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Activation of insulin gene transcription specifically in the pancreatic b cells depends on multiple nuclear
proteins that interact with each other and with sequences on the insulin gene promoter to build a transcrip-
tional activation complex. The homeodomain protein PDX-1 exemplifies such interactions by binding to the
A3/4 region of the rat insulin I promoter and activating insulin gene transcription by cooperating with the
basic-helix-loop-helix (bHLH) protein E47/Pan1, which binds to the adjacent E2 site. The present study
provides evidence that the homeodomain of PDX-1 acts as a protein-protein interaction domain to recruit
multiple proteins, including E47/Pan1, BETA2/NeuroD1, and high-mobility group protein I(Y), to an activation
complex on the E2A3/4 minienhancer. The transcriptional activity of this complex results from the clustering
of multiple activation domains capable of interacting with coactivators and the basal transcriptional machin-
ery. These interactions are not common to all homeodomain proteins: the LIM homeodomain protein Lmx1.1
can also activate the E2A3/4 minienhancer in cooperation with E47/Pan1 but does so through different
interactions. Cooperation between Lmx1.1 and E47/Pan1 results not only in the aggregation of multiple
activation domains but also in the unmasking of a potent activation domain on E47/Pan1 that is normally silent
in non-b cells. While more than one activation complex may be capable of activating insulin gene transcription
through the E2A3/4 minienhancer, each is dependent on multiple specific interactions among a unique set of
nuclear proteins.

Like expression of other cell-type-specific genes, expression
of the insulin gene depends on the actions of a unique set of
nuclear activators. These activators cooperate synergistically in
building a transcriptional activation complex that binds to the
regulatory domains of the gene and activates the basal RNA
polymerase machinery (reviewed in reference 7). The complex-
ity and specificity of the interactions among these activators
limit the cell types capable of building a functional activation
complex. Dissection of these interactions provides insight into
the mechanism by which insulin expression is limited to the
correct cell type.

In adult mammals, activation of the insulin gene is tightly
restricted to the b cells in the pancreatic islets of Langerhans,
where it is expressed at high levels. This specificity is reflected
in the restricted function of the insulin promoter, the proximal
few hundred base pairs of which can replicate the specificity of
the intact gene (19, 50). Because of the complexity of the intact
promoter (9, 13, 24), a short portion of the rat insulin I pro-
moter between bp 2247 and 2197 upstream from the tran-
scription initiation site has been used as a model of the types
of synergistic interactions that combine to give the character-
istic activity of the full promoter (15). This 50-bp fragment
contains at least three distinct DNA-binding sites named E2,

A3, and A4 (13). The E and A elements synergize: neither has
significant activity on its own, but in combination E and A
elements produce b-cell specific transcriptional activation (15,
23).

The E2 element functions as a recognition site for dimers of
basic helix-loop-helix (bHLH) proteins, including a hetero-
dimer of the ubiquitous bHLH protein E47/Pan1 and the neu-
roendocrine specific bHLH protein BETA2/NeuroD1 (35).
The A elements each contain the sequence TAAT and have
been shown to bind to several homeodomain proteins found in
b-cell nuclei (12, 16, 22, 32, 37). Two of these homeodomain
proteins, PDX-1 (also known as IPF-1 [37], STF-1 [28], IDX-1
[32], IUF-1 [29], and GSF [30]) and Lmx1.1 can bind to the A3
and A4 (collectively referred to as A3/4) sites and activate the
E2A3/4 minienhancer by synergizing with E47/Pan1 bound to
the E2 site (16, 38, 40).

The LIM homeodomain protein Lmx1.1 contains two LIM
domains that form zinc-binding structures in the amino end of
the molecule. The second of these two LIM domains (LIM2)
directly binds to the bHLH domain of E47/Pan1 and mediates
the synergy between Lmx1.1 and E47/Pan1. This interaction is
specific, since analogous domains from other LIM proteins and
bHLH proteins cannot substitute for the LIM2 domain of
Lmx1.1 or the bHLH domain of E47/Pan1, respectively (20).

PDX-1 plays an important role both in the development of
the pancreas and in maintaining b-cell function. Mice with a
targeted disruption of the pdx1 gene selectively lack a pancreas
(2, 21, 36). Similar pancreatic agenesis has been found in a
human patient with a single nucleotide deletion in the pdx1
gene (46). If the pancreas is allowed to develop with an intact
pdx1 gene, and the pdx1 gene is disrupted only in mature b
cells, diabetes ensues due to impaired b-cell function (3). This
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impairment presumably results from the loss of PDX-1 activa-
tion of b-cell genes, since PDX-1 has been shown to activate a
variety of pancreatic islet-specific genes, including those en-
coding insulin, somatostatin, glucokinase, islet amyloid
polypeptide, and glucose transporter type 2 (28, 32, 37, 44, 49,
51, 52). It should be noted, however, that the b cells lacking
PDX-1 continue to express insulin (3).

The molecular basis of the PDX-1–E47/Pan interaction is
unknown. The DNA-binding domains of both proteins, as well
as the activation domains, are required. The transcription ac-
tivation domain of PDX-1 is located in the amino end, up-
stream of the homeodomain (38), and is composed of five
subdomains which are conserved between PDX-1 and the re-
lated Xenopus homeoprotein XIHbox8 (40). Interestingly,
when the unrelated activation domain of herpesvirus VP16 is
substituted for the PDX-1 activation domain, the chimeric
VP16–PDX-1 protein can still synergize with E47/Pan1, even
though the only portion of PDX-1 that is retained in the chi-
meric protein is the DNA-binding domain, the homeodomain
(38). This result suggests that the synergy between PDX-1 and
E47/Pan1 could result from cooperative DNA binding and the
formation of a stable DNA-binding complex with both pro-
teins. Previous studies, however, have been unable to demon-
strate cooperative DNA binding in vitro (38).

In this study, we directly compare the transcriptional activa-
tion properties of PDX-1 and Lmx1.1. Even though both ho-
meoproteins interact with a common factor, E47/Pan1, and
activate insulin gene transcription through the same promoter
element, the two proteins interact with E47/Pan1 by distinct
mechanisms. We also demonstrate that the b-cell-specific
bHLH factor BETA2/NeuroD1 and the nuclear high-mobility-
group protein I(Y) [HMG I(Y)] contribute to PDX-1–E47/
Pan1 synergy through direct interactions with the homeodo-
main of PDX-1. These results demonstrate that PDX-1 acts
multifunctionally as a center of protein-protein interactions in
an intricate complex controlling b-cell-specific gene expression
in vivo.

MATERIALS AND METHODS

Cell culture and transfections. The Syrian hamster kidney fibroblast line
BHK-21 was maintained as described previously (16). The COS7 line was grown
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum. The mouse islet cell lines aTC1.6 and bTC3 were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 15% horse serum and 2.5%
fetal bovine serum. High Five insect cells (Invitrogen) from Trichoplusia ni were
grown in Grace’s insect medium supplemented with 10% heat-inactivated fetal
bovine serum at 27°C without CO2.

For mammalian cell transfections, cells were plated on six-well plates at a
density of 5 3 104 (BHK-21) or 5 3 105 (COS7, aTC1.6, and bTC3) cells per well
on the day before transfection. A total of 3 mg of plasmid DNA was mixed with
6 ml of Superfect reagent (Qiagen), and transfections were performed according
to the manufacturer’s protocol. Cells were harvested 40 to 48 h after transfection.
Luciferase activities, measured with the Promega luciferase assay system, were
normalized to b-galactosidase activities derived from a cotransfected thymidine
kinase promoter-driven b-galactosidase control plasmid (0.8 mg of plasmid DNA
per transfection) assayed with a Luminescent b-Galactosidase Detection Kit II
(Clontech). The total amount of cDNA expression plasmid DNA was kept
constant for individual transfections (a total of 1.2 mg of plasmid DNA per
transfection) by adding the pBAT12 vector without insert cDNA. Each data
point represents the average of at least three independent transfections 6 stan-
dard error of the mean.

For insect cell transfections, High Five cells were plated on six-well plates at
a density of 105 per well on the day before transfection. A total of 1.7 mg of
plasmid DNA was mixed with 5.1 ml of 1 mM TransFast transfection reagent
(Promega) and 600 ml of serum-free medium, and transfections were performed
according to the manufacturer’s protocol. Cells were harvested 40 to 48 h after
transfection. Luciferase activities were measured with the Promega luciferase
assay system and normalized to the concentration of the cell extract. The total
amount of cDNA expression plasmid DNA was kept constant for individual
transfections (a total of 0.7 mg of plasmid DNA per transfection) by adding the
pBAT12 vector without insert cDNA. Each data point represents the average of
at least three independent transfections 6 standard error of the mean.

The reporter construct used for all transfection experiments (1 mg of plas-
mid DNA per transfection) was the luciferase gene under the control of a
minimal prolactin promoter and five copies of the rat insulin I E2A3/4 mini-
enhancer (pFOXluc.prl.5FF1) or a mutant minienhancer (pFOXluc.prl.5mC1 or
pFOXluc.prl.5mEF1) as previously described (16). The expression plasmids for
PDX-1, Lmx1.1, E47/Pan1, BETA2/NeuroD1, and HMG I(Y) were constructed
by subcloning the coding region of each individual cDNA into the polylinker
downstream of the cytomegalovirus (CMV) promoter of the pBAT expression
vectors (16). Procedures for cloning of the Syrian hamster cDNAs of PDX-1,
Lmx1.1, and E47/Pan1 have been described previously (14, 16, 42). The full-
length mouse BETA2/NeuroD1 cDNA was obtained by ligating a 462-bp frag-
ment of the 59 coding region sequences including the transcription initiation site
(generated by PCR from a bTC3 cDNA library) with a 1.5-kb 39 fragment
containing the first stop codon (kindly provided by Jacqueline E. Lee, University
of Colorado at Boulder). The coding sequences of the Syrian hamster HMG I(Y)
cDNA, in the HMG Y splice form, was originally isolated from a HIT T15
M2.2.2. cDNA library as described previously (16). Since the clone contained 59
untranslated sequences, the coding sequence was generated by PCR from the
original. The deletion mutants of E47/Pan1 were generated by PCR.

In vitro protein-protein interaction assays. Glutathione S-transferase (GST)
fusion proteins were produced in Escherichia coli BL21 competent cells via the
pPIG plasmid system (20). In vitro-translated and [35S]methionine-labeled pro-
teins were prepared using the TNT coupled reticulocyte lysate system (Promega)
according to the manufacturer’s protocol. Fifteen microliters of labeled protein
was mixed with 1 mg of each GST fusion protein bound to 20 ml of glutathione-
agarose beads in a total volume of 600 ml of interaction buffer (40 mM HEPES
[pH 7.5], 50 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 1 mM dithiothreitol, 0.5%
[vol/vol] Nonidet P-40) (45). Samples were then incubated for 1 h at 4°C with a
gentle rocking, and the beads were washed three times with interaction buffer.
The bound proteins were eluted with 25 ml of Laemmli buffer, and 15-ml aliquots
of the eluted proteins were fractionated on sodium dodecyl sulfate (SDS)-
polyacrylamide gels and visualized by autoradiography.

The PDX-1, E47/Pan1, and BETA2/NeuroD1 deletion mutants were gener-
ated by PCR from the pBAT expression plasmids and subcloned into either the
pBAT11 in vitro transcription vector driven by the T7 promoter (16) or the pPIG
vector. The mouse Mash1 and MyoD cDNAs were the gracious gifts of David
Anderson (California Institute of Technology) and Eric Olson (University of
Texas Southwestern Medical Center at Dallas), respectively. The Id1 cDNA was
generated by PCR from rat islet cDNA.

Electrophoretic mobility shift assays (EMSAs). The PDX-1 homeodomain
(amino acids 138 to 213), BETA2/NeuroD1 bHLH domain (amino acids 94 to
162), and full-length HMG I(Y) proteins were prepared as His6-tagged proteins
produced in E. coli BL21(DE3)/pLysS by using the pET15b plasmid system
(Novagen) and were purified with a Ni-nitrilotriacetic acid spin kit (Qiagen)
according to the manufacturer’s protocol. The E47/Pan1 bHLH domain (amino
acids 537 to 602) and HMG I(Y) were produced in E. coli BL21 cells as a GST
fusion protein in the pPIG plasmid system. The GST-E47/Pan1 bHLH was
bound to glutathione-Sepharose beads and cleaved with thrombin (1 U per mg
of immobilized recombinant protein) for 2 h at 20°C in cleavage buffer (50 mM
Tris-Cl [pH 7.5], 150 mM NaCl, 2.5 mM CaCl2). Ten-microliter aliquots of the
recombinant proteins were mixed with Laemmli buffer and quantified by staining
SDS-polyacrylamide gels with Coomassie blue, with various known amounts of
bovine serum albumin as standards. Rat insulin I E2A3/4 probes were labeled
with [g-32P]ATP and T4 polynucleotide kinase. The sequence for the top strand
of the double-stranded E2A3/4 probe (EA probe) is GATCCTTCATCAGGCC
ATCTGGCCCCTTGTTAATAATCTAATTACCCTAGGTCTAA (E2 and A3/4
elements are underlined). The sequence for the top strand of the double-
stranded E2A3/4 probe with a 15-bp insertion between the E2 and A3/4 elements
(EA-I probe) is GATCCCTTCATCAGGCCATCTGGCCCGAGTCCAGCCTC
GAGCTTGTTAATAATCTAATTACCCTAGGTCTAA (inserted bases are
italicized). The proteins were mixed with the binding buffer [10 mM HEPES, 75
mM KCl, 2.5 mM MgCl2, 0.1 mM EDTA, 1 mM dithiothreitol, 3% (vol/vol)
Ficoll, 100 ng of poly(dI-dC), 1 mg of bovine serum albumin] and 20,000 cpm of
labeled probe with or without specific competitors in a total volume of 20 ml. Ten
microliters of the binding reaction mixture was electrophoresed on 7% nonde-
naturing polyacrylamide gels and visualized by autoradiography.

RESULTS

Comparison of PDX-1 and Lmx1.1 synergy with E47/Pan1.
Although both PDX-1 and Lmx1.1 homeoproteins have been
reported to synergize with E47/Pan1 in activating the rat insu-
lin I E2A3/4 minienhancer (previously called the FF minien-
hancer) (16, 38), the two effects have not been directly com-
pared. Therefore, we first compared the magnitude of PDX-
1–E47/Pan1 synergy with that of Lmx1.1–E47/Pan1 synergy by
cotransfection reporter gene analyses using several different
cell lines (Fig. 1 and Table 1). The cDNA encoding each
protein was inserted into a separate mammalian expression
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plasmid downstream of the CMV promoter. The reporter con-
struct is plasmid pFOXluc.prl.5FF1 with the firefly luciferase
gene inserted downstream of the rat prolactin minimal pro-
moter and five copies of the rat insulin I E2A3/4 minienhancer.
The reporter construct was then transfected with the cDNA
expression plasmids into cultured cells, and luciferase activity
was used as a gauge of transcriptional activation through the
minienhancer.

In all cell types tested, for both the PDX-1–E47/Pan1 and
Lmx1.1–E47/Pan1 combinations, synergy is observed: cotrans-
fection of DNA plasmids expressing the two proteins gives a
level of transcriptional activity that is significantly greater than
the sum of the individual activities of the two proteins ex-
pressed separately (shown for BHK-21 cells in Fig. 1; data for
other cell lines not shown). The luciferase activities of PDX-
1–E47/Pan1 cotransfection relative to the basal activity of
PDX-1 by itself are 16.6 6 8.4, 341.7 6 53.5, 5.6 6 0.9, and

3.0 6 0.6 in BHK-21, COS7, aTC1.6, and bTC3 cells, respec-
tively. It should be noted that both basal activation and syner-
gistic activation is low in bTC3 cells due to the high level of
activity of the E2A3/4 minienhancer in these cells in the ab-
sence of any additional transcription factors.

Despite clear evidence of synergy, the PDX-1–E47/Pan1
combination gives a lower level of transcriptional activation
than the Lmx1.1–E47/Pan1 combination in all four cell lines
(Table 1). However, the basal level of transcriptional activation

FIG. 1. Lmx1.1 and E47/Pan1 give greater transcriptional synergy than
PDX-1 and E47/Pan1. BHK-21 cells were transfected with a reporter plasmid
(pFOXluc.prl.5FF1) containing five copies of the insulin E2A3/4 minienhancer
linked to the minimal prolactin promoter driving luciferase gene expression and
with expression plasmids containing the CMV promoter driving expression of the
cDNAs shown. Luciferase activity in the cells transfected with the reporter
plasmid and the parent expression plasmid without insert is set to 1.0.

FIG. 2. Excess PDX-1 decreases synergy with E47/Pan1, and excess E47/
Pan1 decreases synergy with Lmx1.1. (A) The pFOXluc.prl.5FF1 reporter plas-
mid was cotransfected with 0.02 mg of the E47/Pan1 expression plasmids and
increasing amounts (0.01, 0.02, 0.1, 0.2, and 0.5 mg) of the PDX-1 or Lmx1.1
expression plasmid into BHK-21 cells. Luciferase activity in the cells transfected
with the reporter plasmid and the E47/Pan1 expression plasmid alone is set at
1.0. (B) The reporter plasmid was cotransfected with 0.2 mg of the PDX-1 or
Lmx1.1 expression plasmid and increasing amounts (0.05, 0.1, 0.2, 0.6, and 1.0
mg) of the E47/Pan1 expression plasmid into BHK-21 cells. The luciferase ac-
tivity in the cells transfected with the reporter and the PDX-1 or Lmx1.1 expres-
sion plasmid alone is set at 1.0.

TABLE 1. Comparison of minienhancer activation by Lmx1.1
and PDX-1

Cell line

Lmx1.1 activation relative to PDX-1 activationa

Basalb Synergisticc Ratio,
synergistic/basald

BHK-21 6.3 6 0.8 10.0 6 1.9 1.6 6 0.2
COS7 0.5 6 0.09 13.4 6 1.7 30.6 6 9.3
aTC1.6 8.4 6 1.0 9.4 6 1.2 1.1 6 0.09
bTC3 1.4 6 0.07 4.1 6 0.3 3.0 6 0.2

a BHK-21, COS7, aTC1.6, and bTC3 cells were transfected with a reporter
plasmid (pFOXluc.prl.5FF1) containing five copies of the insulin E2A3/4
minienhancer linked to the minimal prolactin promoter driving luciferase gene
expression and with expression plasmids containing the CMV promoter driving
expression of the cDNAs shown. The data show luciferase activity in the cells
transfected with Lmx1.1 relative to activity in the PDX-1-transfected cells.

b Ratio of activity in the cells transfected with Lmx1.1 relative to the activity
from the PDX-1-transfected cells in the absence of E47. The mean 6 standard
error of the mean for at least three independent transfections is shown.

c Ratio of activity in the cells transfected with Lmx1.1 relative to the activity
from the PDX-1-transfected cells in the presence of E47. The mean 6 standard
error of the mean for at least three independent transfections is shown.

d Mean 6 standard error of the mean of the ratio of synergistic to basal activity
for Lmx1.1 relative to PDX-1.
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by Lmx1.1 alone is not always greater than that of PDX-1
(Table 1), indicating that the greater synergy of the Lmx1.1–
E47/Pan1 combination may not simply result from a higher
level of Lmx1.1 protein expression or Lmx1.1 DNA binding.

Although the level of transcriptional activation from the
Lmx1.1–E47/Pan1 combination is consistently greater than
that from the PDX-1–E47/Pan1 combination, the magnitude of
synergy could depend on the absolute concentrations of the
two homeodomain proteins or their concentrations relative to
E47/Pan1. We therefore performed the same reporter gene
analyses with increasing amounts of the PDX-1 or Lmx1.1
expression plasmid relative to the amount of E47/Pan1 expres-
sion plasmid (Fig. 2A) or vice versa (Fig. 2B). The activity of
the Lmx1.1–E47/Pan1 combination is greater than that of the
PDX-1–E47/Pan1 combination at all ratios of the expression
plasmids tested. Interestingly, PDX-1–E47/Pan1 synergy is
markedly decreased by increasing the amount of PDX-1 (Fig.
2A), whereas Lmx1.1–E47/Pan1 synergy is markedly decreased
by excess E47/Pan1 (Fig. 2B). Transcription activity was not
decreased by increasing the amount of any of the cDNAs when
transfected alone (data not shown). These results suggest that
both PDX-1 and Lmx1.1 may be able to interact with E47/Pan1
in solution, and the inhibitory effect from an excess of one
protein could be due to excess free protein competing with and
destabilizing DNA-bound protein.

E47/Pan1 contains two distinct transcription activation do-
mains. The first domain (AD1; amino acids 1 to 153) is con-
sistently active in all cell types, whereas the second domain
(AD2; amino acids 321 to 476), which includes a characteristic
leucine zipper structure, functions selectively in pancreatic
b-cell lines (5). Truncated E47/Pan1 constructs demonstrate
the importance of these domains in synergistic activation (Fig.
3). Both PDX-1–E47/Pan1 synergy and Lmx1.1–E47/Pan1 syn-
ergy are lost when the C terminus of the bHLH domain of
E47/Pan1 is partially deleted (E47 1-570 [Fig. 3A]), demon-
strating that this domain is critical for synergy. Similarly, the
truncation of both transcription activation domains of E47/
Pan1 abolishes the synergy with PDX-1 or Lmx1.1, even in the
presence of the intact bHLH domain (E47 510-647). Interest-
ingly, Lmx1.1 can synergize with an N-terminally truncated
E47/Pan1 in which AD2 is retained, whereas PDX-1 fails to
synergize with any E47/Pan1 construct lacking AD1 (E47 178-
647 and 225-647). These results indicate that the b-cell-specific
AD2 plays an essential role in Lmx1.1–E47/Pan1 synergy

whereas the nonspecific AD1 is required for PDX-1–E47/Pan1
synergy.

PDX-1 and E47/Pan1 physically interact in vitro. The above
results suggest that PDX-1 and Lmx1.1 interact with E47/Pan1
by distinct mechanisms. We have previously shown that Lmx1.1
physically interacts with E47/Pan1 in the absence of DNA (20).
Other investigators have not succeeded in detecting a direct
physical interaction between PDX-1 and E47/Pan1 by coim-
munoprecipitation (38), but the antibodies used for coimmu-
noprecipitation may destabilize the PDX-1–E47/Pan1 com-
plex.

We performed in vitro protein binding assays using 35S-
labeled full-length E47/Pan1 and various deletion mutants to
test the interactions with a PDX-1–GST fusion protein (Fig.
4A). The labeled protein was mixed with the GST fusion pro-
tein in solution, and the mixture was added to glutathione-
Sepharose beads and washed. The retained protein was sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE). The
wild-type 35S-E47/Pan1 binds to GST–PDX-1, indicating that
PDX-1 physically interacts with E47/Pan1 in vitro (Fig. 4A,
lane 2). The binding is apparently as efficient as the ho-
modimerization of E47/Pan1 (lane 3). The N-terminally trun-
cated mutants of E47/Pan1 that contain the intact bHLH do-
main can interact with PDX-1 (lanes 11 and 14), whereas
binding is lost when the C-terminal bHLH domain is deleted
(lanes 5 and 8), demonstrating that the bHLH domain of
E47/Pan1 is crucial for this interaction.

Further truncations of the bHLH domain of E47/Pan1 dem-
onstrate that an intact HLH domain is required for the inter-
action with PDX-1 (Fig. 4C). In this experiment, PDX-1 was
labeled with 35S and E47/Pan1 was fused to GST because the
truncated E47/Pan1 proteins were too small to fractionate by
SDS-PAGE. Deletion of the first seven amino acids of the
basic domain of E47/Pan1 (Pan1 550-602) abolishes DNA
binding (data not shown) but does not affect the interaction
with PDX-1 (Fig. 4C, lane 3), whereas deletion of either helix
abolishes the interaction (Pan1 574-602 and 537-577 [lanes 4
and 5]). Similar results were observed for the interaction with
Lmx1.1 (data not shown).

We next tested wild-type and truncated PDX-1 for interac-
tion with the bHLH domain of E47/Pan1, and the interaction
domain of PDX-1 maps to the homeodomain (Fig. 5A). We
then prepared GST fusion proteins of intact and truncated
PDX-1 homeodomains to test the interactions with in vitro-

FIG. 3. PDX-1 and Lmx1.1 cooperate with different activation domains of E47/Pan1. The pFOXluc.prl.5FF1 reporter plasmid was cotransfected with a plasmid
expressing the wild-type or truncated E47/Pan1 cDNA and a plasmid expressing either the PDX-1 or the Lmx1.1 cDNA into BHK-21 cells. Luciferase activity in the
cells transfected with the reporter, the homeobox cDNA expression plasmid, and the wild-type E47/Pan1 (amino acids 1 to 647) expression plasmid is set at 100. (A)
Diagram showing the E47/Pan1 deletions used. (B) Results for cells transfected with the E47/Pan1 and PDX-1 expression plasmids. (C) Results for cells transfected
with the E47/Pan1 and Lmx1.1 expression plasmids.
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translated E47/Pan1 (Fig. 5C). Removal of either the N-terminal
or C-terminal helix of the PDX-1 homeodomain eliminates the
interaction with E47/Pan1 (Fig. 5C, lanes 3 and 4), indicating that
the intact homeodomain of PDX-1 is required for interaction
with E47/Pan1. These results are summarized in Fig. 5D.

PDX-1 physically interacts with class B bHLH proteins.
Since the entire HLH domain of E47/Pan1, the structure of
which is conserved among the bHLH protein families (re-
viewed in reference 33), is required for the interaction with
PDX-1 and Lmx1.1, we tested whether the bHLH domain of

BETA2/NeuroD1, a member of the B class bHLH proteins
that is expressed selectively in pancreatic islet cells (35), can
physically associate with PDX-1 or Lmx1.1 (Fig. 6A). Interest-
ingly, PDX-1, but not Lmx1.1, can interact with the bHLH
domain of BETA2/NeuroD1 (BETA2 94-162 [Fig. 6A, lanes 3
and 6). In addition, PDX-1 interacts with other class B bHLH
proteins, including Mash1 and MyoD, and the affinities are
similar to the heterodimerization of these proteins with E47/
Pan1 (Fig. 6B, lanes 5, 6, 8, and 9). Similar results were ob-
served with the isolated PDX-1 homeodomain, indicating that

FIG. 4. PDX-1 physically interacts with the HLH domain of E47/Pan1 in vitro. (A) In vitro-translated, 35S-labeled E47/Pan1 (wild type and deletion mutants) was
incubated with GST–PDX-1 fusion protein immobilized on glutathione-Sepharose beads, and bound proteins were resolved on SDS-PAGE followed by autoradiog-
raphy. GST alone and GST fused to E47/Pan1 amino acids 510 to 647 (including the bHLH dimerization domain) were used as controls. (B) Ten percent of the
35S-labeled E47/Pan1 (wild-type and deletion mutant) proteins used in the binding assay were resolved by SDS-PAGE. (C) In vitro-translated, 35S-labeled PDX-1
protein was incubated with GST alone or with GST fused to the truncated E47/Pan1 proteins shown. Bound proteins were immobilized on glutathione-Sepharose beads
and resolved by SDS-PAGE followed by autoradiography. Ten percent of the 35S-labeled PDX-1 protein used in the binding assay was loaded in lane 1. (D) Structures
of the E47/Pan1 deletion mutants and summary of the results.
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these interactions are mediated via the homeodomain of
PDX-1 (data not shown). However, the Id class HLH protein
Id1 does not interact with PDX-1 (lane 11). The hematopoietic
cell-specific bHLH protein Tal1 also does not interact with
PDX-1 (data not shown), suggesting that PDX-1 recognizes
more than the HLH structure alone, and certain conserved
amino acids may be required. In contrast, Lmx1.1 does not
interact with these class B bHLH proteins or Id1 in similar
assays (data not shown). Thus, unlike Lmx1.1, PDX-1 can
interact with a diverse group of bHLH proteins, including the
islet cell-specific bHLH protein BETA2/NeuroD1.

BETA2/NeuroD1, E47/Pan1, and PDX-1 form a ternary
complex on the insulin promoter. While the preceding results
demonstrate that the DNA-binding domains of PDX-1, E47/
Pan1, and BETA2/NeuroD1 can interact in solution, for these
interactions to affect transcription of the insulin gene they need
to form a stable ternary complex on the insulin promoter.
Therefore, we tested whether the three proteins can form a
stable ternary complex on the insulin E2A3/4 minienhancer by
EMSA (Fig. 7A). Consistent with a previous study of the

DNA-binding properties of BETA2/NeuroD1 (35), the bHLH
domain of BETA2/NeuroD1 does not bind DNA by itself (lane
3) but does bind DNA as a BETA2/NeuroD1–E47/Pan1 het-
erodimer complex (lane 4). When the homeodomain of PDX-1
and the bHLH domain of E47/Pan1 are coincubated with the
insulin E2A3/4 minienhancer probe, an additional DNA-
bound complex is observed, indicating that the homeodomain
of PDX-1 and the bHLH domain of E47/Pan1 can form a
ternary complex on the probe (lane 5). When the homeodo-
main of PDX-1 and bHLH domains of E47/Pan1 and BETA2/
NeuroD1 are incubated together with the E2A3/4 probe, a
slower-migrating complex is observed in addition to the PDX-
1–E47/Pan1 complex and the BETA2/NeuroD1–E47/Pan1 het-
erodimer complex (lane 7). This slower-migrating complex is
reduced by coincubation with a 100-fold molar excess of non-
radiolabeled E2 element (lane 8) or A3/4 element (lane 9).

To test whether BETA2/NeuroD1 affects the synergistic ac-
tivation of the insulin minienhancer by the PDX-1–E47/Pan1
combination, we expressed all three proteins in transfected
BHK-21 cells (Fig. 7B). BETA2/NeuroD1 does not synergize

FIG. 5. The intact PDX-1 homeodomain interacts physically with E47/Pan1. (A) In vitro-translated, 35S-labeled PDX-1 (wild type and deletion mutants) was
incubated with GST-E47/Pan1 fusion protein immobilized on glutathione-Sepharose beads, and bound proteins were resolved by SDS-PAGE followed by autoradiog-
raphy. GST alone was used as a control. (B) Ten percent of the 35S-labeled PDX-1 (wild-type and deletion mutant) proteins used in the binding assay were resolved
by SDS-PAGE. (C) In vitro-translated, 35S-labeled E47/Pan1 protein was incubated with GST alone or with GST fused to the truncated PDX-1 proteins shown. Bound
proteins were immobilized on glutathione-Sepharose beads and resolved by SDS-PAGE followed by autoradiography. Ten percent of the 35S-labeled E47/Pan1 protein
used in the binding assay was loaded in lane 1. (D) Structures of the PDX-1 deletion mutants and summary of the results. AD, transcription activation domain; HD,
homeodomain; A to E, conserved segments of the PDX-1 activation domain as described by Peshavaria et al. (40).
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with PDX-1 in the absence of E47/Pan1; it does, however,
increase the PDX-1–E47/Pan1 synergy, although only by an
amount approximately equal to the basal activation of BETA2/
NeuroD1 by itself.

Cooperative DNA binding. Although PDX-1 and E47/Pan1
can form a stable ternary complex on the insulin promoter,
these experiments provide no visually obvious evidence of co-
operative DNA binding by the two proteins, consistent with a
previous report (38). We also detected no change in the pref-
erences of PDX-1 for the different binding sites within the
A3/4 region in the presence of E47/Pan1 (data not shown).

To detect more subtle evidence of cooperative DNA binding
by the two proteins, however, we used a quantitative analysis.
If PDX-1 and E47/Pan1 bind to DNA independently and bind
to the same DNA molecule only by random chance, then
cobinding should occur only at a frequency equal to the prod-
uct of each independent binding event. To test if the two
proteins truly bind to DNA independently, we performed an
EMSA with the PDX-1 and E47/Pan1 binding domains and
used a phosphorimager to measure the fraction of E2A3/4
minienhancer probe bound by each protein separately and by
the two proteins together. The ratio of actual to predicted
cobinding of the two proteins is the cooperativity index shown
in Table 2 and Fig. 8B.

As can be seen in Table 2, significantly more probe is bound
by the two proteins together than can be explained by inde-
pendent binding. To determine whether cooperative binding
requires that the two proteins bind to adjacent sites on the
probe, cobinding was assayed with the EA-I probe containing
a 15-bp insertion (one and a half helical turns) between the E
and A binding sites. Cobinding is reduced, and there is no
evidence for cooperativity (cooperativity index of 0.81) when
the two sites are separated (Fig. 8). These data demonstrate
that the two binding domains, which can physically interact in
solution, can also bind to adjacent sites on DNA in a cooper-
ative fashion.

HMG I(Y) interacts with the PDX-1–E47/Pan1 complex.
While these data demonstrate cooperative DNA binding, it
seems unlikely that this modest degree of cooperativity can
explain the much larger functional synergy between PDX-1
and E47/Pan1 as detected by transcription assays. In the nu-
cleus of an intact cell, however, additional proteins may modify

these DNA-binding properties. The presence of proteins that
stabilize the PDX-1–E47/Pan1 complex on DNA or that mod-
ify DNA structure could favor cooperative DNA binding by the
two proteins in vivo.

When we isolated the cDNA encoding Lmx1.1 (16), we also
isolated a hamster b-cell cDNA encoding HMG I(Y) due to
the affinity of the encoded protein for the rat insulin I A3/4
DNA probe. HMG I(Y) is a nonhistone, chromatin-associated
nuclear protein that binds to the minor groove of AT-rich
stretches of DNA (reviewed in references 6, 17, and 18). It can
alter the binding of various transcription factors through its
effects on DNA structure as well as through direct protein-
protein interactions (1). HMG I(Y) binds to the A3/4 region of
the insulin promoter (data not shown).

DNA binding of PDX-1 to the E2–A3/4 probe is increased in
the presence of HMG I(Y) (Fig. 9A), and cobinding by PDX-1
and E47/Pan1 is even more dramatically increased (Fig. 9C).
This increase in binding was quantified in a parallel experiment
using a phosphorimager. The addition of 37 ng of His6-tagged
HMG I(Y) per 10-ml binding reaction mixture resulted in a
2.4- 6 0.25-fold increase in the cooperativity index (as defined
in Table 2), and the addition of 110 ng caused a 4.8- 6 0.7-fold
increase (Fig. 8B). It should be noted that a new, slower-
migrating band that would indicate the addition of HMG I(Y)
to the complex is not always observed in these experiments.
Similar observations have been reported in earlier studies (25)
and may result from HMG I(Y) contributing to formation of
the complex without remaining in the complex through elec-
trophoresis.

HMG I proteins can bind to transcription factors as well as
DNA, as exemplified by the interaction between HMG I(Y)
and the Pou domain of the POU homeodomain protein
Oct-2A (1). In an in vitro interaction assay, both wild-type
PDX-1 and the homeodomain of PDX-1 associate with HMG
I(Y) (Fig. 9D, lanes 3 and 6) but the C-terminally truncated
mutant of PDX-1 that lacks the homeodomain (PDX-1 1-144)
does not (lane 9), indicating that HMG I(Y) also interacts with
PDX-1 via its homeodomain.

In cotransfection assays using BHK-21 cells, HMG I(Y)
enhances both basal activation by PDX-1 and the synergistic
activation of PDX-1 and E47/Pan1 on the E2A3/4 minien-
hancer in a dose-dependent manner (Fig. 10A) but does not

FIG. 6. PDX-1 physically interacts with tissue-specific bHLH proteins. (A) In vitro-translated, 35S-labeled PDX-1 or Lmx1.1 protein was incubated with GST alone
or with the GST-BETA2 bHLH domain (containing amino acids 94 to 162 of BETA2/NeuroD). Bound proteins were immobilized on glutathione-Sepharose beads and
resolved by SDS-PAGE followed by autoradiography. Ten percent of the 35S-labeled PDX-1 and Lmx1.1 proteins used in the binding assay were loaded in lanes 1 and
4, respectively. (B) 35S-labeled full-length HLH proteins BETA2/NeuroD, Mash1, MyoD, and Id1 were tested as for panel A for interaction with GST–PDX-1. GST
alone and GST fused to E47/Pan1 amino acids 510 to 647 (including the bHLH dimerization domain) were used as controls. (C) Ten percent of the 35S-labeled HLH
proteins used for the assay were resolved by SDS-PAGE.
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affect transcription from the E2A3/4 minienhancer by itself
(data not shown). This effect of HMG I(Y) in BHK-21 cells is
modest, probably because mammalian cells already express
high levels of the HMG I proteins.

Insect cells have been reported to have lower endogenous
levels of HMG I(Y) and are more responsive to exogenous
HMG I(Y) (25). In the insect cell line High Five, PDX-1 and
E47/Pan1 do not activate the E2A3/4 minienhancer either in-
dividually or together. The addition of HMG I(Y), however,
allows for strong cooperative activation of the minienhancer by
the three proteins together, but only if both the E and the A
binding sites are intact in the minienhancer (Fig. 10B).

DISCUSSION

These studies demonstrate a physical interaction between
PDX-1 and E47/Pan1 in solution. The interaction involves the

homeodomain of PDX-1 and the HLH domain of E47/Pan1
and apparently requires the structural integrity of these do-
mains since smaller subdomains do not interact. We provide
evidence that this interaction, along with interactions with
HMG I(Y), contributes to transcriptional synergy by increasing
binding of the protein complex to DNA, but other cooperative
interactions may contribute to synergy as well.

The organization of the insulin promoter with tightly juxta-
posed E and A sites strongly suggests a model of cooperative
DNA binding by E47/Pan1 and PDX-1 leading to the assembly
of an activation complex on the EA minienhancers. Synergy
would then result from the lower free energy of cooperative
versus independent DNA binding by the two proteins. This
model is supported by the capacity of the two proteins to form
a ternary complex on the E2A3/4 minienhancer and the high
affinity between the DNA-binding domains of the two proteins.
Further supportive evidence comes from a prior study showing
that the isolated PDX-1 homeodomain linked to the unrelated
activation domain from the VP16 transcriptional activator is
sufficient to synergize with E47/Pan1 on the insulin promoter,
although the degree of synergy is less than that observed with
the intact PDX-1 protein (38). These data suggest that simple
recruitment of multiple activators to the promoter through
cooperative DNA binding is alone sufficient for synergistic
activation of the insulin promoter.

But the degree of cooperative DNA binding with purified
E47/Pan1 and PDX-1 in vitro is small. While we were able to
demonstrate cooperative DNA binding by the same two do-
mains that interact in solution, this effect is not as dramatic as
the transcriptional synergy observed in vivo, consistent with
what other investigators have seen (38). With the addition of
BETA2/NeuroD1, an increased fraction of the E47/Pan1–
BETA2/NeuroD1 heterodimer shifts up to the larger complex
that includes PDX-1, but the overall effect is still modest.

An EMSA with purified proteins, however, does not neces-
sarily reflect the normal environment of a cell nucleus in vivo.
Unlike the EMSA, in the nucleus the presence of many other
proteins may influence the DNA binding of the two proteins
and their degree of cooperativity. These nuclear proteins could
alter DNA binding by either protein, stabilize the protein-
protein interaction, or modify the DNA structure in the
E2A3/4 region. Any of these effects could improve the ener-
getic advantage of the protein-protein interaction on DNA and
thereby increase cooperative DNA binding.

In this regard, it is interesting that the HMG I(Y) protein
binds to the A3/4 region. HMG I(Y) is a highly conserved,

FIG. 7. BETA2/NeuroD can form a ternary complex with the bHLH domain
of E47/Pan1 and the homeodomain of PDX-1 on the E2A3/4 element. (A) The
PDX-1 homeodomain (320 pg), E47/Pan1 bHLH domain (30 ng), and BETA2/
NeuroD bHLH domain (3 ng) recombinant proteins were tested by EMSA for
the ability to bind the 32P-labeled rat insulin E2A3/4 probe. One hundred-fold
molar excess of nonlabeled E2 (lane 8) or A3/4 (lane 9) oligonucleotide was used
as a specific competitor. (B) BHK-21 cells were transfected with 1 mg of the
reporter as described for Fig. 1 and 0.2 mg of the expression plasmid DNAs of
PDX-1, E47/Pan1, and BETA2/NeuroD as shown. Luciferase activity in the cells
transfected with the reporter plasmid and the pBAT12 plasmid with no insert is
set to 1.0.

TABLE 2. Cooperative DNA binding by the PDX-1 homeodomain
and E47 bHLH domain

% of probe bounda

Cooperativity
indexc P valued

PDX-1 E47

PDX-1 1
E47

PDX-1 1
E47

Actual Predictedb

3.4 6 0.2 5.1 6 1.2 1.1 6 0.2 0.3 6 0.1 3.5 6 0.2 ,0.01

a The homeodomain of PDX-1 (48 pg) and bHLH domain of E47/Pan1 (700
pg) were incubated with the 32P-labeled rat insulin E2A3/4 probe, and the
percentage of probe bound separately by each protein and cobound by both
proteins was measured with a phosphorimager. The mean 6 standard error of
the mean for four independent binding reactions is shown.

b Defined as total PDX-1 binding 3 total E47 binding, where the total binding
for each protein is the fraction of all probe bound by that protein.

c Ratio of actual to predicted cobinding of PDX-1 and E47.
d A comparison of actual and predicted cobinding of PDX-1 and E47 was used

to calculate P values by the paired t test.
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ubiquitously and abundantly expressed nuclear protein con-
taining three short basic amino acid repeats that contact the
minor groove of DNA along A/T-rich stretches and reduce the
flexibility of the DNA helix. By reducing the energetic costs of
DNA distortion, HMG I(Y) and similar architectural proteins
play an essential role in the assembly of higher-order nucleo-
protein complexes (7, 17, 47). In addition to binding to DNA,
HMG I(Y) physically associates in vitro with transcription fac-
tors including the POU homeodomain proteins Oct-2A (1) and
Tst-1/Oct-6 (27), and we have now shown that it also associates
with the PDX-1 homeodomain. Through DNA binding, pro-
tein-protein interaction, or both, HMG I(Y) enhances both the
DNA-binding and activation potential of PDX-1 alone and in
combination with E47/Pan1.

Cooperative interactions with HMG I(Y) are not a common
feature of all homeodomain proteins. HMG I proteins inhibit
DNA binding by the engrailed homeodomain protein and in-
hibit both DNA binding and transcriptional activation by
HOXD9 (4). In contrast, another chromosomal binding pro-
tein, HMG1, enhances DNA binding and transcriptional acti-
vation by homeodomain protein HOXD9 but not HOXD8
(53). These complex interactions increase the DNA-binding
specificity of individual homeodomain proteins and help define
the scope of their functional gene targets in vivo.

Taken together, these studies demonstrate that the PDX-1
homeodomain should be viewed not only as a DNA-binding
domain but also as a protein-protein interaction domain capa-
ble of multiple, complex interactions. Here we have shown that

FIG. 8. Modest cooperative DNA binding by E47 and PDX1. (A) The ho-
meodomain of PDX-1 (160 pg; lanes 1, 3 to 10, and 12) and the bHLH domain
of E47/Pan1 (6 ng; lanes 2 to 11) were incubated with the 32P-labeled rat insulin
E2A3/4 probe (EA; lanes 1 to 6) or with a similarly labeled probe containing a
15-bp insertion between the E and A binding sites (EA-I; lanes 7 to 12) and
analyzed by EMSA. (B) The complexes from at least five independent EMSAs
were quantified with a phosphorimager, and the cooperativity index was calcu-
lated as defined in Table 2. HMG I(Y) experiments were performed as for Fig.
9, with 37 ng (1) and 110 ng (11) of HMG I(Y). Mean 6 standard error of the
mean is shown.

FIG. 9. HMG I(Y) interacts with the activation complex on the E2A3/4
minienhancer. (A) The homeodomain of PDX-1 (160 pg) was incubated with the
32P-labeled rat insulin E2A3/4 probe with GST-HMG I(Y) (160 ng in lane 2; 320
ng in lane 3) or GST alone (320 ng in lane 1; 160 ng in lane 2) and analyzed by
EMSA. (B) The bHLH domain of E47/Pan1 (6 ng) was incubated with the
32P-labeled rat insulin E2A3/4 probe with GST-HMG I(Y) (160 ng in lane 2; 320
ng in lane 3) or GST alone (320 ng in lane 1; 160 ng in lane 2) and analyzed by
EMSA. (C) The homeodomain of PDX-1 (160 pg) and bHLH domain of E47/
Pan1 (6 ng) were incubated with the 32P-labeled rat insulin E2A3/4 probe with
GST-HMG I(Y) (160 ng in lane 2; 320 ng in lane 3) or GST alone (320 ng in lane
1; 160 ng in lane 2) and analyzed by EMSA. (E) In vitro-translated, 35S-labeled
PDX-1 protein (wild type and deletion mutants) was incubated with GST alone
or with GST-HMG I(Y). Bound proteins were immobilized on glutathione-
Sepharose beads and resolved by SDS-PAGE followed by autoradiography. Ten
percent of the 35S-labeled PDX-1 proteins were loaded in lanes 1, 4, and 7.
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the homeodomain can interact with the E47/Pan1 and BETA2/
NeuroD1 HLH domains and the HMG I(Y) DNA architec-
tural protein. In addition, the PDX-1 homeodomain, along
with the adjacent FPWMK peptide, also interacts with PBX1
(39), a homeodomain protein that interacts with a variety of
other homeodomain transcription factors including members
of the HOX family (8, 48). Association with PBX1 alters the
binding specificity of PDX-1. PDX-1 and PBX1 bind cooper-
atively to sites in the somatostatin promoter, but not to the
A3/4 region of the insulin promoter (39), and high levels of
PBX1 decrease the affinity of PDX-1 for the A3/4 element in
vitro (data not shown). It seems possible that in the presence of
E47/Pan1, this inhibitory interaction is destabilized, further
enhancing the cooperativity of DNA binding by PDX-1 and
E47/Pan1 to the A3/4 sites in vivo. In sum, these various neg-
ative and positive interactions combine to build a functional
transcription activation complex on the insulin promoter with
the PDX-1 homeodomain at the center.

Simple cooperative recruitment of transcriptional activators
to the E2A3/4 minienhancer may not fully explain all of the
transcriptional synergy between E47/Pan1 and PDX-1. Once
recruited to the minienhancer, the clustering of multiple acti-
vation domains appears to have a synergistic effect on tran-
scription, since removal of either the amino-terminal activation
domain from PDX-1 (data not shown) (38, 40) or the nonspe-
cific AD1 activator from E47/Pan1 causes near complete loss
of transcriptional synergy. This effect is apparently not due to
the interruption of additional specific interactions between the
two proteins, since the function of AD1 is not context depen-
dent (5, 31) and the activation domain of PDX-1 can be re-
placed by the viral VP16 activation domain (38). As has been
demonstrated for enhancers from other genes, such as the beta
interferon and T-cell receptor a gene enhancers, grouping of
activators on DNA produces clusters of protein interaction
sites that cooperatively recruit or stabilize binding of the RNA
polymerase II transcription initiation complex (reviewed in
reference 7). Non-DNA-binding coactivators may assist in this
process by providing additional stabilizing interactions linking
the DNA-bound transcriptional activators with the basal tran-
scription machinery. In this regard, it is interesting that the

p300 coactivator has been found to interact both physically and
functionally with the activation domains of BETA2/NeuroD1
and E47/Pan1 (11, 34, 41).

If cooperative DNA binding and clustering of activation
domains explains the transcriptional synergy between PDX-1
and E47/Pan1, then the greater synergy between Lmx1.1 and
E47/Pan1 could result from stronger cooperative binding or a
stronger activation domain on Lmx1.1. But the evidence indi-
cates that the interaction between Lmx1.1 and E47/Pan1 is
fundamentally different, since synergy persists when either the
Lmx1.1 activation domain (16) or E47/Pan1 AD1 is removed.
Additional intra- and intermolecular interactions amplify the
transcriptional cooperativity of Lmx1.1 and E47/Pan1. First,
the LIM domains of Lmx1.1 function as inhibitory domains in
the absence of E47/Pan1, suppressing the inherent activity of
the Lmx1.1 activation domain (16, 20). By interacting specifi-
cally with the second LIM domain, the E47/Pan1 bHLH do-
main may interrupt the intramolecular interaction and relieve
the inhibition (20). This relief of an intramolecular repression
may be very similar to the mechanism by which the zinc finger
transcription factor GATA-4 unmasks the activation domain
of the homeodomain factor Nkx2.5 when the two proteins bind
to adjacent sites in cardiac gene promoters (10, 26, 43). Sec-
ond, AD2 of E47/Pan1, which normally functions only in b
cells (5), is activated in non-b-cells by interaction with Lmx1.1.
Activation of AD2 could be due to conformational changes in
E47/Pan1 that permit AD2 to function as an activator, or it
could be due to specific cooperation between AD2 and Lmx1.1
in recruiting coactivators and the RNA polymerase II tran-
scription initiation complex. We presume that these interac-
tions generate the additional transcriptional potency of the
Lmx1.1–E47/Pan1 combination.

To produce an activation complex that is unique to b-cell
nuclei, the protein-protein interactions that secure the com-
plex must be specific, not easily replaced by other protein
interactions in the nuclei of other cells. The capacity to interact
with other proteins may be a common feature of many home-
odomains (8, 10, 26, 43, 48), but the types of interactions and
precise interacting partners vary. For example, other home-
odomains, including homeodomains from the b-cell factors

FIG. 10. HMG I(Y) contributes to the synergy of PDX-1 and E47/Pan1. (A) Transfections were performed in BHK-21 cells as for Fig. 1A, except for the addition
of increasing amounts (0.2 and 0.4 mg) of the HMG I(Y) expression plasmid. Luciferase activity in the cells transfected with the reporter plasmid and the pBAT12
plasmid with no insert is set to 1.0. (B) High Five insect cells were transfected with the pFOXluc.prl.5FF1 reporter construct (1.0 mg) as for panel or with reporter
constructs with mutations of the E2 (pFOXluc.prl.5mC1) or A3/4 (pFOXluc.prl.5mEF1) sites. Expression plasmids containing the CMV promoter driving expression
of the cDNAs for PDX-1 (100 ng), E47/Pan1 (100 ng), or HMG I(Y) (20, 100, or 500 ng) were cotransfected. Luciferase activity in the cells transfected with the reporter
plasmid and the parent expression plasmid without insert is set to 1.0.
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Lmx1.1, Isl-1, and Cdx2/3, cannot substitute for the PDX-1
homeodomain in the interaction with the E47/Pan1 HLH do-
main (reference 20 and unpublished data).

It seems likely, however, that other factors in the b cell can
substitute for the overall function of PDX-1 in the activation
complex on the EA minienhancers. When PDX-1 is removed
from the b cell by Cre-mediated deletion of the PDX-1 gene,
b cells continue to express insulin (3). This result leaves open
the question of which A-element-binding protein actually
forms part of the activation complex on the intact insulin gene
in vivo.
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