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The insulin gene is one of the best paradigms of tissue-specific gene expression. It is developmentally 
regulated and is expressed exclusively in the pancreatic 13-cell. This restricted expression is directed by a 
tissue-specific enhancer, within the promoter, which contains an E-box sequence. The insulin E-box binds an 
islet-specific protein complex, termed 3al. E-boxes bind proteins belonging to the basic helix-loop-helix 
(bHLH) family of transcription factors. The bHLH proteins function as potent transcriptional activators of 
tissue-specific genes by forming heterodimers between ubiquitous and cell-restricted family members. In 
addi t ion ,  the cell-restricted bHLH members play an important role in specifying cell fate. To isolate the 
tissue-specific bHLH factor controlling insulin gene expression and study its role in islet cell differentiation, a 
m o d i f i e d  yeast two-hybrid system was utilized to clone a novel bHLH factor, BETA2 ([f-cell _E-box 
trans-activator 2_), from a hamster insulin tumor (HIT) cell cDNA library. Northern analysis demonstrates that 
high-level expression of the BETA2 gene is restricted to pancreatic o~- and [~-cell lines. As expected of 
tissue-specific bHLH members, BETA2 binds to the insulin E-box sequence with high affinity as a 
heterodimer with the ubiquitous bHLH factor E47. More importantly, antibody supershift experiments clearly 
show that BETA2 is a component of the native insulin E-box-binding complex. Transient transfection assays 
demonstrate that the BETA2/E47 heterodimer synergistically interacts with a neighboring 13-cell-specific 
complex to activate an insulin enhancer. In contrast, other bHLH factors such as MyoD and E47, which can 
bind to the insulin E-box with high affinity, fail to do so. Thus, a unique, cooperative interaction is the basis 
by which the insulin E-box enhancer discriminates between various bHLH factors to achieve tissue-specific 
activation of the insulin gene. 
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Insulin, a potent growth factor and an essential peptide 
hormone regulating energy metabolism in vertebrates, is 
produced exclusively in the ~ cells of the pancreatic is- 
lets of Langerhans. The insulin gene is developmentally 
regulated by a highly specific mechanism that ulti- 
mately restricts the expression of insulin to the pancre- 
atic 13 cell. The mechanism leading to the cell-specific 
expression of the insulin gene is complicated and largely 
unknown. However, it has been firmly established that 
the cell-specific expression of the insulin gene is directed 
by 5'-flanking sequences (Walker et al. 1983; Hanahan 
1985}. 

Detailed deletion and mutation analyses have revealed 
multiple cis-acting elements, within the 5'-flanking se- 
quences, which are important for insulin gene transcrip- 
tion (Edlund et al. 1985; Karlsson et al. 1987; Crowe and 

Tsai 1989; Whelan et al. 1989). One of these elements, 
RIPE3 {rat ~nsulin 12romoter element 3_}, is sufficient to 

1Corresponding author. 

confer tissue specificity to a non-tissue-specific heterol- 
ogous promoter in transient transfection assays (Hwung 
et al. 1990). Further characterization revealed that RIPE3 
consists of two separate subelements, RIPE3a and 
RIPE3b, which function cooperatively to generate max- 
imal activity of the tissue-specific enhancer (Hwung et 
al. 19901. Notably, each subelement binds B-cell-specific 
as well as ubiquitous factors (Shieh and Tsai 1991). The 
RIPE3a site contains the E-box sequence, GCCATC- 
TGC, which is conserved in all characterized mamma- 
lian insulin genes (Steiner et al. 1985}. The high degree of 
conservation strongly suggests the importance of this 
cis-regulatory element. Experimentally, mutation of the 
E-box has a deleterious effect on insulin enhancer activ- 
ity (Karlsson et al. 1987; Crowe and Tsai 1989). Thus, it 
would appear that the E-box-binding proteins are critical 

for insulin gene expression. 
E-boxes bind factors belonging to the basic-helix- 

loop-helix (bHLH} family of transcription factors (Murre 
et al. 1989a). The bHLH motif is defined by two amphi- 
pathic helices that act as dimerization domains, sepa- 
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rated by a nonconserved loop and an adjacent amino- 
terminal basic region necessary for DNA binding (Murre 
et al. 1989a; Davis et al. 1990; Voronova and Baltimore 
1990). The bHLH proteins are classified into three groups 
according to their DNA-binding properties, structural 
features, and tissue distribution. The class A members 
bind DNA as homodimers or heterodimers and are ubiq- 
uitously expressed. The class B members are tissue-spe- 
cific and appear to homodimerize poorly (Lassar et al. 
1991); however, they heterodimerize with the class A 
members and bind E-boxes with high affinity (Murre et 
al. 1989b). The class C members are characterized by 
containing a leucine zipper motif (Landschulz et al. 
1988) carboxy-terminal to the bHLH domain and are fur- 
ther categorized into a broadly expressed or tissue-re- 
stricted subfamily {L/ischer and Eisenmann 1990). The 
presence of the leucine zipper appears to determine 
dimerization specificity (Beckmann and Kadesch 1991) 
because class C members dimerize exclusively with each 
other and are unable to heterodimerize with either the 
class A or class B bHLH factors. 

The bHLH family of transcription factors regulate the 
expression of many cell-specific genes and in most cases, 
if not all, play a central role in specifying cell fate (Jan 
and Jan 1993; Weintraub 1993). The best studied system 
is the process of muscle differentiation induced by myo- 
genic bHLH factors (Olson 1990; Weintraub et al. 1991; 
Edmondson and Olson 1993; Olson and Klein 1994). Spe- 
cifically, the activation of the myogenic program and, 
ultimately, muscle-specific genes, is directed by het- 
erodimers formed between the ubiquitous class A [e.g., 
E12/47 (Murre et al. 1989a)] and the muscle-specific 
class B [e.g., MyoD (Davis et al. 1987)] bHLH proteins. In 
fact, bHLH proteins are associated with diverse develop- 
mental programs such as neurogenesis (Villares and Ca- 
brera 1987), hematopoiesis (Mellentin et al. 1989), me- 
soderm formation (Thisse et al. 1988), and sex determi- 
nation {Caudy et al. 1988). 

There is substantial evidence that members of the 
bHLH family of transcription factors are components of 
the insulin E-box-binding complex, termed 3al. Specific 
antibodies raised against the ubiquitous bHLH E2A fac- 
tors, E12/47, recognize proteins in the 3al complex {Nel- 
son et al. 1990; Walker et al. 1990; German et al. 1991; 
Shieh and Tsai 1991). A related class A protein, BETA1 
([3-cell _E_E-box trans-activator 1), has also been detected in 
3al {Peyton et al. 1994). BETA1 is the hamster homolog 
of HeLa E-box-binding factor (HEB) (Hsu et al. 1992). Pre- 
vious studies have shown that the 3al complex is 
present solely in pancreatic o~- and f3-cell line nuclear 
extracts (Ohlsson et al. 1988, 1991; Aronheim et al. 
1991; Shieh and Tsai 1991; Robinson et al. 1994). Be- 
cause class A bHLH proteins are expressed ubiquitously 
and almost exclusively form heterodimers with class B 
factors, it is unlikely that they alone mediate the tissue 
specificity of the insulin E-box complex. A reasonable 
scenario is that pancreatic 13 cells contain an islet-spe- 
cific bHLH factor, as has been proposed by several inves- 
tigators (Cordle et al. 1991; German et al. 1991; Shieh 
and Tsai 1991; Park and Walker 1992). This putative 

tissue-specific factor presumably associates with one or 
more of the ubiquitous bHLH proteins, thereby mediat- 
ing the restricted expression of the insulin gene. 

Despite intensive efforts by several laboratories to 
clone the putative islet-specific bHLH factor using con- 
ventional expression screening procedures, only class A 
factors have been isolated. This is not unexpected be- 
cause the ubiquitous bHLH proteins form homodimers 
and bind to E-boxes in vitro with high affinity. In con- 
trast, the tissue-specific bHLH factors fail to bind to 
DNA as homodimers. Thus, the expression screening ap- 
proach has been unsuccessful in cloning the islet-spe- 
cific bHLH factor. For this reason, we have taken advan- 
tage of the functional properties of bHLH factors and 
used a modified yeast two-hybrid system (Fields and 
Song 1989) in an attempt to clone the putative islet- 
specific factor. In this paper we report the isolation of 
BETA2, a novel pancreatic ~- and f3-cell specific bHLH 
transcription factor. BETA2 binds the insulin E-box se- 
quence with high affinity as a heterodimer with E47 in a 
gel shift assay. Antibody supershift experiments demon- 
strate that BETA2 is a component of the native insulin 
E-box complex. In addition, the BETA2/E47 heterodimer 
synergistically interacts with an adjacent B-cell-specific 
complex, 3b, to activate the insulin gene in a tissue- 
specific manner. 

R e s u l t s  

Screening strategy and isolation of BETA2 

To clone cDNAs that encode proteins that interact with 
the ubiquitous bHLH factor, E47, and bind the insulin 
E-box we used a modified yeast two-hybrid system 
(Fields and Song 1989). The reporter used for this two- 
hybrid screen contained a single copy of the insulin 
E-box sequence inserted upstream of a yeast iso-l-cy- 
tochrome c (cycl-P) minimal promoter and the Esche- 

richia coli lacZ gene. Because we were looking for bHLH 
proteins specifically expressed in pancreatic [3-cells, a 
hamster insulin tumor (HIT) cell cDNA library was con- 
structed as a fusion with the GAL4 activation domain. 
The third component of this system was a vector de- 
signed to express only the DNA-binding and dimeriza- 
tion domain (i.e., bHLH region) of E47, thus lacking tran- 
scriptional activity (Quong et al. 1993). Therefore, those 
fusion proteins that can dimerize with the E47 bHLH 
domain and bind to the insulin E-box sequence will ac- 
tivate the reporter and turn the host yeast cells blue on 

X-gal plates (Fig. la). 
An oligo(dT)-primed HIT cell cDNA plasmid library 

consisting of 500,000 bacterial recombinants was trans- 
formed into the protease-deficient yeast strain BJ2168, 
carrying the reporter and E47 bHLH expression plasmids 

and plated out on selective media containing X-gal. A 
total of 500,000 yeast colonies were screened and only 
one clone, 11B-l, demonstrated properties expected of a 
tissue-specific bHLH member and was renamed BETA2. 
As shown in Figure lb, BETA2, together with E47, acti- 
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Figure 1. Screening strategy for isolation of bHLH cDNA 
clones and ~-galactosidase assay results. (a) A schematic repre- 
sentation of a modified yeast two-hybrid system. The reporter 
contains the insulin E-box sequence, termed RIPE3a, inserted 
upstream of the yeast iso-l-cytochrome c minimal promoter 
(cycl-P) and the E. coli lacZ gene. Interaction between bHLH- 
GAL4 fusion products and E47 bHLH region with subsequent 
binding to the E-box will activate the reporter and yield blue 
colonies when plated on media containing X-gal. (b) B-Galac- 
tosidase activity of the BETA2-GAL4 activation domain fusion 
in the protease-deficient yeast strain BJ2168. Also depicted are 
the activities of various bHLH expression plasmids in yeast us- 
ing the RIPE3a reporter. Activities are expressed as Miller units 
(OD/mg of protein per rain). Values given are the average of at 
least three independent transformations. 

vates the E-box reporter (lane 1) but fails to activate a 
mutant  reporter (lane 2} containing an E-box point mu- 

tation that drastically decreases binding and trans-acti- 

vation function of the element. Very little activity was 
observed with BETA2 (lane 3) or E47 (lane 4) alone. The 

positive control was a MyoD-GAL4 activation domain 
fusion (Staudinger et al. 1993), E47, and reporter plas- 

mids (lane 5). Previous studies from our laboratory have 
shown that MyoD, a muscle-specific bHLH factor, het- 

erodimerizes with E47 and binds to the insulin E-box 

sequence with high affinity (M.J. Peyton and M.-J. Tsai, 
unpubl.). 

DNA sequence analysis of the 2.5-kb BETA2 cDNA 
revealed an open reading frame of 1143 nucleotides. The 
first methionine (Fig. 2a, bold and circled) is in-frame 
with the GAL4 activation domain in the cDNA library 

expression vector and is not preceded by an in-frame stop 

codon. The open reading frame encodes a protein of 381 

amino acids with a predicted size of 42 kD. The deduced 

amino acid sequence of BETA2 reveals an amino-termi- 
nal bHLH domain between residues 126 and 181 (Fig. 2a, 
underlined). Alignment of the BETA2 bHLH domain 
with other members of the bHLH family indicates that it 

belongs to the tissue-specific class B bHLH subgroup 

(Fig. 2b) and therefore represents a likely candidate as a 
key regulator of islet cell differentiation. Significantly, 

BETA2 contains a tyrosine residue within helix II that is 

absolutely conserved among class B bHLH members, 
whereas class A members contain a valine residue in the 

same position, further indicating that this factor is a 

bona fide member of the tissue-specific subclass. Within 
the bHLH domain, BETA2 shares 55% amino acid iden- 

tity with another novel bHLH member isolated from 
HIT cells, designated BETA3 (M.J. Peyton, C.M.M. Stell- 

recht, F.J. Naya, H.-P. Huang, and M.J. Tsai, in prep.) and 
shares 54% amino acid identity with the Drosophila 

neural precursor gene, atonal (Fig. 2b, Jarman et al. 
1993). Immediately amino-terminal to the bHLH do- 

main of BETA2 is a 54-amino-acid cluster rich in gluta- 

mate and aspartate residues {Fig. 2a, bold) followed by 
several basic amino acids {Fig. 2a, dashed underline). The 

highly acidic nature of this cluster of amino acids is char- 
acteristic of transcriptional activators (Ptashne 1988). 

BETA2 mRNA expression 

Northem analysis was performed to determine the size, 
cell type, and tissue distribution of BETA2 transcripts. 

Northern blots containing total RNA isolated from sev- 

eral endocrine and exocrine pancreas-derived cell lines, 
pituitary cell lines, and adult hamster tissues were 

probed with the BETA2 cDNA. The results presented in 
Figure 3 demonstrate that the BETA2 eDNA hybridizes 

with a single, prominent 2.6-kb mRNA transcript and a 
less abundant 1.6-kb transcript. High-level expression of 

BETA2 mRNA transcripts was observed in a pancreatic 

a-cell line (~TC) and pancreatic B-cell lines [(HIT) ham- 
ster; ([3TC) mouse; and (RIN) rat] but not in the pancre- 

atic acinar cell line (AR42J, rat) or in the pancreatic duc- 
tal cell lines (MDAPanc-3, human; BxPC3, human), 
demonstrating that this bHLH factor is specific to the 

endocrine cells of the pancreas. Abundant levels of the 

2.6-kb transcript are also detected in the brain. A weak 
hybridizing signal appears in the mouse intestinal ente- 

roendocrine S-cell line (STC-1). Upon longer exposure, a 
weak signal is also detected in the mouse corticotroph 
pituitary cell line (AtT20) and hamster intestine (data 

not shown). No signal is evident in total RNA from ham- 
ster salivary gland, testes, lung, kidney, spleen, liver, and 

whole pancreas. The lack of a signal from the whole 
pancreas is likely attributable to a dilution effect of the 

islet cell RNA by an excess of the acinar cell RNA and to 
the partial degradation of the pancreas RNA samples. In 
addition, the hamster fibroblast cell line (CHO) and the 
rat somatotroph pituitary cell line (GH3) do not contain 

a transcript for BETA2. An 18S rRNA eDNA probe was 
used as a control for loading and transfer efficiency. 
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1 AG~GGCAAAGTGTCCCGA~CTCC~GGTTA~AGATCGTCAC~CTCA~ACATTCTA 

R R Q S V P R L R G Y E I V T A Q D I L  

AC~CAGG~GTGGAAACATGACCAAATCATACAGCGAGAGCGGACTGATGGGTGA~CT 

T T G S G N ~ T K S Y S E S G L M G E P  
121 CAGCCCC~GGTCCCCC~GC~GACAGACGAGTGTCTTAGTTCTCA~ACGA~ATCAT 

Q P Q G P P S W T D E C L S S Q D E D K  

181 GAGGCAGAC~G~A~ACGAGCTCG~GCCATG~CAGA~A~ACTCTC~AGA 

E A D K K E D E L E A M N A E E D S L R  

241 ~C~A~AGATGAGGA~A~GATGAGGACCT~GA~GACGA~GA~AG 

N G G D E E D E D E D L E E E D E E E E  

301 G~GATGATCAAAAGCCC~GAGACGGGGCCCCA~GAAAAAGA~ACC~GGCGCGC 

CTAGAGCGTTTTAAATT~GGCGCATG~GGCC~CGCCCG~C~CCGC~CkC 

L E R F K L R R M K A N A R E R N R M H  

421 GGGCTG~TGCAGCGCTGGAC~CCTGCGC~GGTGGTACCCTGCTACTCC~GACCCAG 

G L N A A L D N L R K V V P C Y S K T Q  

481 ~GCTGTCC~GATCGAGACACTGCGCTTGGCCAAAAACTACATTTGGGCTCTG~AGAG 

K L S K I E T L R L A K N y I W A L S E 

ATCCTGCGCTCAGGCAAAAGCCCTGACCTGGTCTCCTTCGTTCAAACGCTCTGCAAAGGC 

I__ L R S G K S P D L V S F V Q T L C K G 

601 TTGTCCCAGCCCACCACCAACCTGGTTGCTGGCTGCCTGCAACTCAATCCTCGGACTTTC 

L S Q P T T N L V A G C L Q L N P R T F 

661 CTGCCCGAACAGAACCCGGACATGCCCCCGCATCTGCCCACAGCCAGTGCTTCCTTCCCG 

L P E Q N P D M P P H L P T A S A S F P 

721 GTACACCCCTACTCCTACCAGTCCCCCGGGCTACCGAGCCCTCCCTATGGCACCATGGAC 

V H P Y S Y Q S P G L P S p p Y G T M D 

781 AGC TCCCATGTCTTCCAAGTGAAGCCGCCGCCACATGCCTACAGCGCGACTTTGGAACCC 

S S H V F Q V K P P P H A Y S A T L E P 

TTCTTTGAAAGCCCCCTGACTGATTGCACCAGCCCGTCTTTTGATGGACCCCTCAGCCCG 

F F E S P L T D C T S P S F D G P L S P 

901 CCGCTCAGCATCAATGGCAACTTCTCTTTCAAACACGAACCATCCGCCGAGTTTGAAAAA 

P L S I N G N F S F K H E p S A E F E K 

AATTATGCCTTTACCATGCACTACCCTGCAGCGACCCTGGCAGGGCCCCAAAGCCACGGA 

N Y A F T M H Y P A A T L A G P Q S H G 

TCAATCTTCTCGGGTGCCACTGCCCCTCGCTGCGAGATCCCCATAGACAATATTATGTCT 

S I F S G A T A P R C E I p I D N I M S 

TTCGATAGCCATTCACATCATGAGCGAGTCATGAGTGCCCAGCTCAATGCCATCTTTCAC 

F D S H S H H E R V M S A Q L N A I F H 

GATTAGAGGCACGTCAGTTTCACCATTC CCGGGAA_ACGAACCCACTGTGC TTTCAGTGAC 

D * 

1201 TGTCGTGTTTACAGAAGGCAGCCTTTTTGCTACGATTTCTGCAAAGTGCAAATACTCAAA 

1261 GCTTCAAGTGATATATGTATTTATTGTCGTTACTGCCTTTGGAAGAAACAGGGGATCAAA 

1321 GCTCCTGTTTACCTTATGTATTGTTTTCTATAGCTCTTCTATTTTAAAAATAATAACAGT 

1381 AAAGTAA~GAAAATGTGTACCAC GAATTTCG TGTAGC TGTAC TCAGATC ATATTAAT 

1441 TATCTGATCGGGATAAAAAAATCAC AAGCAATAATTAGGATC TATGCAATTTTTAAACTA 

1501 GTAATGGGCCAATTAAAATATATATAAATATATATTTTTCAACCAGCATTTTACTACTTG 

1561 TTACCTTTCCCATGCTGAATTATTTTGTTGTGATTTTGTACAGAATTTTTAATGAC TTTT 

1621 TATAACGTGGATTTCCTATTTTAAAACCATGCAGCTTCATCAATTTTTATACATATCAGA 

1681 AAAGTAGAATTATATC TAATTTATA CAAGATAATTTAAC TAATTTAAACCAGCAGAAAAG 

1741 TGCTTAGAAAGTTATTGCGTTGCCTTAGCACTTCTTTCTTCTCTAATTGTAAACAGACAA 

1801 AACAAAACAAAACAAATTGCACAATTTGAGCAATCCATTTCACTTTGAAGTTGTTCCCTC 

1861 TCCTTAAAATAGAAAC CAGATT C ATAGTAT TCAAGAGGATGAAAAAGAGATGCATTTCTT 

1921 ATC AAAACATAT CAATTCATTAC TTGC ACAAGC TTGTATATACATATTATAAACAAATGC 

1981 CAACATACACACACACTCCTTTAAATCAAAAGCTGCTTGACTATCACACACAATTTGCAC 

2041 TCTTTCATTTTTAGTCTTTTCTTTGAATTCCATGATTTTATGGAGTGTCTGACACTGTTG 

2101 ATGTTTCCAGAAAATATAAATGCATGATTTTATACATAGTCAAACAAATGGTGGCTTGTC 

2161 ATCTATTCATGTAATAAATCTGAGCCTAAAATTATTCAGGTTGTTAAAGTTGGGATTGAT 

2221 ACCTACGTAGTCAGTTAGTACAGTAGCTTAAGTAAAATTCAAACCATTGAATCCATAATT 

2281 AGAACAATAGCTATTGCATGTAAAAATGCAGTCCAGAACAAGTGCTGCCTAGGATGTGAT 

2341 GCTGGTACCACTGGAAATGACCTGTAC TGTAATCTTGTTTGTAACCCTGTGTATTATGGT 

2401 GTAACGCACAATTTAGAA~CGC TCATGCAG TTG CAA TAAAAATAGTATTGAAAATCAAA 
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Figure 2. BETA2 c D N A  sequence and al ignment  of bHLH domain 

of class B factors. (a) The deduced amino acid sequence is shown as 

single-letter code. The first in-frame meth ion ine  is indicated as bold 

and circled. The open reading frame continues  through nucleot ide  

1143, and the stop codon is indicated by an asterisk. The bHLH 

domain is underlined. This is preceded by acidic {bold) and basic 

(dashed underline) residues. (b) Al ignment  of BETA2 bHLH domain  

with other tissue-specific bHLH proteins. Consensus  bHLH resi- 

dues are from Murre et al. (1989a). The bHLH domain of BETA2 is 

aligned with the bHLH domain of class B factors from various spe- 

cies: atonal (Jarman et al. 1993); tal-2 (Xia et al. 1991); tal-1 (sol) 

(Begley et al. 1989); lyl (Mellentin et al. 1989); MASH-2 and 

MASH-1 (Johnson et al. 1990); xtwist  (Hopwood et al. 1989); mtwis t  

(Wolf et al. 1991); MyoD (Davis et al. 1987). Dashes  denote se- 

quence identity. (hi,) Hydrophobic residues. 

DNA-binding properties of BETA2 

To verify that BETA2 can bind to the insulin E-box se- 
quence we examined the DNA-binding properties using 
a gel mobility shift assay. Because the mRNA size indi- 
cated that we had isolated a nearly full-length cDNA, the 
entire 2.5-kb cDNA of BETA2 was transcribed and trans- 
lated in vitro. To examine the fidelity of the translated 
products reactions were carried out in the presence of 
[ass] methionine. Equimolar amounts, as determined by 
SDS-PAGE, of separately translated unlabeled BETA2 
and shPanl (full-length hamster homolog of E47) were 
mixed and incubated in the presence of a radiolabeled 
insulin E-box oligonucleotide and analyzed by gel mobil- 
ity shift assay. This reaction generated two complexes, a 

slower migrating shPanl homodimer (designated as 
Panl) and a faster migrating complex suggesting the for- 
mation of a heterodimer as indicated (Fig. 4, lane 4). An 
adjacent lane shows the Panl homodimer (lane 2). As 

expected of tissue-specific bHLH members, in vitro- 
translated BETA2 does not bind the insulin E-box se- 
quence alone (lane 3). These results are consistent with 
the property that the tissue-specific bHLH proteins pre- 
dominantly bind E-box sequences with high affinity as 
heterodimers with a ubiquitous bHLH partner (Murre et 
al. 1989b). The binding to the E-box sequence is specific 
in that an excess of unlabeled oligonucleotide (rout 1), 
containing an E-box point mutation that does not affect 
binding of the insulin E-box complex or promoter activ- 
ity {Whelan et al. 1990), effectively competes for the 
BETA2/Panl heterodimer (lanes 5, 6). In contrast, an oli- 
gonucleotide (mut 2) containing a point mutation that 
abolishes insulin E-box binding and promoter activity 
(Whelan et al. 1990) is unable to compete for the BETA2/ 
Panl heterodimer (lanes 7, 8) revealing similar binding 
characteristics with the native factor. 

To determine whether BETA2 participates in the tis- 
sue-specific insulin E-box-binding complex, termed 3a l, 
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Figure 3. Northern blot analysis of tissue 
and cell distribution of BETA2 transcripts. 
Lanes contain 10 ~g of total RNA isolated 
from various cell lines and selected ham- 
ster tissues. The blot was probed with ran- 
dom-primed BETA2 cDNA. An -2.6-kb 
transcript is observed in HIT, I3-TC, a-TC, 
RIN, STC-1, AtT20, brain, and intestine. 
The RNA blot was reprobed with an 18S 
rRNA cDNA to check loading and transfer 
efficiency. 

antibodies were raised against the carboxy-terminal re- 

gion of BETA2. The specificity of these antibodies was 

first tested against in vitro-translated BETA2/Panl  het- 

erodimers using a gel shift assay. The BETA2 antibodies 

specifically recognize the heterodimer and supershift the 

complex to a slower migrating position (Fig. 4, lanes 9, 

10; asterisks). In contrast, the BETA2-specific antibodies 

do not recognize the Panl  homodimer  (cf. lanes 9 and 10 

wi th  lanes 11 and 12). Also, the p re immune  sera has no 

effect on either the homodimer  or the heterodimer (lanes 

11, 12). The BETA2 antibodies were subsequently tested 

against HIT cell nuclear extract. The presence of the 3a 1 

complex was verified by specific competi t ion using the 

rout 1 (Fig. 5, lanes 8, 9) and not wi th  the mut  2 E-box 

oligonucleotides (lanes 10, 11}. Incubation of the HIT 

nuclear extract wi th  the BETA2 antibodies results in the 

disappearance of the 3al  band (lanes 2--4) and the appear- 

ance of a slower migrat ing supershifted complex (lanes 

2-4; asterisks). An excess of p re immune  sera has no ef- 

fect on the 3al  complex (lanes 6, 7). These results con- 

f irm that BETA2 is a component  of the insul in  E-box 
complex, 3al .  

point mutat ion that drastically decreases the trans-acti- 

vation function of the enhancer (Shieh and Tsai 1991). 

Transcriptional activation by BETA2 

To examine the activation potential of BETA2 on the 

insul in  E-box enhancer, transient transfection assays 

were carried out in the insulin-producing cell l ine HIT. 

HIT cells were cotransfected wi th  m a m m a l i a n  expres- 

sion vectors containing the entire BETA2 cDNA and the 

full-length E47 cDNA (Henthorn et al. 1990). The insu- 

lin E-box constructs RIPE3(WT} and RIPE3(M) were used 

as the reporters. The wild-type reporter RIPE3(WT) con- 

tains three copies of the insul in  promoter nucleotide se- 

quence - 1 2 6  to - 8 6  inserted at the - 5 0  site of the 

ovalbumin m i n i m a l  promoter chloramphenicol  acetyl- 

transferase (CAT} construct pOVCAT-50 (Hwung et al. 

1990). This  enhancer e lement  contains the insul in  E-box 

sequence 3a and an adjacent I~-cell-specific-binding site, 

3b. The mutan t  reporter RIPE3(M) contains an E-box 

Figure 4. DNA-binding properties of BETA2 and anti-BETA2 
antibody specificity. In vitro-translated products were assayed 
by gel mobility shift for ability to bind to the insulin E-box 
containing RIPE3 probe. Binding specificity was determined by 
competition with 50- and 100-fold molar excess of unlabeled 
double-stranded mutant E-box oligonucleotides. E-box se- 
quences of mutant oligonucleotides are shown with mutant nu- 
cleotides underlined. The Panl and Panl/BETA2 complexes are 
indicated. One microliter of each translated product was used 
for the binding reactions. Antibody specificity was assessed by 
adding 1 or 2 ~1 of IgG-purified anti-BETA2 antibody or preim- 
mune sera after completion of binding reactions. Supershifted 
complexes are indicated by asterisks. 

GENES & DEVELOPMENT 1013 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Naya et al. 

Figure 6. BETA2 activates the RIPE3 enhancer in HIT cells. 
HIT cells transfected as in Fig. 7 except the wild-type and mu- 
tant RIPE3 reporters were used. RIPE3 (M) contains an E-box 
point mutation that has been demonstrated previously to dras- 
tically reduce the trans-activation potential of the element 
(Shieh and Tsai 1991). These are representative data of at least 
three independent transfections. CAT activity was determined 
for the above samples and incorporated with the values given in 
Fig. 7. 

Figure 5. BETA2 participates in the insulin gene E-box-binding 
complex. HIT nuclear extract was assayed by gel mobility shift. 
The location of the tissue-specific E-box-binding complex 3al is 
verified by competition with 10- and 25-fold molar excess of 
mutant E-box oligonucleotides as indicated. Binding reactions, 
containing 3.5 Ixg of nuclear extract, were initiated prior to the 
addition of 0.6, 1, or 2 ~1 of IgG-purified anti-BETA2 antibodies 
or 1 to 2 ~1 of preimmune sera. Supershifted complexes are 
indicated by asterisks. 

As shown in Figure 6, the RIPE3(WT) reporter alone 

has min imal  activity (lane 1). When RIPE3(WT) is 

cotransfected wi th  either E47 (lane 3) or BETA2 (lane 5), 

transcription is marginally stimulated. However, when 

both BETA2 and E47 are cotransfected along with the 

RIPE3(WT) reporter, transcription is greatly st imulated 

(lane 7). This activity is dependent on the E-box se- 

quence because the BETA2/E47 heterodimer does not 

activate the mu tan t  RIPE3(M) reporter (lane 8). These 

results clearly demonstra te  that  the BETA2/E47 hetero- 

dimer functions as a potent  trans-activator of the RIPE3 

enhancer in insulin-producing cells. 

For the next  series of experiments we addressed the 

paradox why  MyoD/E47 heterodimers or E47/E47 ho- 

modimers,  which  bind the insulin E-box with  high affin- 

ity in vitro, are not functionally competent  in vivo to 

activate the insulin gene either in [3 cells or in other cell 

types. As described previously, RIPE3 contains both the 

3a and 3b tissue-specific binding sites. It has been estab- 

lished that  3a and 3b synergize to reach the m a x i m u m  

enhancer activity of RIPE3 (Hwung et al. 1990). There- 

fore, it is possible that  the RIPE3 enhancer may utilize 

synergism to discriminate among various bHLH factors. 

If this is the case, we would expect that  only BETA2 is 

functionally competent  to interact with the neighboring 

3b factors. To investigate this question, t ransient  trans- 

fection assays were carried out in two different m a m m a -  

lian cell lines using various insulin E-box reporters. The 

noninsulin-producing fibroblast cell line BHK and the 

insulin-producing cell line HIT were cotransfected with  

mammal i an  expression vectors containing the entire 

BETA2 cDNA, the full-length E47 cDNA, or the entire 

MyoD cDNA [Davis et al. 19871. The insulin E-box con- 

struct, RIPE3, was used as a reporter. As a control we 

used the RIPE3a reporter, which contains four copies of 

the insulin promoter  nucleotide sequence - 110 to - 86 

{Hwung et al. 1990). This construct contains the 3a- but 

not the 3b-binding site. 

The results presented in Figure 7 summarize  the tran- 

sient transfection experiments.  Using the RIPE3a re- 

Cell line BETA2/E47 MyoD/E47 E47/E47 

I@u?  0.32_ 9.,4 

Figure 7. Activation of insulin enhancer constructs by various 
bHLH factors in HIT and BHK cells. Noninsulin-producing BHK 
and insulin-producing HIT cells were transfected with the 
RIPF.B or RIPE3a reporters, together with either of the various 
expression plasmids, E47, BETA2, and MyoD. CAT enzyme ac- 
tivity was measured in cell extracts 48 hr. later. Values shown 
are averages of percent conversion of [14Clchloramphemcol after 
subtracting basal reporter activity of at least three independent 
transfections m S.D. 
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porter, the BETA2/E47 heterodimer, the MyoD/E47 het- 

erodimer, and the E47/E47 homodimer exhibit minimal 

but nearly equal levels of activity in HIT cells. Although 
the 3b factors are present in these cells, they cannot par- 

ticipate in the BETA2-mediated activation of this re- 

porter lacking the 3b-binding site. Not surprisingly, sim- 
ilar results are obtained when using the entire RIPE3 

enhancer in noninsulin-producing BHK cells. In this se- 
ries of experiments the 3b-binding site is present; how- 

ever, BHK cells do not contain the 3b-binding complex 
(Shieh and Tsai 1991). In sharp contrast, a striking dif- 
ference in transcriptional activity is observed between 

the various bHLH complexes when the RIPE3 enhancer 

is used in the insulin-producing HIT cell line. The RIPE3 

enhancer is greatly activated by the BETA2/E47 hetero- 

dimer as predicted (Fig. 6, lane 7; Fig. 7). Here, the 

BETA2/E47 heterodimer can functionally and specifi- 
cally interact with the neighboring 3b-binding complex 

to activate the insulin enhancer. However, the MyoD/ 
E47 heterodimer (Fig. 6, lane 9; Fig.7) or the E47/E47 

homodimer (Fig. 6, lane 3; Fig. 7} fail to synergize with 3b 

to activate the reporter. These results clearly demon- 
strate that the insulin E-box enhancer functionally dis- 
criminates between various bHLH factors by utilizing 

synergism between two distinct classes of tissue-specific 
DNA-binding proteins. Furthermore, these results con- 

firm that BETA2 is the authentic component of the in- 

sulin E-box complex, 3al, which can cooperate with 3b 

to exert maximum insulin enhancer activity. 

D i s c u s s i o n  

We have successfully exploited a modified yeast two- 

hybrid system to isolate a novel member of the bHLH 

family of transcription factors important for the regula- 
tion of the insulin gene. The pancreatic islet cell specific 

bHLH factor, BETA2, exhibits properties characteristic 
of a tissue-specific bHLH family member. BETA2 het- 
erodimerizes with the ubiquitous bHLH factor, E47, and 

binds to the insulin E-box sequence with high affinity. 

More important, the antibody supershift experiments 

show that BETA2 is the authentic pancreatic islet-cell- 
specific bHLH activator in the insulin E-box complex. 
Finally, the BETA2/E47 heterodimer synergistically in- 

teracts with another 13-cell-specific factor to trans-acti- 

vate the insulin E-box enhancer in a tissue-specific man- 
ner. 

For our purposes, this modified interaction cloning ap- 
proach was expected to be more specific than the con- 
ventional two-hybrid system because sequence-specific 
DNA binding is required in addition to protein-protein 

interactions. First, we were looking for cDNAs that in- 

teracted with the ubiquitous bHLH factor, E47. Second, 

these dimerized proteins were then required to bind to 

the insulin E-box sequence (i.e., the RIPE3a site). This 
approach is essentially similar to the screening method 
used to isolate the serum response factor (SRF) accessory 
protein SAP-1 (Dalton and Treisman 1992). The two ma- 
jor advantages of using our approach over the conven- 

tional two-hybrid system is that we could avoid isolating 

any negative bHLH regulators that inhibit DNA binding, 

such as Id (Benezra et al. 1990), and any other proteins 

that interact with the bHLH domain of E47 specifically 
but do not bind to the insulin E-box sequence. 

Our data suggest that BETA2 is nearly a full-length 
cDNA clone, as the 2476-nucleotide BETA2 cDNA is 
sufficiently close in size to the estimated 2.6-kb message 

observed by Northern analysis. BETA2 contains a 381- 

amino-acid open reading frame with a calculated size of 
42 kD, yet it migrates with an estimated size of 60 kD 
when the full-length cDNA is translated in vitro and 

resolved by SDS-PAGE. Surprisingly, we also observe a 
60-kD protein product when we translate in vitro a trun- 

cated BETA2 cDNA containing only the open reading 

frame (nucleotides 1-1143). The overall charge distribu- 
tion and amino acid content of BETA2 may account for 

the slower mobility of the protein under SDS-PAGE con- 
ditions. As expected, a similar size band is also detected 
by Western analysis of HIT cell nuclear extracts (data not 

shown). Interestingly, it has been reported that a puta- 

tive ~-cell-specific bHLH factor was estimated to be a 
25-kD protein when the insulin E-box complex is ana- 
lyzed by an in vitro subunit exchange assay (Park and 

Walker 1992). Although this method is not very accu- 
rate, we cannot exclude the possibility that several re- 

lated islet cell-specific bHLH family members, analo- 
gous to the myogenic subfamily of bHLH transcription 

factors, may exist in pancreatic f~ cells. We have isolated 

another novel tissue-restricted bHLH member expressed 

in HIT cells (M.J. Peyton, C.M.M. Stellrecht, F.J. Naya, 
H.-P. Huang, and M.-J. Tsai, in prep.). The role of this 
factor in insulin gene regulation is not known at present, 

as it cannot bind to the insulin E-box by itself or with 

E47. 
The bHLH domain of BETA2 is located in the amino- 

terminal region of the protein adjacent to a cluster of 
acidic amino acids. The location of the bHLH domain is 
unexpected because the majority of the class B factors 

have the bHLH domain located predominantly towards 

the carboxy-terminal region. Because the bHLH domain 
is only -60  amino acids the remainder of the protein 

may contain an, uncharacterized, as of yet, tissue-spe- 

cific and/or functional domain. 
Our Northern analysis results demonstrate that the 

BETA2 gene is expressed abundantly in pancreatic o~- and 
~-cell lines. Coincidentally, it has been shown that the 

insulin E-box-binding activity 3al is present in pancre- 
atic cx- and ~-cell line nuclear extracts (Ohlsson et al. 
1991; Robinson et al. 1994). The expression of BETA2 
transcripts in a and ~ cells, which are believed to origi- 

nate from a common progenitor (Alpert et al. 1988; Git- 
tes and Rutter 1992; Teitelman et al. 1993), would sug- 

gest that BETA2 likely plays a role in the specification of 

islet cell types in addition to its function as a cell-spe- 

cific transcriptional activator of the insulin gene. This is 
consistent with the notion that bHLH factors have an 
important function in both trans-activation and cell- 
type determination (Weintraub et al. 1991; Jan and Jan 
1993; Weintraub 1993; Olson and Klein 1994). BETA2 
gene expression is also observed in the brain, intestine, 

GENES & DEVELOPMENT 1015 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Naya et al. 

and in an intest inal  endocrine cell l ine (STC-1). These 

results are striking from the perspective of islet ontog- 

eny. The presence of BETA2 m R N A  transcripts in the 

intest ine agrees wi th  the generally accepted observation 

that the pancreatic islets are derived from the gut endo- 

derm (LeDouarin 1988; Guz et al. 1995). However, there 

is evidence that the islets are derived from the ectoderm 

via neural  crest cells (Pearse and Polak 1971). Tyrosine 

hydroxylase, a neuronal-specific marker, is expressed in 

the islets (Teitelman et al. 1981; Tei te lman and Lee 

1987) whi le  transgenes under the control of the rat insu- 

l in II promoter are expressed in the developing nervous 

system (Alpert et al. 1988). Furthermore, insul in  tran- 

scripts have been detected in mouse brains starting at 

day 9.5 embryos (Deltour et al. 1993). On the basis of 

these observations we can speculate that BETA2 acts as 

a trans-activator of the insul in  gene in the developing 

brain; however, its function in the adult brain is unclear. 

The presence of BETA2 transcripts in tissues of endoder- 

real and ectodermal origin is intriguing and would not 

immedia te ly  appear to shed light on the unresolved issue 
of islet ontogeny. 

The transient transfection assays in the insulin-pro- 

ducing HIT cells and the noninsulin-producing fibroblast 

BHK cells dramatical ly i l lustrate the complexity of the 

RIPE3 enhancer. First, other tissue-specific bHLH fac- 

tors, such as MyoD, cannot merely replace BETA2 be- 

cause only the BETA2/E47 heterodimer functions as a 

potent trans-activator of the RIPE3 reporter in HIT cells. 

Second, the l imited capacity of the BETA2/E47 hetero- 

dimer to trans-activate the RIPE3 reporter in BHK cells 

is l ikely attributable to the absence of important  f~-cell- 

specific activators such as 3b. These conclusions are fur- 

ther supported by the observation that the BETA2/E47 

heterodimer does not significantly s t imulate  the tran- 

scriptional activity of the RIPE3a reporter above basal 

levels in HIT cells. The RIPE3a reporter does not contain 

the 3b site, and, as a result, the factors that bind to this 

element  are unable to participate in the activation of this 
reporter. 

Taken together, our results demonstrate that the tis- 

sue-specific activation of the insul in  gene requires high- 

affinity D N A  binding by a pancreatic islet cell-specific 

bHLH factor, BETA2, and synergistic interaction with a 

neighboring [3-cell-specific complex 3b. The reason why 

the MyoD/E47 heterodimer or the E47/E47 homodimer,  

which  can bind to the insul in  E-box wi th  high affinity in 

vitro, fails to activate the RIPE3 enhancer is because of 

its inabi l i ty  to synergize wi th  3b. Unti l  recently, the 

mechan i sm by which  E-boxes functionally discriminate 

between various bHLH factors in vivo has not been char- 

acterized sufficiently. A report by Weintraub et al. (1994) 

describes the identification of a negative control cis-act- 

ing e lement  in the immunoglobul in  heavy chain {IgH) 

enhancer that prevents MyoD from functioning as an 

activator of this gene. Similarly, the muscle-specific 

Tnuscle creatine kinase (MCK) enhancer contains a neg- 

ative cis-acting element  that inhibi ts  the activity of the 

ubiquitous bHLH factor El2. This negative control is 

directed at the bHLH domains of MyoD and El2, respec- 

tively. Our findings represent a unique, cooperative 

mechan i sm utilized by the insul in  E-box enhancer to 

discriminate between various bHLH factors to activate 

the insul in  gene. These results would indicate that 

BETA2 is the authentic  tissue-specific bHLH regulator of 

the insul in  gene and that it contains functional  domains, 

as yet unidentified, necessary for the synergistic interac- 

tion between neighboring f~-cell-specific factors. 

Materials and methods 

Yeast plasmids and strains 

The yeast reporter plasmid containing the URA3 gene as a se- 

lection marker, YRpRIPE3a, was constructed by insertion of an 

annealed complimentary oligonucleotide containing a single 

copy of RIPE3a into the BglII site of the vector YRpPC3 (Pham 

et al. 1991). The BglII site is directly upstream of the yeast 
iso-l-cytochrome c minimal promoter fused to the E. coli lacZ 

gene. The sequence of the RIPE3a oligonucleotide used was as 
follows: 5'-GATCTAGCCCCTCTGGCCATCTGCTGATCCG- 
3'. The E47 yeast expression plasmid containing the TRP1 gene 
as a selection marker, YEpE47bHLH, was constructed by insert- 
ing a blunt-ended AvaI fragment containing the bHLH domain 
of E47 (nucleotides 1371-2068) (Henthorn et al. 1990) into the 
Sinai site of the vector PCB--Ub stop (Nawaz et al. 1994). The 
orientation and reading frame were confirmed by sequencing. 
The protease-deficient strain BJ2168 (MATa leu2 trpl ura3-52 

prbl-l122 pep4+3 prcl-407 gal2} was transformed with the 
YEpE47bHLH and YRpRIPE3a plasmids and selected on plates 
lacking tryptophan and uracil. 

Construction of GAL4 HIT cell cDNA yeast 

expression library 

An oligoldT)-primed cDNA was generated from HIT cell 
poly(A) + RNA prepared by standard procedures (Sambrook et al. 
1989) using a eDNA synthesis kit (Stratagene) according to the 
manufacturer's instructions, with one modification. NcoI adap- 
tors were prepared and ligated to the 5' end of the eDNA. The 
sequence of the adaptors are 5'-CATGGCGCAGCTG-3' (upper 
strand); 5'-CAGCTGCGC-3' (lower strand). The size selected 
(>500 bp) cDNA was cloned directionally into the NcoI-XhoI 

sites of the yeast expression vector pACT(tet)Li, containing the 
LEU2 gene as a selection marker. The pACT(tet)Li vector was 
derived by inserting the tetracycline resistance marker into the 
HpaI site of pACT (Durfee et al. 1993). A polylinker was in- 
serted into the XhoI site of pACT. The sequence of the poly- 
linker used was as follows: 5'-TCGACCCATGGCGGCCGC- 
CCCCGGGAGCTC-3'. The ligated DNA was transformed into 
the E. coli strain DH10B {BRL) and plated at a density of 1.5x 104 
to 2.0x 10 4 colonies/plate on media containing ampicillin. The 
500,000 bacterial transformants were scraped from the plates 
and pooled. Glycerol stocks were prepared by taking 8x 1-ml 
aliquots and stored frozen at -70~ Plasmid DNA was pre- 
pared by using MaxiPrep purification Columns {Promega). 

Screening the library and ~-galactosidase assays 

The yeast strain BJ2168 carrying the reporter and expression 
plasmids were maintained under selection for the URA3 and 
TRP1 markers. These cells were transformed with the unam- 
plified library by the lithium acetate method {Ito et al. 1983). 
Transformation efficiencies were -5  x 10 ~ transformants per 
microgram of cDNA library. Transformations were plated out 
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on selective media lacking TRP, URA, and LEU and containing 

X-gal at a final concentration of 80 mg/1 and incubated for 4-5 

days at 30~ Blue colonies were picked and colony purified to 

obtain single pure positives. These positive colonies were 

grown overnight at 30~ in 10 ml of selective liquid media. 

When the cells reached an optical density of 1.0 at 600 nm, they 

were harvested, lysed by glass bead homogenization in tran- 

scription buffer, and the level of [3-galactosidase produced was 

measured as described previously (Miller 1972). The transcrip- 

tional buffer for [3-galactosidase assays contained 0.12 M 

Na2HPO4, 0.04 M NaH2PO4, 10 mM KC1, 1 mM MgSO4, and 

2.7% 2-mercaptoethanol (pH 7.0). The cDNAs from positive 

cultures were recovered by transforming E. coli with plasmid 

DNA (Ward 1990) then plating on LB/tetracycline plates. The 

cDNAs were retransformed and reassayed for activity. 

Plasmids and sequencing 

The BglII-XhoI fragment of BETA2 was subcloned into the 

BamHI-XhoI sites of pGEM7ZF( + ). This construct was used for 

sequencing and in vitro translations. Both strands of BETA2 

eDNA were sequenced using Sequenase version 2.0 kit (U.S. 

Biochemical) according to the manufacturer's instructions. The 

mammalian expression plasmid for BETA2 was constructed by 

inserting the BglII-XhoI fragment of BETA2 into the BamHI- 

Sinai sites of pCMV. The in vitro translation plasmid for shPan 1 

is described elsewhere (German et al. 1991). The E47 and MyoD 

mammalian expression plasmids are described in Henthorn et 

al. (1990) and Davis et al. (1987), respectively. The RIPE3 and 

RIPE3a reporters are described elsewhere (Hwung et al. 1990). 

Tissue culture, transfections, and CAT assays 

The hamster insulin tumor HIT-T15 M2.2.2 (Santerre et al. 

1981) and hamster fibroblast BHK cells were grown in Dulbec- 

co's modified Eagle's medium supplemented with 10% fetal 

bovine serum, 100 units of penicillin/ml and 100 ~g of strep- 

tomycin/ml. Transient transfections were carried out by the 

calcium phosphate coprecipitation methods as described previ- 

ously (Edlund et al. 1985; Hwung et al. 1988). Cesium chloride- 

purified DNA was used for all transfections. For transfections 

into HIT cells, 1 ~g of reporter and 1 ~g of expression plasmids 

were used. For transfections into BHK cells, 5 ~g of reporter and 

1 ~g of expression plasmids were used. HIT cells were seeded at 

1 . 5 X 1 0  6 cells/60-mm dish. BHK cells were seeded at 3x10 s 

cells/60-mm dish. Cells were harvested 44-48 hr post-transfec- 

tion and assayed for CAT activity (Gorman et al. 1982). 

Northern blot analysis 

RNA was extracted with RNazol B (Cinna/Biotecx Laboratories 

Inc. Houston, TX). Formaldehyde gels were prepared, trans- 

ferred to Hybond-N membrane (Amersham), and hybridized as 

described (Stellrecht et al. 1993). Filters were stripped in boiling 

0.1% SDS as described by the manufacturer before reprobing. 

Gel shift assay 

The RIPE3 ( -126 to-86)  double-stranded oligonucleotide was 

end-labeled with [~-32p]dGTP using the Klenow fragment to 

-1 .0x  l0 s cpm/p.g. The RIPE3 sequence used is as follows: 5'- 

GAT CTGGAAACTGCAGCTTCAGCCCCTCTGGCCATCT- 
GCTGATCCG-3'. 

Binding reactions contained 10 mM Tris (pH 7.5), 50 mM 

NaC1, 1 mM EDTA, 1 mM DTT, 5% glycerol, -30,000 cpm of 

end-labeled oligonucleotide, 3.5 ~g of nuclear extract, or 1 ~1 of 

in vitro-translated protein. Two hundred nanograms of poly[d(I- 

C)] was used as a nonspecific competitor for in vitro-translated 

Novel bHLH activator of the insulin gene 

material and 1.2 ~g was used with nuclear extracts. The mutant 

E-box oligonucleotides used for competition studies are as fol- 

lows: 5'-GATCTAGCCCCTCTGGCCAGCTGCTGATCCG- 

3' (mut 1) and 5'-GATCTAGCCCCTCTGGCCATCTTCTGA- 

TCCG-3' (mut 2). Mter binding, protein-DNA complexes were 

resolved by electrophoresis on nondenaturing 4% polyacryl- 

amide (19.4:0.6) in 0.5x TBE (50 mM Tris, 50 mM boric acid, 1 

mM EDTA). Protein was synthesized using the Promega TNT- 

coupled transcription/translation kit according to the manufac- 

turer's instructions. SP6 polymerase was used to synthesize 

BETA2 and shPanl. Parallel reactions were carried out using 

[3SS]methionine or unlabeled methionine (1 mM). Labeled pro- 

tein was resolved on 10% SDS-PAGE to ensure proper synthesis 

and estimate translation efficiency. Nuclear extracts were pre- 

pared as described previously (Peyton et al. 1994). 

GST-fusion protein production and purification 

for antibodies 

BETA2 eDNA was digested with NcoI, filled in with Klenow, 

and digested with EcoRI. The 1.3-kb fragment was inserted in- 

frame with the glutathione S-transferase gene of SmaI-EcoRI- 

digested pGEX-2T (Pharmacia). The fusion proteins were puri- 

fied by binding to glutathione-Sepharose and eluting with 100 

mM glutathione. The purified material was used as the antigen. 

Antibodies were raised by Cocalico Biologicals (Reamstown, 

PA). 
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