors which can form homo- and heterodimers with each other, in
addition to heterodimers with Fos0£13) and the cap n’ collar
(CNC) domain family members p45 NF-E2 &énd ECH {4). Maf
homodimers or intra-subfamily heterodimers recognize 13 or 14 bp
elements (Maf-responsive elements; MARES) of th©-1&rade-
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/IG)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 (/,8). A G- T mutation at —2 relative to the AP1 core,
which affects NF-E2 but not AP1 binding, results in lossi&3
enhancer activity3) 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{,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 homodimer4 ). It therefore appears that the

transcription from a discrete set of AP1-related sites. Such NF-EZpression of genes containing NF-E2-like regulatory sequences,
sites have been identified in promoters and enhancers of sevdik& B-globin and erythroid expressed PBGD, depends on the
erythroid-specific genes, including thel@Nase hypersensitive effective concentrations of Maf proteins and interacting partners.
site 2 (BHS2) in theB-globin locus control region (LCRP{5)  Since small Maf proteins are widely expressgiil, they could

and the porphobilinogen deaminase (PBGD) erythroid-specifio theory act as regulators in non-erythroid tissues as homodimers
promoter {,6). Purification and molecular cloning of NF-E2 and heterodimers with other proteins yet to be characterized.
revealed an erythroid-specific 45 kDa bZIP protein whiclStrong endogenous binding activity and activation through
dimerized with a ubiquitous 18 kDa partng). (This partner, NF-E2 sites have been observed in cells that express neither
necessary for DNA binding activity and transcriptional activaNF-E2 nor AP1 and the protein(s) which represents this activity
tion, was shown to be a member of the small Maf protdias been shown to interact with the small Maf protéind §).
oncoprotein family, presumably Mafki<9). The small Maf This suggests that small Maf proteins and associated partners may
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regulate other gene$s) through NF-E2-like sites in non-erythroid 1 b ¢ MMM 170
tissue as well. 7 R R U W 1 0
. . TCF T 2-sip
Molecular cloning of cDNA19) and genomic DNAZQ) for b f“'ﬁmm al. ﬁ’“ ﬂ"*‘“';ﬁ
the bZIP transcription factor TCF11 revealed a gene consisting o L - E——— e T
seven exons spanning 15 kb with a number of alternative splicin@@P-TEe11-8 NS BRSO INESE " fnetpt
and polyadenylation variants and an open reading frame of 77. 1 -
amino acids. Nrf1ql) and LCR-F1 %2), which are TCF1l  yantreira e N1 - e e
isoforms transcribed from tHECF11 gene, were cloned from m‘m "fﬁﬂ””“"jﬁ
cDNA libraries made from the erythroleukemia cell line K562 J — — L i)
using functional screening assays. Translation of Mrflitro MBP-TOF11-H N N e
resulted in two isoforms of 110 and 65 kDA)( The short
isoform is probably translated from an internal start site(s):. . . o
. . . igure 1. Schematic representation of TCF11 and TCF11l-maltose binding
(19’21); Analy5|s Pf the,TCFll amino acid sequence re_veals grotein (MBP) fusion proteins. Acidic transactivation regions are indicated by
C—termwlalf domain whwijh |ts g'c\)lrg:;))lcogt;ﬁus tC)thtbc_agsophll? Aé19,22).t;ll'heNmtostC_:-tern(ﬂAnZa;I acidic retgitpn (/?1) hastpe?‘n chgractgriz(ité )(21),
segmentation gene produc ee roid-specific  whereas the N-terminus is a putative transactivation domain .
tragr]lscription fagtor p4% NF-E2 24) the ubiqui?(/)usly exgressed serine-rich region is indicated by S. CNC-b-ZIP represents the CNC domain,
- o : : the basic DNA binding region and the leucine zipper respectively. a, b and ¢
Nrf2 (25) and th.e more ussue resm(.:ted EOH)( T.hIS region, indicate regions of variability in the TCF11 protein, resulting from alternative
the CNC domain, includes the basic DNA binding region anGyon usage (19). A methionine cluster that probably directs internal translation
fsuggests that 'T'CFlll belotlnrlljgl\sI Atola distinct subfamily of bZImnnat_mtn ofTéZFll:!. (1sit,21) |ts)_refjpresentteql by MMM. MBP indicates the region
actors recognizing relate elements. consisting of.coli maltose binding protein.
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 smafei-digested pMALc. Translation of MBP—TCF11-H results in
Maf proteins to form heterodimers with higher affinity than eitheft Protein of 546 amino acids of which 158 amino acids are the
homodimer for binding to NF-E2 sites. In combination with the! CF11 C-terminal part. The construction of MBP-Maf fusion
strong transactivation observed by LCR-F1 in K562 calfy ( Proteins is described elsewheii,(3,15). Briefly, the MBP—
this suggests that TCF11/Nrfl/LCR-F1 has a functional role as/aMaf is a fusion of MBP and the 129 C-terminal amino acids of
transcriptional activator by binding to NF-E2 sites in erythroichicken v-Maf. The corresponding number of amino acids for the
tissue. Since both TCF11 and small Maf proteins are ubiquitou??g'er chicken Maf proteins are 117 (MafB), 138 (MafF) and 151
expressed, TCF11-Maf heterodimers may also regulate otj&fafG). all containing the complete bZIP region. Competent
genes through MARE/NF-E2-like sites in other tissues. Escherl_chla colBK2118 or Y1089 cells were transformed with
the various pMALc constructs by electroporation followed by
induction of fusion proteins and their isolation by amylose
MATERIALS AND METHODS affinity chromatography. The MBP—TCF11-E fusion protein did
Restrction enzymes were obtained from New England Biokalf™ 5 5o &0 beequent electroution. Protei concentra-
(NElB) t%nd radloactl}[/he qorr:jpotutl;]dstrctJm hAn:ershgm. . Ol'goions were determined by a modified Lowry proceda® &nd
EUCDeOE' ﬁs \t/vgrebsyn Aest_lze45aNF eEZ 10 %C n? (l)\lg)flz er; rel, oomassie staining. The protein solutions were diluted with an
y Ur Eshral babaié. Anti-p “£2 and anti-Nrlz polyclona,,, 51 yolume of 50% ethylene glycol (Pierce) and stored in small
antibodies were obtained from Santa Cruz Blotechnolog}gmquots at —20C
Standard methods in molecular biology were ugég ( '

) ) ) ) In vitro transcription and translation
Construction of pMALc plasmids and isolation of

fusion proteins For protein dimerization assays, TnT-coupled transcription—

translation rabbit reticulocyte extract (Promega) was used for the
The plasmid vector pMALc (NEB) encoding the maltose bindingynthesis of full-length3°S-labelled TCF11 with plasmid
protein (MBP) was used to generate the three C-terminglZcEA48 (L9) as template. Alternatively, the transcription was
MBP-TCF11 constructs -E, -A and -H (Fi). The TCF11l performed using Ribomax (Promega) followed by RNA purifica-
cDNA clone pZcEA®6, which contains the 1720-4200 TCF1iion using the RNeasy kit (Qiagen). A 3.5 EodRI-ECARV
fragment in pBluescript SK1f) was digested witlsmd. Sal ~ TCF11cDNA fragment derived from pZcEA569) comprising
linkers were ligated to the resultif@CF11 fragment and the the protein coding region @iCF11was subcloned into pcDNA3
fragment then digested witicoRl andSal. This EcdRI-Sal  (Invitrogen) in the corresponding sites. The resulting plasmid,
fragment was ligated to the corresponding sites in the linearizggA56, was linearized witBma and used as a template for T7
PMALc vector to generate the final construct MBRF1EE, RNA polymerase. The Maf pRAM-GEM subclonds)(were
encoding a 790 amino acid fusion protein where 398 amino acifiisearized with EcaRl and used as templates for T7 RNA
are the C-terminal part of TCF11. MBP-TCF11-A was conpolymerase.

structed by digestion of pZcEA6 witkpd followed by ligation

of the 2.1 kb 3TCF11 fragment into thEcoR site of pMALc. o dimarisati
Translation of MBP-TCF11-A results in a 688 amino acid fusioﬁ rotein dimerization assay
protein including 300 amino acids of the TCF11 C-terminafround 300 ng MBP-TCF11-A or MBP—Maf fusion proteins
sequence. MBP-TCF11-H was constructed by digestion wofere bound to amylose resin by incubatingdi@@cterial lysate
pZcEAG withBsiHKAI and ligation of the 1.1 kb’ ragmentinto  with 100 pl 20% amylose resin in buffer A (10 mM sodium
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phosphate, pH 7.2, 0.5 M NaCl, 10 nfiymercaptoethanol, 1 =~ MBP fusion proteins were preincubated for 30 min &C3n

mM EGTA and 1 mM sodium azide) on ice for 15 min. MBPEMSA buffer to promote heterodimerization. Proteins (50 ng
alone was used as a control. The resin was washed in 1 ml buffach) were then mixed with p@ DNA beads resuspended in

B (20 mM Tris—HCI, pH 7.5, 150 mM NacCl, 1% Nonidet P-40)EMSA buffer containing 21g poly(dl-dC), 1% Tween-20 and
and resuspended in 1 ml buffeBBS-Labelled TCF11 translated (where indicated) 180 pmol unbiotinylated competitor DNA in a
in vitro (2.5 pl) was added and the dimerization reactiontotal volume of 50ul. After 45 min slow rotation, unbound
incubated by gently mixing overnight &G Unbound protein proteins were washed off by three 5 s whirlmix washes imb00
was removed by washing three times in [{bbld buffer Band EMSA buffer containing 1% Tween-20 and 0.3% Nonidet P-40.
bound protein was eluted by denaturation in SDS—-PAGE samier proteins obtained by translation vitro, the reticulocyte
buffer (2% SDS, 0.1 M dithiothreitol, 60 mM Tris—HCI, pH 6.8, lysate containing translated proteins was mixed with an equal
10% glycerol and 0.001% bromphenol blue). Released proteimslume of 50% ethylene glycol at room temperature and stored
were analyzed by SDS-PAGE/Coomassie staining and autm ice immediately following the translation reaction. Ten
radiography. microlitres of this solution was added to |5 DNA beads to
reach a total volume of 50 EMSA buffer containing 3.9
poly(dl-dC), 0.5% Tween-20 and 0.15% Nonidet P-40. Protein—
DNA binding and washing were performed as described, except

Bacterially expressed fusion proteins were centrifuged at 39 00¢hat detergent concentrations were as in the binding reaction and
for 60 min to remove large particular material. Ten nanograms @fcubation was performed for 2 h. Extraction of nuclear proteins
each purified fusion protein in2pMAL column buffer (10mM  from exponentially growing K562 cells was performed essential-
Tris—HCI, pH 7.4, 200 mM NaCl and 1 mM EDTA):ethylenely according to Schreibet al (28). Approximately 4Qug protein
glycol (1:1) or K562 nuclear extract (8) was incubated in in 20 pl nuclear extract was mixed with $@ DNA beads in
EMSA reaction buffer [5 mM Tris—HCI, pH 8.0, 25 mM NacCl, EMSA buffer contaln_lng 025% Tween-20, 0.08% Nqnldet P-40
2.5 mM MgCh, 0.5 mM EDTA, 5% glycerol and 1Q@g/ml  and 4ug poly(dl-dC) in a final volume of 1Q0. Incubation and
poly(dl-dC)] in a total volume of 3@ for 15 min at 20C. When  Wwashing were performed as described except detergent con-
fusion proteins were used, 1% Tween-20 was added to the bind trations were kept at the levels used in the blndlng reactions.
reaction. For heterodimer formation of MBP-TCF11-A or -H and Retained proteins were eluted in SDS-PAGE sample buffer at
MBP-MafG, fusion proteins were preincubated £G7or 30 95°C and separated by SDS-PAGE. Gels were either fixed in
min. In preliminary experiments these conditions were shown #9% acetic acid/10% methanol for 30 min, incubated in Amplify
enhance heterodimerization. Where indicated, cold competitthmersham) for 30 min and dried for enhanced chemilumines-
DNA (50 or 100 nM) was added to the reaction bufference detection 3¢S-labelled proteins translateéd vitro) or
32p-Labelled DNA probe (20 000-30 000 c.p.m.) was added t#oteins were electroblotted from the gel onto membranes for
a final concentration of 1 nM and the reaction mixture incubatedgtection with antibodies as described below.

for 15 min at 20C. Complexes were resolved by electrophoresis

on a pre-run 5% polyacrylamide gel (acrylamide:bisacrylamideroduction and purification of anti-TCF11 polyclonal

36:1) in 0.4 TBE buffer ( TBE is 89 mM Tris—borate, pH 8.3, antibodies

and 2 mM EDTA) for 10 min at 10 V/cm. Electrophoresis wa . .
continued for 60 min at 6 VV/cm. The EMSA reaction was applie BP-TCF11-E was purified by preparative SDS-PAGE. The
propriate gel slices were homogenized and antisera were raisec

to the gel while the electrophoresis was running. Subsequen : .
. . -~ It rabbits repeatedly injected subcutaneously wWit) pg
the gels were dried for autoradiography. The concentration combinant MBP—TCF11-E fusion protein. High titre anti-

Bgilgbelgag swg)gle-(s;rag;gggo Orl:g?enslijge:rfgje;h\{é?jmdf)trirrmg] F11 antibodies were obtained. Immunoassays established that
ng 60 9 P .e}Qese polyclonal antibodies against the C-terminus of TCF11
staining. Double-stranded fragments were generated by hybrid ontained a high titre of both anti-TCF11 and anti-MBP
Ing equlmole_lr amounts of complementary smgle—ﬁs}tranded DN%ntibodies. The anti-MBP antibody was removed by absorption
ollgonucleondes_. Pro_bes were end_—l_abelled u FﬂdATP PMBP immobilized on amylose resin. The IgG fraction was then
and polynucleotide kinase and purified by polyacrylamide g solated from the anti-MBP-depleted antiserum using protein

electrophoresis. A-Sepharose (Pharmacia) and further affinity purified on a
MBP-TCF11-E-Sepharose column. The purified antibody was

Binding assay using paramagnetic beads eluted with 1 M citric acid, 0.2 M ¥IPQy, pH 2.2, and

. . . immediately dialysed against PBS.

All incubations and washings were performed at room tempera-

ture using slow vertical rotation to keep the beads in suspensi ; . ; :

Dynabeads M280-streptavidin (Dynal) (2 mg) were washe%bs_PAGE’ immunoprecipitation and immunoblotting

three times in 70Ql of each of the following solutions: PBS/1% Protein samples were prepared for SDS-PAGE by reduction and

BSA, PBS/1 M NaCl, EMSA buffer containing 1% Tween-20denaturation at € for 3 min in SDS-PAGE sample buffer.

and 0.3% Nonidet P-40 and 10 mM Tris (pH 8.0) 1 mM EDTAMinigel electrophoresis (BioRad) was performed for 50 min,

(TE) and finally resuspended in 1 ml TE. Biotinylated) (5 10 V/cm, in Tris—glycine SDS running buffer (25 mM Tris base,

double-stranded DNA was added to QUR2, which is approxi- 192 mM glycine, 3.5 mM SDS, pH 8.3). The gels were either stained

mately three times the binding capacity of the beads, and tthith Coomassie brilliant blue or prepared for blotting by incubation

suspension incubated for 45 min to promote biotin—streptavidin protein transfer buffer (25 mM Tris base, 192 mM glycine and

binding. The beads were washed twice in TE, suspended in 1 2006 methanol, pH 8.3) for 5-10 min. Proteins were electroblotted

EMSA buffer and stored af€. onto polyvinylidene difluoride membranes (Immobilon P;

Electrophoretic mobility shift assay (EMSA)
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Millipore) in cold protein transfer buffer for 60 min at 20 V/cm. MEF * .

Membranes were either stained with amido black or incubated in ~~ MBP-TCFII-A - -+ - - -

TNT (150 mM NaCl, 0.1% Tween-20, 10 mM Tris—HCI, pH 8.0) g‘:f“-"'" A E'
containing 5% sterile BSA (Gibco BRL). Antibodies (0.1-1

pug/ml) were added and the protein blots incubated in TNT P i

overnight at 4C 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 t?:' ) Protein _ Hg-labelled TCFL1 (ranslatéghito)
rotein A-Sepharose using dimethyl pimelimidate (Sigma)gure 2.Protein interaction assay using-labelle translatewiitro
meuncompleaes were resc?lved by ng—PAGE elect(roglottg dg’ o e fuslon proteins 'n;m&%:'jzefc?:”lfn;yllose rféa];[é: e Ar
) e ; o ‘Mcubated with: lane 1, ; lane 2, — -A; lane 3, —V- ;
and detected with biotinylated anti-TCF11 antibodies, streptaviane 4, MBP-MafB; lane 5, MBP-MafF; lane 6, MBP-MafG. After binding and

din—-HRP and ECL (Amersham). washing, retained3§S|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.

RESULTS

TCF11 heterodimers with small Maf proteins The TCF11 complex probably formed a homopolymer in the

TCF11, the erythroid-specific p45 NF-E2, Nrf2 and ECH hav@resence of the'l8S2 probe. We were unable to resolve this by
highly similar amino acid sequences in the 63 amino acid CN@rying binding and electrophoresis conditions or by using the
domain. Since this domain includes the basic DNA bindinguncated TCF11 construct MBP-TCF11-H. Most of the complex
region, it is not surprising that these factors recognize very similggmained in the well (Fig3A, lane 1) under non-denaturing
DNA sequences. The leucine zipper, located immediatefonditions and wheim vitro translated TCF11 was used (not
C-terminal of the CNC domain, controls dimerization and hengghown). The presence of both TCF11 and MafG in the binding
determines which proteins can interact to form active, DNAgaction resulted in enhanced binding to th¢S2 probe (Fig.
binding homo- or heterodimers. This interaction surface is n@A, lane 3), indicating modulation of binding following hetero-
particularly well conserved among CNC domain familydimerization. Oligonucleotides containing either tHelS®
members, however, both p45 NF-E2 and ECH have been shot@idem NF-E2 site or the single PBGD site both competed
to interact with small Maf proteing,8,13,14) and will probably ~ significantly but not completely with the labelletHS2 probe
compete for binding to Maf proteins when co-expressed. (lanes 4 and 5).

To test if TCF11 could interact with the Maf protein family To circumvent the problem with resolution of TCF11 com-
members, we performed a protein interaction assay. FresHiigxes, we coupled the tandem NF-E2 site to paramagnetic beads,
prepared?>S-labelledin vitro translated TCF11 was incubated Which were incubated with the proteins to be tested. Retained
with bacterially expressed TCF11 (MBP-TCF11-A) (RBjgor  proteins were eluted from the DNA beads and analysed by
MBP-Maf proteins. Co-precipitatecP>B]TCF11 and MBP SDS-PAGE and autoradiography3e®-labelled proteins trans-
fusion proteins were collected using amylose resin, eluted atdedin vitro. Both TCF11 and MafF separately bound specifi-
analysed by SDS—-PAGE and autoradiography gFignly the  cally to the tandem NF-E2 site in the bead assay §Biganes
small Maf fusion proteins MBP-MafF and MBP—-MafG and thel—4). As a homodimer, both long and short TCF11 isoforms
MBP-TCF11-A fusion protein boungPB]TCF11. No binding of ~bound to the site; the long isoform (p115) was most active in DNA
[35S]TCF11 was observed with the large Maf fusion proteinbinding (lane 3). By including competitor oligonucleotides with
MBP-v-Maf and MBP—MafB or MBP alone, indicating that thefour mutated positions (TGGAG TCAT - TGCACGT TCAT)
observed interaction between TCF11 and small Maf proteins wisthe first (m1), second (m2) or both (m1m2) NF-E2 sites (Table
highly specific. Both TCF11 isoforms (p115 and p65/67) formed), we observed that both m1 and m2 but not m1mz2 inhibited
homodimers and also heterodimers with small Maf proteins. RNA binding by TCF11 (Fig3B lanes 5-7). This indicates that
likely conclusion based on these observations is that the TCF2ath NF-E2 sites in the tandem repeat are used by Ti@Fittb
isoforms may compete with p45 NF-E2 and ECH in binding t@nd that this four base substitution at one AP1 half-site inhibits
small Maf proteins in erythroid tissue. binding by TCF11.

We next co-translated TCF11 and MafF and assayed for
: ; T binding to the tandem NF-E2 site on beads @By. As shown,
HgTEOZ gtn: heterodimer binding to the $1S2 tandem co-translation of the proteins increased the DNA bindinfpld,
as determined b§PS scanning (Fig3B, lane 3 versus lane 9).
Interestingly, LCR-F1 alone binds tReglobin BHS2 tandem This increase in binding upon co-translation probably reflected an
NF-E2 site in an electrophoretic mobility shift assay),( increased overall affinity of the heterodimer for the tandem
suggesting that TCF11, like the small Maf proteins, binds to thidF-E2 site, consistent with our observations using bacterially
site as a homodimer. To test if TCF11-small Maf heterodimerizynthesized proteins (FigA). By using the DNA bead assay we
ation would enhance protein binding to the tandem NF-E2 sitepuld observe the relative contribution of long and short TCF11
we performed EMSA on bacterially synthesized TCF11 anidoforms to the DNA-associated heterodimer compared with the
MafG fusion proteins. Prior to DNA binding, the proteins wereTCF11 homodimer. The short TCF11 isoform appeared to be the
preincubated for 30 min at 3Z to promote heterodimerization. preferred heterodimeric partner of MafF in binding to DNA
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Figure 3. Binding of TCF11 and small Maf proteins to tHElS2 tandem NF-E2 site in tifeglobin LCR. &) 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 pro
heterodimerization as described in Materials and MethiBpiBirfding ofin vitro translated TCF11 and MafF to the AP1X2 probe immobilized to paramagnetic beads

in the presence or absence of various oligonucleotide competito@®SFlagelled proteins were eluted and analyzed by SDS—PAGE and autoradiography. Comp.
indicates the cold competitor oligonucleotide used (Table-TCF11 indicates the presence or absence of affinity-purified anti-TCF11 antibody in the reaction.

Table 1.0ligonucleotides used in protein binding assays 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
ml § CAACGCACAGCAR TOCACETTCA TOATGAGTCA VOO TGAGGE ¥ 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.

mimd: 5 CAAGEATAGCAA TGUALETTEA TG A CTOA TOOTOAG R ¥ These findings suggest that by interacting with a small Maf

family member, TCF11 binding to the52 tandem NF-E2 site

is increased. The TCF11 homodimer and the TCFl11-Maf

mFBGD: F THOGOAACCTOT TUTEAGTEACTAIOAG 1 heterodimer bind to both NF-E2 sites in the tandem repeat, the
long TCF11 isoform (p115) apparantly being most active as a

AFIXI: § CAATACAGCAATCCTEAGT CATD ATCGATTCA TOCTIRAEGT T

m FCAAGCACATCAN TOCTOAGTCATG AL TS T TUALGL 5

FRGD: £ TGOGGAADCTETGE IO AT CTIOAL 1

PI: & TEOHEGAACCTU TR TGAGTEA LTOGAG ¥ ; X 4
homodimer while the short isoform (p65/67) appears to be most
Pl F TIHEAACCTO T TEAGTEAL AN 1 active as a heterodimer in the bead assay.
PO TG A AT TGC TR T CACTOOAD 3
WAPTX ¢ CAATOCNIATCATEATGAGTCATICT ¥ Homo- a_nd heterodimer binding to the PBGD single
NF-E2 site
CRE T AGAG AT T A S G dlCTAG 3

Another NF-E2 site is the single site present in the PBGD
oL ¥ DOCTTGATUATTEMCETKAA ¥ erythroid promoter1(6). A G- T mutation at —2 relative to the
AP1 core in this NF-E2 site results in loss of inducibility of the
Only the upper strand is shown. AP1X2 contains a tandem NF-E2 site andPBGD promoter in murine erythroleukemia (MEL) cel, (
flanking sequence from the humaiti52 inB-globin LCR. PBGD contains  indicating that the NF-E2 site is essential for erythroid-specific
asingle NF-E2 site and flanking sequence from the human erythroid-specifigctivation of the PBGD promoter. Interestingly, mice which do

PBGD promoter. AP1/CRE binding sites are underlined, NF-E2 consensusnt express p45 NF-E2 revealed that this factor is not essential for
bases (_ap_art_from the AP1/CRE core) are highlighted and mutated bases aé%(pression of erythroid-specific PBGRY. Thus, a factor(s)
shown in italics. which regulates erythroid PBGD through this site remains to be
identified. None of the CNC domain family members show strong
(Fig. 3B, lane 3 versus lane 9). As was observed for the TCFHindingto this site alone, but following heterodimerizing with
homodimer, both m1 and m2 completely inhibited DNA bindingmall Maf proteins binding is enhancé&dlL{).
by the heterodimer (lanes 11 and 12), indicating that both NF-E2In EMSA, no binding by the TCF11 homodimers MBP-
sites in the tandem repeat are occupied by the heterodimer as vilellF11-A or MBP-TCF11-H was detected to the single NF-E2
The double mutant m1m2 also competed with the heterodimsite derived from the erythroid PBGD promoter (Ei§y, lanes
(lane 13), suggesting that the heterodimer tolerates theand 2). MBP—MafG homodimer binding (lane 3) was weak but
TGAG - ACGT substitution in the AP1 half-site. Addition of detectable using long exposure (data not shown). Mixing the
polyclonal antibody directed against MBP-TCF11-E (Bignd MBP-TCF11 and MBP-MafG fusion proteins resulted in
depleted of anti-MBP inhibited DNA binding by the TCF11lcomplexes 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 wer
used, a preincubation step to promote heterodimerization was performed as described in Materials and Methods. Allitrasitstati@ns performed in rabbit
reticulocyte lysate at the same time using the same reagents. Results were visualized by autoradiography, except whéyrphiMd&Ateithe purified MBP fusion

proteins MBP-TCF11-A or -H, MBP-MafG and the PBGD probe. The various unlabelled competitor oligonucleotides are listed B) Bibtirig 6f 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 indica
MBP-MafG. Bound proteins were separated by SDS—-PAGE, electroblotted and detected with an anti-MBP @nh&oding of the co-translated proteins to the
PBGD sequence immobilized to paramagnetic beads. Reticulocyte lysate translations were used as protein input in DNA binding reactiongignElB&ay 50
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, RN/
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 Maf@igonucleotides P1 (TGCTGAGT@@ and P2 (TATGAGT-

is necessary for efficient binding to this site. We used the twGAG) showed that P1 competed fully (lane 9), whereas P2 had an
MBP-TCF11 fusion proteins -A and -H (FD, differing by 15 effect similar to that of mMPBGD. The-G5 mutation alone was
kDa, as MBP—MafG partners. Heterodimers between each of thekerefore not sufficient to abolish competition. PCG, a PBGD
TCF11 fusion proteins and MBP-MafG migrated differently inNF-E2 site with CRE-like half-site spacing (TGCTGBTCAC),
EMSA, showing the presence of MBP-TCF11 in the DNAwas aweak competitor (lane 11). Such TRE-like half-site spacing
bound complex (lanes 4 and 5). A second control for the presemreference has also been observed for native NFFE2A$

of both proteins in the DNA binding complex was performed. Bgxpected, the'BS2 tandem NF-E2 site effectively competed
DNA affinity isolation of the complex formed between the fusiorwith the PBGD single NF-E2 site (lane 12). Neither in EMSA nor
proteins and the single NF-E2 site using DNA beads, boih the bead assay did MBP-TCF11-A or -H bind to the PBGD
MBP-TCF11-A and MBP-MafG were detected when mixed, busrobe. This was most likely due to their N-terminal deletions
not when assayed separately (B®). By including an excess of causing reduced homodimer formation or DNA binding. These
unlabeled PBGD probe containing an intact NF-E2 sitepecies of TCF11 can form homodimers withvitro translated
(TGCTGAGTCAC, Tablel), the shift was competed out TCF11 (Fig.?2), but may be unable to form AA or HH
(Fig.4A, lane 7, and B, lane 4). As expected, an oligonucleotideomodimers.

containing a G- T mutation in position —2 relative to the AP1 The small Maf proteins have virtually identical DNA binding
core (mPBGD, TTCTGAGTCAC) did not compete effectivelyspecificity (L3). We therefore examinediif vitro co-translated
with the probe (Fig4A, lane 8). Competition using mutant TCF11 and small Maf proteins MafF, MafG and MafK displayed
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Figure 5. Proteins detected by anti-TCF11 antibod).$DS—PAGE and immunoblotting of 1 K562 nuclear proteins (lanes 1 and 3) apbréticulocyte lysate
containing TCF11 translat@advitro (lane 2). Proteins were detected using the polyclonal anti-TCF11 antibody (lanes 2 and 3) or preimmune rabbit immunoglobulir
(lane 1). Arrows indicate two proteins also recognized by the preimmune antibody. Molecular weight markers are (top to bottom): 116, 97, 66 &)d 45 kDa.
Immunoprecipitation of TCF11 from K562 nuclear extract using affinity-purified polyclonal anti-TCF11 antibodies (lane 3) or preimmune antibodies (lane 2). La
1is a biotinylated protein standard of 116, 97, 66 and 44 kDa (top to bottom). Precipitated TCF11 proteins were resolved by SDS—PAGE (8% gel), electroblotte
detected using biotinylated anti-TCF11 antibo@y.[Detection of proteins in 10y 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 recogniz
both antibodies is also recognized by several other antibodies (data not shown).

the same binding pattern to the single NF-E2 site. When DNprotein sizes are in good agreement with the expected molecular
binding reactions usingn vitro co-translated proteins and the weight of internally initiated TCF11 (49 kDa), but differ from the
single NF-E2 site coupled to beads were performed3@ifold  apparent size?(l) of in vitro translated internally initiated TCF11
increase (determined BYS scanning) in TCF11 binding was (65/67 kDa).

observed by co-translation of TCF11 and each of the small MafsTo specifically block DNA binding of TCF11 in K562 nuclear
when compared with the homodimer (Mg, lanes 1 and 3). extracts, we included purified anti-TCF11 or preimmune anti-
Again, this indicates modulation of substrate affinity by heterdsodies in a preincubation step before DNA binding. This antibody
dimer formation. Usingn vitro synthesized TCF11 and PBGD does not react with p45 NF-E2 (Fa§). Addition of anti-TCF11
beads, specific homodimer binding was clearly detected, antibody specifically reduced one protein complex (B,
contrast to the results using bacterially synthesized TCF11. Asrows) using both the single and the tandem NF-E2 sites as
observed using thet$S2 tandem NF-E2 site, the long TCF11probes (Fig6A, lanes 3 and 8 respectively). The preimmune
isoform (p115) bound more efficiently as a homodimer and thantibody did not affect binding (lanes 4 and 9) and addition of
short isoform (p65/67) was most active in binding as anlabelled competitor DNA verified that the shifts were specific
heterodimer with the small Maf protein family members @y.  (lanes 5 and 10). The other shifts are expected to be caused by &
lanes 1 and 3). The various TCF11l-small Maf heterodimeraimber of other proteins binding to AP1 sites.

displayed similar DNA recognition profiles using NF-E2-like We next examined if the p47/49 doublet in K562 cell extract
sites (lanes 4 and 5), an AP1 site (lane 6) or a CRE site (lanecéuld specifically bind to the PBGD single NF-E2 site immobi-
oligonucleotide as competitors in the binding reactions. Thiized on beads. K562 nuclear proteins were incubated with the
experiment also suggested that the AP1 (TGAGTCA) or CRBENA beads and retained proteins were separated by SDS-PAGE,
(TGACGTCA) core sequences were not sufficient for stronglectroblotted and incubated with the anti-TCF11 antibody.

binding by the TCF11-small Maf heterodimer. P47/49 bound to the NF-E2 site (F&ig) and reacted with the
anti-TCF11 antibody. No protein was detected when naked beads
Antibody detection of TCF11 were used. These results show that the p47/49 doublet is TCF11

o ) isoforms. They are also consistent with the finding that
The ubiquitous expression of TCF11 mRNK,21) led us 1o Nrf1/LCR-F1 binds to this site in K562 cell31(22). P47/49
investigate if the TCF11 protein could be detected in differenbquires the conserved G at position —2 relative to the AP1 core
human tissues and cell lines. The polyclonal anti-TCF11 antibogyr hinding (data not shown). Unbiotinylated PBGD site and PCG
used to inhibit DNA binding (FigB, lanes 8 and 14) recognized qjigonucleotides competed for binding by the p47/49 doublet,
both TCF11 isoforms translated vitro in immunoblotting  showing that the binding was specific (Fo8, lanes 4 and 5).
experiments (FigA, lane 2) and could thus be expected to do S¢nys, the TRE-like half-site spacing preference observed using
in other crude extracts as well. In K562 cell extracts, two proteifiycterially expressed arid vitro translated proteins is less
of 47 and 49 kDa were detected in both cytoplasmic (data ngfonounced for the p47/49 doublet. In this bead assay, the

shown) and nuclear fractions (Fig, lane 3). This doublet was yncertainty of cross-reactivity in antibody blocking of DNA
recognized in a native state as well, as shown by immunopreginging is eliminated.

pitation of p47/49 from K562 nuclear extracts (FB). The

possibility of cross-reacting with the other CNC domain familyy, 5~ ys510N

members, p45 NF-E2 and Nrf2, was eliminated, since the p47/

doublet did not co-migrate with the proteins specifically detectelticreasing knowledge of the regulation of gene expression has
by anti-p45 (Fig5C) or anti-Nrf2 (data not shown). The observedrevealed the combinatorial nature of regulatory complexes. The
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Figure 6. Anti-TCF11 antibody recognizing proteins bound to NF-E2 si@<E SA of 6ug 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 nu
proteins for 1 h at 2 prior to the addition of radiolabelled probe. Reactions were resolved as described in Materials and Methods. Arrows indicate the compl
inhibited by anti-TCF11 antibodie®)(DNA binding experiment where %@ PBGD beads were incubated withuig0K562 nuclear protein and specifically bound
proteins were eluted and subjected to SDS—PAGE, electroblotting and detection with anti-TCF11 antibody. pgn€sB2lluclear proteins; lane 2, d@nuclear

proteins incubated with 50g beads without DNA; lanes 3-5, 4§ nuclear proteins bound to p@ PBGD-coated beads. Unbiotinylated DNA competitor
oligonucleotides (180 pmol) used in the binding reactions are denoted.

bZIP transcription factors have powerful capacities in this respetcansactivator than p45 NF-E22), our findings suggest that
through their ability to form homo- and heterodimers with otheTCF11 is a functional homolog of p45 NF-E2.
bzIP factors, where partners can vary from one cell type to The discovery of MARE/NF-E2-like sites adds complexity to
another. Such interactions may modulate the DNA substratene regulation through AP1 sitéslf). Several AP1 sites in
specificity of a given bZIP factor, in addition to altering itshuman promoters and enhancers closely resemble MARE/NF-E2
potential as a transactivator or transrepressor of transcription. Ties (5) and uncharacterized factors specifically recognizing
small Maf protein family members are examples of transcription®dlF-E2 sites have been detect&d (8). Since TCF11 is widely
regulators that interact with both tissue-restricted and ubiquitoushxpressed, TCF11 could represent one of these previously
expressed partners. As homodimers or heterodimers with Fosidentified binding activities. It is possible that TCF11 binds to
they effectively repress transcription by binding to MARESs. Irand activates through several of these sites and thereby influences
contrast, by heterodimerization with members of the CN@he transcription of a number of genes. Alternatively, the activator
domain family, powerful transcriptional activators are formed. function of TCF11 may be restricted to certain genes and cell
In this study we have shown that the ubiquitously expresseégpes by a limited number of available partners. The fact that
bzIP factor TCF11 (Nrfl/LCR-F1) interacts specifically with TCF11 can utilize small Maf proteins for efficient binding to
members of the small Maf protein family. This interactionDNA suggests that TCF11 can either directly or indirectly
significantly enhances DNA binding to NF-E2 sites derived fronfthrough competition with other bZIP proteins for small Mafs) be
the humanp-globin LCR 3HS2 and the erythroid PBGD involved in regulating a broader scope of genes. Indeed,
promoter. We also observed that both full-length and internalfyreliminary transient transfection assays suggest that TCF11 can
translation initiated TCF11 bound to NF-E2 sites, the lattesctivate transcription in several non-erythroid cell lines through
isoform being most active as a heterodimer with small Mafs. ltihe NF-E2 site (P.Murphy, unpublished results). There is also
K562 nuclear extracts, a polyclonal anti-TCF11 antibody directemtcumulating evidence that functional homologs of both p18 and
against the C-terminus of TCF11 recognizes a 47/49 kDa doubpt5 NF-E2 are present in haematopoietic cell linegtf&30).
that specifically binds to the PBGD NF-E2 site. These dateor example, using anti-p18 antibodies we did not detect any p18
suggest that TCF11 may be important, at least in K562 cellmgether with p47/49 (data not shown), suggesting that TCF11
either by influencing gene regulation through NF-E2 sites binteracts with another protein(s) in K562 cells.
direct binding and transactivation, or indirectly by competing The p47/49 doublet detected by an anti-TCF11 antibody
with other CNC domain family members for small Maf proteincorresponds well with the expected molecular weight of TCF11
partners. Taken together with previous reports showing that ttranslated from the ‘downstream’ initiation site (49 kDa) and
TCF11 isoform LCR-F1 is a more potent erythroid-specificuggests that in K562 cells this is the major TCF11 translation
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product. The size discrepancy between p47/49 and TCF14 Andrews,N.C., Kotkow,K.J., Ney,P.A., Erdjument-Bromage,H., Tempst,P.
translatedn vitro could be due to protein modifications in the P Tlgnadraqsu(ilrlzSi%h(iggﬁgggﬁa’\'ls?\til.HACaC;.yig;iiLlilsgl\il)’a %&;‘aslﬁ;llﬁziéuchi 9y
reticulocyte lysate or t_he endog_e_nou_s p47/49 dou_blet could be the Nishizawa M. and Yamamoto,M. (199K)Biol. Chem 270, 7615-7624.
result of post-translational modification/proteolysis of p6%167 10 Nishizawa,M., Kataoka,K., Goto,N., Fujiwara,K.T. and Kawai,S. (1989)
vivo. The p47/49 doublet was also observed in HL60 cells (not Proc. Natl. Acad. Sci. US&6, 7711-7715.

shown). Chan and co-workers observed a 65 kDa protein in K562 ZF;%“{\’azfgé%T, Kataoka,K and Nishizawa,M. (19€B)cogenes,

eXtra.CtS u3|_ng an anti-Nrfl a’.‘“boqy directed aga”."'St a Synthe!-[IE Kataoka,K.: Fujiwara,K.T., Noda,M. and Nishizawa,M. (1984) Cell.
peptide derived from the leucine zipper regiai).(This 65 kDa Biol., 14, 7581—7591.

protein could be a preprocessed form of internally initiated3 Kataoka,K., Igarashi,K., Itoh,K., Fujiwara,K.T., Noda,M., Yamamoto,M.
TCF11, although, using several nuclear protein preparations and and Nishizawa,M. (1995Ylol. Cell. Biol, 15, 2180-2190.

a protease inhibitor cocktail for the extractions, we have nevéf 'tohK. IgarashiK., HayashiN., Nishizawa,M. and Yamamoto,M. (1995)
P Mol. Cell. Biol, 15, 4184-4193.

observed this species in nuclear extracts. 15 Kataoka,K., Noda,M. and Nishizawa,M. (1984).. Cell. Biol, 14,
700-712.
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