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ABSTRACT We have used the interaction between the
erythroid-specific enhancer in hypersensitivity site 2 of the
human g-globin locus control region and the globin gene
promoters as a paradigm to examine the mechanisms govern-
ing promoter/enhancer interactions in this locus. We have
demonstrated that enhancer-dependent activation of the glo-
bin promoters is dependent on the presence of both a TATA
box in the proximal promoter and the binding site for the
erythroid-specific heteromeric transcription factor NF-E2 in
the enhancer. Mutational analysis of the transcriptionally
active component of NF-E2, p45NF-E2, localizes the critical
region for this function to a proline-rich transcriptional
activation domain in the NH,-terminal 80 amino acids of the
protein. In contrast to the wild-type protein, expression of p45
NF-E2 lacking this activation domain in an NF-E2 null cell
line fails to support enhancer-dependent transcription in
transient assays. More significantly, the mutated protein also
fails to reactivate expression of the endogenous f3- or a-globin
loci in this cell line. Protein-protein interaction studies reveal
that this domain of p45 NF-E2 binds specifically to a compo-
nent of the transcription initiation complex, TATA binding
protein associated factor TAF;130. These findings suggest one
potential mechanism for direct recruitment of distal regula-
tory regions of the globin loci to the individual promoters.

Tissue and developmental specificity of eukaryotic gene expres-
sion is influenced by regulatory sequences in core promoter
regions and distal enhancer elements (1). The activity of these
sequences is dependent on the binding of ubiquitous and tissue-
specific transcription factors (1, 2). In the context of proximal
promoter sequences, numerous protein-protein interactions have
been demonstrated between the activation domains of promoter-
bound factors and components of the transcription initiation
complex (2-4). These interactions are essential for high levels of
gene expression. The general transcription factor complex
TFIID, which binds to the TATA box, and an associated com-
ponent TFIIB, have been identified as the major targets of these
upstream transactivators (4, 5). TFIID consists of a core TATA-
binding protein (TBP), which is sufficient for promoter recogni-
tion and basal transcription, and TBP-associated factors (TAFs)
that are required for activated transcription. TAFs bind to TBP
in an ordered fashion and provide a physical and functional link
between upstream activators and the RNA polymerase holocom-
plex (6).

In contrast to the well characterized role of factors bound to
the core promoter, the mechanism of action of a similar array
of factors binding to distal enhancers remains unclear. Many
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eukaryotic enhancers reside kilobases away from the genes
whose expression they influence, and several models have been
proposed to explain their long-range action. The scanning
model suggests that proteins binding to distal elements track
along the DNA until they reach the promoter where they
interact with the basal machinery (7). In contrast, the looping
model predicts that enhancer-bound transactivators are jux-
taposed to proteins bound to the proximal promoter, with
looping out or bending of the intervening DNA (8, 9). A third
model suggests that binding of these transcription factors to the
enhancer alters the tertiary structure of the downstream
promoter (chromatin opening), allowing greater access to
promoter binding transcriptional activators (9).

We have used the human B-globin cluster as a model to explore
the mechanisms of promoter/enhancer interactions in the con-
text of a multigene locus (10, 11). Tissue and developmentally
specific expression of the genes of this locus (&, Gy, 4y, §, and B)
is dependent on sequences in the core promoters (11). However,
high-level expression requires the presence of the powerful
regulatory elements of the locus control region (LCR), located
6—20 kb upstream of the e-globin gene (12, 13). The LCR consists
of four erythroid-specific DNasel hypersensitive sites (HS1-4)
(14, 15), which contain a highly conserved array of binding sites
for hematopoietically restricted and ubiquitous transcription fac-
tors (10, 11). Recent evidence indicates that the HSs of the LCR
function as a multiprotein holocomplex, interacting with a single
gene promoter at any given time point to achieve high-level globin
gene expression (16). The concept that no single site is critical for
LCR activity and that considerable redundancy exists is further
supported by the modest phenotypes observed with deletion of
single sites (17, 18).

Using HS2, we have studied enhancer-dependent transcription
of the globin genes. A tandem AP-1/NF-E2 binding motif forms
the core of the HS2 enhancer and is essential for its function (19,
20). Similar sites are found in all HSs of the LCR in humans and
other species, as well as the HS-40 enhancer of the a-globin
cluster (21, 22). In contrast, no NF-E2 binding sites have been
identified in the globin promoters. The NF-E2 motif binds a
heteromeric complex consisting of an hematopoietic-specific
45-kDa subunit (p45 NF-E2) (23, 24), a member of the cap’n-
collar family of transcription factors, and a ubiquitously expressed
18-kDa subunit (p18 NF-E2) (25, 26), a member of the NRL/maf
family of DNA-binding proteins. Both proteins contain a basic
region-leucine zipper motif. The NH,-terminal half of p45 NF-E2
also contains a proline- and serine-rich domain, previously re-
ported to act as a transcriptional activator (27). The DNA binding
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specificity of the complex is conveyed by the p18 subunit, which
has no transactivation potential (25).

Transcriptional activation of the B-globin gene by activator
sequences of the LCR is observed in the presence of a minimal
B-globin promoter possessing only an intact TATA box (28). In
the context of HS2, activation is dependent on the presence of the
tandem NF-E2 binding sites (19, 20). These findings suggest that
an interaction between NF-E2 and the transcription initiation
complex may provide a functional link between the distal LCR
and the individual globin gene promoters. We report that the
trans-activation domain of p45 NF-E2 is critical for its ability to
support enhancer-dependent transcription of the globin genes in
transient assays and in the context of the endogenous B- and
a-globin loci. We demonstrate that this domain interacts with a
component of the human TFIID complex, hTAF;130 (29). These
findings suggest a possible mechanism for long-range transcrip-
tional activation of the globin genes.

MATERIALS AND METHODS

Plasmid Construction. Plasmids containing the wild-type or
TATA box mutated human Avy-globin promoter (—356 —
+35) upstream of the firefly luciferase gene and the 1.9-kb
fragment of HS2 of the human B-globin locus have been
described previously (30). Yeast two-hybrid plasmids contain-
ing the GAL4 DNA-binding domain (DB) fused to polymerase
complex components were made by subcloning the coding
sequences of human TBP, TFIIB, and TAFs 250, 70 and 55, 30
and Drosophila TAF;110 into PGBT9 (CLONTECH). A
similar approach was used for the partial clone of hTAF;130.
Yeast NF-E2 expression vectors (AD-NF-E2, and NH, and
COOH terminal mutants were made by subcloning fragments
of the human p45NF-E2 cDNA in-frame with the GAL4
activation domain in the pGAD424 vector (CLONTECH).
pGEXNF-E2, and NH; and COOH-terminal mutants of this
construct were made in a similar fashion. PCIGAL, a mam-
malian expression vector containing the GAL4 DNA-binding
domain, was made by subcloning the blunted HindIII-Sall
fragment of pGBTY into the Sall-blunted Nhel fragment of
PCINeo. COOH-terminal truncation mutants of p45 NF-E2
were inserted 3’ to the GAL4 DNA-binding domain, by
subcloning the same fragments used to generate the yeast
mutants outlined above, into the blunted NotI-EcoRI frag-
ment of PCIGAL. An oligonucleotide encoding a consensus
Kozak motif and the sequence of a hemagglutinin (HA) tag
was inserted into the mammalian expression vector PCINeo, to
generate PCINeoHA. NF-E2 cDNA fragments were sub-
cloned in-frame with the HA tag. pSPTAF110 was made for
in vitro transcription/translation studies by subcloning the
complete dTAF;110 cDNA into the pSP72 vector (Promega).

DNA Transfection and Transient Assays. DNA was trans-
fected into K562 human erythroleukemia and CB3 mouse eryth-
roleukemia cells by electroporation as described previously (31),
except that CB3 cells were electroporated at a slightly lower cell
density of 10%/ml. Five micrograms of a B galactosidase-
expressing plasmid was included in all transfections in K562 cells
and 10 pg in CB3 transfections as an internal control. In
transactivation experiments using the chloramphenicol acetyl-
transferase reporter gene under the control of tandem GAL4
binding sites, 20 ug of pGSEC reporter plasmid was cotransfected
with equimolar amounts of the PCIGalNF-E2 mutants equivalent
to 1 pg of the wild-type construct in the presence of carrier
plasmid (PCINeo) to a total of 50 ug. In CB3 cotransfection
experiments, 20 ug of the expression vector was electroporated
with 20 pg of the reporter plasmid. CB3 cells were preinduced
with 1.8% dimethyl sulfoxide 72 hr before electroporation and
K562 cells with 20 uM hemin at the time of electroporation. After
48 hr, cells were harvested, lysed, and assayed as previously
described (31). Results shown represent at least six different
transfections with two independent plasmid preparations. Statis-
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tics were calculated using Student’s ¢ test; values of P < 0.05 were
considered significant.

Establishment of Stable CB3 Cell Lines Expressing p45
NF-E2. CB3 cells (32), a gift of Yacov Ben-David (Sunnybrook
Health Science Center, Toronto, Canada), were stably trans-
fected with eukaryotic vectors expressing NF-E2 and selected
in 1 mg/ml G418. Clones were isolated and expanded, and
expression of the transgene was analyzed by Western blotting
and electrophoretic mobility shift assay using previously de-
scribed procedures (27).

Yeast Two-Hybrid Assays. Yeast strains HF7c and SFY526
were obtained from CLONTECH and transformations per-
formed using the lithium acetate method (33). All constructs
initially were transformed singly into SFY526 and transfor-
mants assayed for B-galactosidase to exclude intrinsic activa-
tion. Pairs of activation domain and DNA binding domain
hybrid constructs then were used to cotransform the host
strains, with selection on media lacking both leucine and
tryptophan. Double transformants then were assayed for -
galactosidase activity using a filter assay or, in the case of
HF7c, were replated on media lacking histidine, leucine, and
tryptophan with varying concentrations of 3-aminotriazole.

Expression of Glutathione S-Transferase (GST) Fusion
Proteins and Affinity Chromatography. GST fusion proteins
were expressed in BL21 cells. Fusion proteins were purified
(34) and quantified using the Bio-Rad method after purifica-
tion on glutathione-Sepharose beads (Pharmacia). SDS/
PAGE gel electrophoresis with Coomassie staining was used to
confirm the integrity of the full-length fusion protein. For in
vitro protein-protein interaction assays, 1 ug of GST or GST-
fusion protein was incubated for 1 hr at 4°C with 10 ul
glutathione-Sepharose beads, which had been preblocked with
0.5% milk. After extensive washing, the beads were resus-
pended in 200 wl binding buffer (10 mM Tris-HCI, pH 7.9/500
mM KCl1/0.1 mM EDTA/150 pg/ml BSA/0.1% Nonidet P-
40/10% glycerol) and incubated for 1 hr at room temperature
with 35S methionine-labeled dTAF;110 or hTAF1130. After
extensive washing, retained proteins were eluted by boiling in
SDS loading buffer and analyzed on a 10% SDS/PAGE gel.

RNase Protection Assays. Isolation of total RNA and RNase
protection analysis were performed as previously reported (27,
34).

RESULTS

HS2 Enhancer-Dependent Transcriptional Activation of the
vy-Globin Promoter Requires a Functional TATA Box and Intact
NF-E2 Binding Sites. To define the minimal elements necessary
for enhancer-dependent transcriptional activation of the y-globin
promoter, we linked a 1.9-kb fragment of HS2, containing intact
tandem AP1/NF-E2 binding sites (HS2yTATALUC, Fig. 1,
construct 2) or an identical fragment in which the NF-E2 sites had
been mutated (HS2SyTATALUC, Fig. 1, construct 4) to a
minimal y-promoter/luciferase gene hybrid. These constructs,
and the minimal y-promoter/luciferase hybrid lacking up-
stream regulatory sequences (YTATALUC, Fig. 1, construct
1) and a construct in which the TATA box was mutated
(HS2yTATASLUCG, Fig. 1, construct 3) were transiently trans-
fected into the human erythroid cell line, K562. As seen in Fig.
1, the presence of a functional TATA box was sufficient to
allow enhancer-dependent transcription (Fig. 1, constructs 1
and 2). This transcriptional activation was lost with mutation
of the TATA box or the NF-E2 binding sites in HS2 (Fig. 1,
constructs 3 and 4). Mutation of other protein binding sites
within HS2 failed to ablate enhancer activity (P.J.A., J.M.C,,
and S.M.J., unpublished work), suggesting that the minimal
requirements for enhanced transcription are a TATA box in
the promoter and intact NF-E2 binding sites in the enhancer.

p45 NF-E2 Interacts Specifically with Drosophila TAF;110 and
its Human Homologue TAF;130. A direct interaction between
NF-E2 and a component of the TATA box binding TFIID
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Fi1G.1. A functional TATA box and the core NF-E2 sites are required
for enhancer-dependent transcriptional activation. (Upper) The con-
structs used to examine the interaction between the HS2 enhancer and
minimal y-globin promoter. The open box represents the —356+35
minimal y- globin promoter. The hatched box represents the luciferase
reporter gene. The stippled box represents the 1,900-bp Kpnl-Bg/ll
fragment of HS2 of the B-globin LCR. The NF-E2 motifs are approxi-
mately 1 kb upstream of the TATA box. Constructs 3 and 4 contain
mutated TATA box and NF-E2 binding motifs, respectively. (Lower) The
fold activation by the enhancer relative to expression of construct 1.

complex would provide one mechanism explaining the above
results (3, 35). To investigate this, we focused on the hematopoi-
etic-specific p45 component of NF-E2, as the transcriptional
activity of the complex appears to reside solely in this subunit (25,
26). Using the yeast two-hybrid assay system, we examined
protein-protein interactions between p45 NF-E2 and TBP,
TFIIB, and TAFys 250, 110, 70, 55, and 30. As shown in Fig. 24,
a specific interaction was observed between NF-E2 and the
Drosophila TAF, dTAF;1110. No interactions were observed with
the other components of TFIID, despite immunoblot analysis of
yeast extracts confirming high-level expression of all transfected
constructs (data not shown). Control experiments, removing
either TAF;1110 or NF-E2 from their respective yeast plasmids,
ablated reporter gene activity (Fig. 2B). We subsequently ob-
tained a partial clone of TAF130, the human homologue of
TAF110, and confirmed that this interaction also occurred
between the two human proteins (data not shown).

To validate this interaction in an independent system, GST
affinity chromatography was performed. GST alone or GST
fused in-frame with full-length p45 NF-E2 (GST NF-E2) were
coupled to glutathione-Sepharose beads and incubated under
stringent conditions with S methionine-labeled recombinant
dTAF1110. Specific retention of dTAF;110 was observed with
the GST NF-E2 beads, but not on control GST beads (Fig. 2C).
In contrast, incubation of GST NF-E2 with the other components
of the TFIID complex failed to show a specific interaction, in
accord with our studies in the yeast two-hybrid assay (data not
shown).

The Transactivation Domain of NF-E2 Colocalizes with its
TAF Interacting Domain. Numerous transcription factors have
been shown to interact with their cognate TAFs through their
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NF-E2

F16.2. Human NF-E2 interacts specifically with dTAF1110. (4) The
yeast two-hybrid assay demonstrates that p4SNF-E2 interacts with
dTAFy110. The Saccharomyces cerevisiae reporter strain HF7C was
transformed with the indicated plasmids. AD-NF-E2 contains the entire
coding sequence of human NF-E2 inserted in-frame with the activation
domain of GAL4 (amino acids 768—881). DB-TBP, DB-TAF;55, DB-
TAF;70, and DB-TAF;250 contain the coding sequence of the human
proteins and DB-TAF1110 the coding sequence of the Drosophila protein
inserted in-frame to the GAL4 DNA binding domain (amino acids
1-147). A specific interaction between DB-p53 and AD-simian virus 40
T antigen has been reported previously. Leu- and Trp- transformants
were streaked onto synthetic medium plates lacking tryptophan, leucine,
and histidine to assess potential interactions (Right) and synthetic medium
plates lacking tryptophan and leucine to confirm plating efficiency
(Middle). The plates were incubated at 30°C for 3 days. (B) The yeast
two-hybrid assay demonstrates that the NF-E2/dTAF1110 interaction is
specific. DB-TAF110 was plated in combination with the simian virus 40
T antigen or GAL4-AD. AD-NF-E2 was plated in combination with
TAFy110, TAFy70, or the GAL4-DB. Transfections were grown in the
absence of leucine and tryptophan to assess transformation efficiency
(Middle) or in the absence of leucine, tryptophan and histidine to assess
protein-protein interactions (Right). Cotransfection of AD-simian virus
40 T-antigen and DB-p53 served as the positive control. (C) GST
chromatography confirms that dTAF;110 binds specifically to pASNF-E2.
One microgram of GST or GST-NF-E2, bound to glutathione-Sepharose
was incubated with in vitro-translated dTAF;110 as described in Materials
and Methods. Bound proteins were detected by SDS/PAGE followed by
autoradiography. An example of labeled dTAF;110 that was loaded is
shown in lane L.

transactivation domains (1). Previous studies had suggested that
this domain in NF-E2 was located in the first 206 amino acids (27).
This proline-rich sequence shares no structural homology with
other proteins. To further localize the transactivation domain, we
used mutants of NF-E2 fused to the GAL4 DNA binding domain
in a eukaryotic expression vector. These constructs were cotrans-
fected into K562 cells with a reporter plasmid containing five
tandem GAL4 binding sites upstream of the chloramphenicol
acetyltransferase gene. As seen in Fig. 34, full transcriptional
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FiG. 3. Colocalization of the activation domain of NF-E2 with the
TAF11130 binding domain. (4) Localization of activation domain of
NF-E2. K562 cells were cotransfected by electroporation with expres-
sion vectors for GAL4 fusion proteins containing the indicated regions
of NF-E2 and a reporter construct containing five GAL4 DNA binding
sites regulating the expression of the chloramphenicol acetyltrans-
ferase gene (pG5EC). The first 312 amino acids of NF-E2 previously
have been shown to contain a proline-rich activation domain lacking
structural homology to other proteins denoted by a line, and a basic
region similar to other cap’n-collar transcriptional activators denoted
by an open box. The expression vector used in this study was pCINeo,
containing the cytomegalovirus promoter. The fold activation repre-
sents the chloramphenicol acetyltransferase activity relative to the
expression of the expression vector containing the GAL4 DNA
binding domain alone. (B) hTAF130 interacts with the NF-E2
activation domain in the yeast two-hybrid assay. The S. cerevisiae
reporter strain SFY526, which contains a B-galactosidase reporter
construct under the control of a GAL4 binding motif multimer, was
transformed with the indicated plasmids. The AD-NF-E2 constructs
contain the stated regions of the coding sequence of human NF-E2
inserted in-frame to the activation domain of GAL4 (amino acids
768-881). DB-TAF11130 contains the partial coding sequence of the
human protein inserted in-frame to the GAL4 DNA binding domain
(amino acids 1-147). (C) The amino terminal 80 amino acids of NF-E2
interacts specifically with hTAF;130 in the GST chromatography
system. Fusion proteins containing GST fused to amino acids 1-374,
1-80, or 80-374 of NF-E2 or GST alone were expressed in Escherichia
coli and bound to glutathione-Sepharose beads. The beads then were
incubated with 33S-labeled in vitro-translated hTAF;130. Other ex-
perimental details are as stated in Fig. 2C.

activation was observed in the presence of the NH, terminal 80
amino acids of NF-E2 [GALNF-E2 (1-80)] alone. Deletion of
this domain (GALNF-E2 A80) reduced reporter gene expression
to the levels of vector control. To assess whether this minimal
activation domain was sufficient for the interaction with
TAF;130 we examined NF-E2(1-83) in the yeast two-hybrid
assay. As seen in Fig. 3B, a GALNF-E2 (1-80) fusion protein
activated the B-galactosidase reporter gene when cotransfected
with TAF130. In contrast, GALNF-E2A80 was incapable of
interacting. To confirm these observations, we incubated 3°S
methionine-labeled hTAF;130 with GST, GST NF-E2, and
selected mutants (Fig. 3C). Beads loaded with GST NF-E2 and
GST NF-E2 (1-80) specifically retained hTAFy;130. In contrast,
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beads linked to GST or GST NF-E2AS80 failed to bind significant
amounts of hTAF;130.

The TAF1130 Interacting Domain of NF-E2 Is Required for
Enhancer-Dependent Transcription of the Globin Genes. To
ascertain whether the TAF;130 binding domain of NF-E2 was
necessary for the enhancer activity of HS2, we constructed
eukaryotic expression vectors containing wild-type NF-E2, or
NF-E2 lacking the TAF1130 interaction domain (NF-E2A80).
These were stably transfected into CB3 cells, a murine erythro-
leukemia (MEL) cell line in which both p45 NF-E2 alleles are
nonfunctional (32). As a consequence, this line is NF-E2 null and
fails to express significant levels of endogenous a- or B-globin
chains (27, 32). Expression of wild-type and mutant forms of
NF-E2 was verified in individual clones using electrophoretic gel
mobility shift assay (Fig. 44). The parental CB3 line, two derived
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FiG. 4. The TAF;130 binding domain of NF-E2 is essential for
enhancer-dependent activation of the B-globin gene. (4) Wild-type
NF-E2 and NF-E2A80 expression in selected CB3 clones as demonstrated
in a gel mobility shift assay. CB3 cells were stably transfected with
pCINeoHA vector alone or pCINeoHA vectors in which the human
NF-E2 cDNA or NF-E2A80 was fused in-frame with the HA tag. Nuclear
extract was prepared from individual clones and analyzed by gel mobility
shift assay, dimethyl sulfoxide-induced MEL extract serving as a control.
32P-labeled DNA fragments containing the tandem NF-E2 binding sites
in HS2 were incubated with individual extracts and electrophoresed on a
4% polyacrylamide gel. Lanes 1 and 2 show MEL cell and CB3 control
extracts, the latter lacking the characteristic NF-E2 complex. Lane 3
shows a representative CB3 clone transfected with pCINeoHANF-E2
demonstrating a complex that comigrates with the NF-E2 complex
observed in MEL cells. Lane 4 verified the presence of HA-tagged NF-E2
with specific ablation of the NF-E2 complex by the addition of anti-HA
antibody (anti-HA). Lanes 5 and 6 show similar results for a clone
expressing pCINeoHANF-E2A80. (B) High-level expression of a tran-
siently transfected B-globin promoter containing construct is dependent
on wild-type NF-E2 expression in CB3 cells. CB3 clones expressing
wild-type NF-E2 or NF-E2A80 or CB3 cells transfected with the pCINeo
vector (control) were transiently transfected with a plasmid containing
HS2 linked to a B-promoter/luciferase gene hybrid. Whole cell extracts
were assayed for luciferase activity. The results shown are representative
of the three transfection experiments. MEL cells were transfected as a
positive control. The fold activation observed was calculated relative to
the expression of the HS2BLuciferase construct in CB3 cells.

CB3/wtNF-E2
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lines for each NF-E2 expression vector, and a control MEL cell
line (which constitutively expresses a- and B-globin) were then
transiently transfected with a plasmid containing a 3-promoter/
luciferase gene hybrid linked to HS2. Enhancer-dependent acti-
vation of the B-globin promoter was observed in the MEL line
and in the CB3 lines expressing wild-type NF-E2 (Fig. 4B). In
contrast, the CB3 lines expressing NF-E2A80 failed to support
HS2 enhancer activity, suggesting that enhancer function is
dependent on the integrity of the TAF;130 binding domain of
NF-E2.

The TAF130 Interacting Domain of NF-E2 Is Required for
Endogenous 8- and a-Globin Gene Expression. Although our
studies have used HS2, the presence of NF-E2 binding sites in all
HS of the B-globin locus, and in HS-40 of the a-globin locus (10,
11, 21, 22) suggested that the amino terminal 80 amino acids of
NF-E2 may be critical for activation of all globin genes by upstream
regulatory sequences in the endogenous loci. To address this, we
examined the expression of the endogenous globin genes in the
CB3 lines expressing wild-type NF-E2 or NF-E2A80. As previously
reported, activation of the pB-globin gene to levels equivalent to
those seen in MEL cells was observed in the presence of wild-type
NF-E2 (Fig. 5, Table 1, and refs. 27 and 32). In comparison,
NF-E2A80 failed to reactivate the endogenous $-globin gene with
comparable RNA levels observed between these clones and the
parental CB3 line (Fig. 5, compare CB3 and NF-E2AS80; Table 1).
Interestingly, activation of the endogenous a-globin locus (Fig. 5
and Table 1) also was observed only in clones expressing wild-type
NF-E2. These results indicate that in CB3 cells 8-globin LCR- or
a-locus HS-40-enhanced expression of their respective globin
genes is dependent on the activation domain of NF-E2.

DISCUSSION

We have demonstrated that enhancer-dependent transcription by
HS2 is observed in the context of a minimal promoter containing
only a TATA box. In addition, we have shown that the integrity
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Fi1G. 5. High-level endogenous globin gene expression is observed
only with wild-type p45NF-E2 expression in erythroid cells. RNase
protection assays for a-globin, B-major mRNAs from CB3 cells, CB3
cells stably transfected with various p45 NF-E2 expressing constructs,
and MEL cells. Actin levels were measured in parallel in all samples.

Proc. Natl. Acad. Sci. USA 94 (1997) 10055

Table 1. Globin gene expression in transfected CB3 cell lines

Fold activation

B-globin a-globin
Empty vector 1 1
NF-E2 wild type 53 +0.4* 41 x0.2*
NF-E2A80 09=03 0.85 0.2

Individual CB3 clones expressing wild-type or mutant NF-E2 cDNAs
were assayed for endogenous globin gene expression using specific a- and
B-globin specific probes. Variability in the amount of RNA loaded per
assay was corrected internally by analyzing the expression of B-actin (see
Fig. 5). Comparison of activation of the globin genes were corrected with
respect to untransfected CB3 cells. The results shown are the average of
at least three independent experiments.

*Significantly different from CB3 cells alone (P < 0.01).

of the tandem NF-E2 binding sites is essential for this transcrip-
tional activation. Both of these findings are in accord with
observations made in different experimental systems (19, 20, 28)
and can be linked by a model postulating a direct interaction
between NF-E2 and the TFIID complex. We have demonstrated
such an interaction between the activation domain of p45 NF-E2
and human TAF;130. Deletion of this domain in p45 NF-E2 has
dramatic functional sequelae with loss of enhancer-dependent
transcription in transient transfection assays. More significantly,
it also results in an inability of NF-E2 to reactivate either the
endogenous a- or B-globin loci in NF-E2 null cells.

These findings support a model of DNA looping, with juxtapo-
sition of enhancer and promoter sequences through protein-
protein interactions. Previous studies have postulated the exis-
tence of a DNA loop anchored by a protein bridge between two
known factors as the mechanism mediating enhancer/promoter
interactions in vivo (7, 36). The demonstration that the simian virus
40 enhancer could stimulate transcription in vitro when nonco-
valently linked to a B-globin promoter by the protein streptavidin
strengthened this model (8). This stimulation in frans mimics
transvection, a natural phenomenon in which one chromosome
affects gene expression in a paired homologue. Subsequent studies
of the transcription factors Sp1 and p53 demonstrated oligomer-
ization of these factors with coincident loop formation of the
intervening DNA (37). This multimerization resulted in synergistic
activation of a linked reporter gene. Recently, Cullen et al. (38)
demonstrated that juxtaposition of the distal enhancer and prox-
imal promoter regions of the rat prolactin gene occurred in
response to estrogen. By acting through its receptor bound to the
distal enhancer, estrogen stimulated the interaction between distal
and proximal regulatory regions with resultant transcriptional
activation. This interaction was postulated to occur through “teth-
ering” mediated by unknown protein-protein bridges.

Studies in the B-globin locus also have suggested that DNA
looping is inherent to LCR/promoter interactions. A single gene
promoter interacts with the LCR directly at any given time point.
During the fetal/adult switch, the LCR appears to flip-flop
between the y- and B-promoters under the influence of the
trans-acting environment. Our studies identify a protein-protein
interaction that may provide a functional link between the LCR
and individual promoters. This is evident in the context of a
transient enhancer assay (Fig. 4B) and also in the setting of the
native globin loci (Fig. 5). Our findings do not account for the
developmental specificity of gene expression, which appears to be
mediated through binding sites for developmental proteins in the
individual globin promoters (31, 39, 40). Support for this con-
clusion is observed in studies of transgenic mice lacking the LCR,
which retain a normal developmental profile of globin gene
expression, albeit at low levels (reviewed in ref. 11). Our recent
studies, demonstrating that transcriptional activation of globin
promoters by the factors binding to sequences adjacent to the
NF-E2 core of HS2 is dependent on the binding of the develop-
mental proteins to promoter sequences, provides a link between
the transcriptional activity of the LCR and the temporal regula-
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tion of the globin genes (P.J.A., J.M.C,, and S.M.J., unpublished
work).The importance of NF-E2 as a cornerstone of LCR/
promoter interactions is suggested by numerous studies in cell
lines and transgenic mice (11, 19, 20, 41). The distribution of
binding motifs for this protein in all human HSs, the HSs in many
other species, and the a-locus HS-40 further underscores this
conclusion (21, 22, 42, 43). The topology of NF-E2 motifs with
respect to other transcriptional activators binding to the HSs is
also highly conserved (41), suggesting that this array of proteins
may function as a multi-unit complex or enhanceosome. This
arrangement is analogous to the stereospecific array of transcrip-
tional activators found in the interferon g and IgH enhancers (44,
45). In the B-globin cluster, looping of the DNA stabilized by a
direct interaction between NF-E2 and TAF1130 would result in
alignment of other enhancer proteins, eg., GATA-1, with the
transcription initiation complex. This would facilitate an interac-
tion between these activators and their cognate TAFs, focusing
the transcriptional potential of the LCR on the polymerase
complex. This hypothesis is supported by the recent demonstra-
tion of synergistic interactions between multiple enhancer-bound
proteins and their respective TAFs in Drosophila (4).

The p45NF-E2 protein previously has been shown to be
essential for high-level globin gene expression in the MEL-
derived CB3 cell line (32). Similarly, expression of a dominant
negative p18 mutant significantly reduced the expression of a-
and B-genes in MEL cells (27). Globin expression in these cells
is fully restored upon the introduction of a tethered p45-p18
heterodimer. In accord with our findings, introduction of the
NH,-terminal half of the protein also restored globin expres-
sion. These findings are in contrast to the subtle defects in
hemoglobin production observed in mice with an NF-E2 null
phenotype (46) and suggest that the repertoire of functional
NF-E2 binding factors may be more limited in MEL cells than
in the developing mouse. Although additional NF-E2-like
proteins have been identified (47, 48), their ability to mediate
enhancer-dependent transcription is not established. The dis-
crepancy in the action of NF-E2 also may be influenced by the
developmental stage with MEL cells arrested at a time in
erythroid maturation in which NF-E2 is critical (27, 32).

Examination of the transactivation domain of NF-E2 reveals
that it is proline-rich (20%) and serine-rich (10%). Previous
studies have demonstrated that this class of domain is associ-
ated with factors that act as both “proximal and distal”
activators of transcription (49). In contrast, glutamine-rich
domains function only as proximal activators, stimulating
transcription only from a position close to the TATA box.
Interestingly, glutamine-rich factors have been demonstrated
to transactivate via an interaction with TAF;130. The binding
of this TAF to the proline/serine-rich transactivation domain
of NF-E2 suggests that the differential enhancer effect of
transactivator domains is not due solely to a specificity of
coactivator interaction but may be influenced by other factors,
such as the region of interaction of the TAF protein. We
currently are defining the domains of TAF;130 necessary for
interaction with glutamine- and proline-rich transactivators.

Drosophila and human in vitro transcription systems show an
absolute requirement for TAFs (reviewed in ref. 1). Cellular
studies in yeast suggested that TAFs may not be required for the
activation of many genes (50). However, recent studies in Dro-
sophila embryos demonstrate an absolute requirement for TAFys
in the developmental function of the activator, bicoid (51). Thus,
identification of activator/coactivator interactions are critical to
our understanding of the B-globin locus. The studies described
here focus on one potential mechanism of LCR/promoter inter-
actions. However, modulation in chromatin structure mediated
by the LCR, in part by p45SNF-E2 (52, 53), upstream promoter-
bound activators, and other components of the transcriptional
machinery are necessary for optimal globin gene expression.
Integration of these diverse mechanisms will be required to
understand the dynamics of globin gene expression.
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