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The glucagon gene is specifically expressed in the alpha cells of pancreatic islets. The promoter of the
glucagon gene is responsible for this specificity. Within the promoter, the upstream promoter element G1 is
critical to restrict expression to the alpha cells. We define here a composite DNA control element, G4, localized
upstream of G1 between nucleotides 2100 and 2140 which functions as an islet-specific activator in both
glucagon- and insulin-producing cells but not in nonislet cells. G4 contains at least three protein binding sites.
The most proximal site, E2, is highly homologous to the E1, SMS-UE, and B elements of the rat insulin I,
somastatin, and elastase I genes, respectively, and interacts with a pancreas-specific complex; the distal site,
E3, represents an E box which is identical to the E boxes of the rat insulin I and II genes and binds to a complex
similar or identical to IEF1 which has been implicated in the tissue-specific control of insulin gene expression.
These two sites necessitate a third element, the intervening sequence, to activate transcription. We conclude
that the first 140 bp of the glucagon gene promoter contains at least two DNA control elements responsible for
pancreatic alpha-cell-specific expression: G4, an islet cell-specific element sharing common binding sites with
the insulin gene, and G1, which restricts glucagon gene expression to the alpha cells. This double control of
specificity might have relevance during islet cell differentiation.

The pancreatic islets of Langerhans are composed of at least
four distinct hormone-producing cells, alpha, beta, delta, and
PP cells, which produce glucagon, insulin, somatostatin and
pancreatic polypeptide, respectively. It has been suggested
that, during development, a multipotential endodermal cell
gives rise to all islet cell phenotypes (1, 34, 37). Glucagon, a
29-amino-acid peptide involved in the control of glucose ho-
meostasis, is the first hormone to be produced in the embry-
onic pancreas (1, 33). The glucagon-producing alpha cell may
thus constitute an excellent model to study the mechanisms
governing differentiation and cell-specific control of gene ex-
pression.
Characterization of cis-acting and trans-acting factors that

are involved in gene expression has permitted us to gain in-
sights into the molecular mechanisms of cell differentiation
(41, 47). Expression of the glucagon gene is restricted to the
alpha cells of the pancreatic islets, to the L cells of the intes-
tine, and to specific brain cells (33). Studies with transgenic
mice and glucagon-producing cells transiently transfected with
DNA constructs containing various lengths of the rat glucagon
gene 59-flanking sequence linked to the chloramphenicol
acetyltransferase (CAT) gene have shown that the most prox-
imal 300 bp was sufficient to direct pancreatic alpha-cell-spe-
cific expression (10, 12, 33). Four DNA control elements have
been defined within this 300-bp region: a proximal upstream
promoter element, G1; two enhancers, G2 and G3; and a cyclic
AMP (cAMP)-responsive element (CRE) (9, 21, 35).
We have previously shown that the most proximal 168 bp of

the promoter sequence was involved in alpha-cell-specific ex-
pression of the glucagon gene in transiently transfected cells
(35). More recently, we identified a critical sequence between
nucleotides (nt) 252 and 2100 corresponding to G1 (26).

Several indications, however, suggested that additional tran-
scriptionally important elements were present just upstream of
G1 between nt 2100 and 2140. In previous transfection ex-
periments using the first 350 bp of the rat glucagon gene 59
flank, we found that a mutant with an internal deletion be-
tween nt 2114 and 2144 was less than half as active as the
wild-type promoter while different mutations between nt 2136
and 2165 did not lead to decreased activity (35, 38). Recent
studies have also suggested that the sequence from nt 2100 to
2110 is highly homologous to the B element of the elastase I
gene as well as to the E1 and SMS-UE elements of the rat
insulin I and somatostatin genes, respectively (23); the B ele-
ment, when isolated from the other elastase I gene enhancers,
has been shown to direct selective expression to a reporter
gene in islet cells of transgenic mice (23). Lastly, two E-box
motifs which are conserved between rats and humans (35) are
found from nt 2130 to 2135 and nt 2103 to 2108, respec-
tively; a third E-box motif is also present within G1 between nt
278 and 283. E boxes, whose consensus motif is CANNTG,
are known to interact with a specific family of transcription
factors characterized by a helix-loop-helix (HLH) DNA-bind-
ing motif (27, 28). These factors bind DNA as homo- or het-
erodimers and are important for the cell-specific expression of
immunoglobulin and muscle-specific genes as well as hormone
genes expressed in the pituitary and the pancreatic beta cells
(18, 20, 30, 46, 49–51). Two of the E boxes present in the
glucagon gene promoter are identical to the rat insulin I gene
FAR and NIR boxes and to the rat insulin II gene ICE/RIPE3a
sequence, which have been demonstrated to interact with the
IEF1 complex containing the ubiquitous HLH proteins E12
and E47 and an islet cell-specific factor and to play a key role
in the beta-cell-specific expression of both insulin genes (17,
30).
Since we implicated the first 168 bp in the cell-specific ex-

pression of the glucagon gene, we decided to assess the func-
tional importance of the region located between nt 2100 and
2140 and to define the respective roles of the three potential
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E boxes by performing both binding and functional studies. We
report here that the two distal E boxes, E2 and E3, bind three
specific complexes, A, B, and C. B is ubiquitous, whereas A and
C are islet cell-specific and found in both glucagon- and insu-
lin-producing cells; complex A binds to E3 and is similar or
identical to IEF1, while complex C, which binds E2, has no
specificity for the E-box motif. Neither E2 nor E3 can function
by itself as a transcriptional activator; they rather function as a
transcriptional unit which also includes an intervening se-
quence (IS) in both glucagon- and insulin-producing cells but
not in nonislet cells. By contrast, the proximal E-box motif, E1,
located within G1 does not interact by itself with nuclear pro-
teins from glucagon-producing cells. We conclude that the
glucagon gene promoter contains a proximal element which
restricts expression to the alpha cells and a more distal unit
involved in islet-specific expression. Our data suggest that
HLH proteins may be involved not only in the islet cell-specific
expression of the insulin gene but also in expression of the
glucagon gene.

MATERIALS AND METHODS

Oligonucleotides and plasmids. Oligonucleotides were synthesized on a gene
assembler (Pharmacia) by the phosphoramidite method and are listed in Table
1. The IEB1 oligonucleotide was generously provided by M. Walker (Weizmann
Institute, Rehovot, Israel). Oligonucleotides containing the wild-type E2, E3,
and IS sequences (Table 1) with BamHI-compatible ends were inserted into a
BamHI site 59 of the glucagon minimal promoter (nt 151 to 231) linked to the
CAT gene (231 CAT) (35). The glucagon 59-flanking sequence (nt151 to2350)
linked to the CAT gene (2350 CAT) (35) was mutated on one, two, or six
consecutive nucleotides in E2, E3, and IS sequences by site-directed mutagenesis
performed as previously described (26). All constructs were sequenced to con-
firm identity and orientation by the enzymatic method. Nonspecific oligonucle-
otides used to compete with protein-DNA complexes in electrophoretic mobility
shift assays (EMSAs) represented binding sites for hepatocyte nuclear factor 1
(HNF-1) found in the L-type pyruvate kinase gene (6) (59-CTAGCTGGT
TATACTTTAAGCAGG-39), for nuclear factor Y (NFY) (59-ATTTTTCTGAT
TGGTTAAAAGT-39) (8), and for the octamer motif (59-TTTAGAAATG
CAAATTACCCAGGTG-39) (42).
Cell culture and transfection studies. Islet cells [InR1G9 (44), alphaTC1 (39),

betaTC1 (11), and RIN 56A (34)] and nonislet cells (Ltk2 mouse fibroblasts,
BHK-21 Syrian baby hamster kidney cells, and HepG2 and JEG-3 human hep-
atoma cells) were cultured in RPMI 1640 containing 5% fetal calf serum and 5%
newborn calf serum. Islet cells were transfected in suspension by the DEAE-
dextran method (10) (except RIN 56A cells, which were transfected by electro-
poration at 250 V), and nonislet cells were transfected by the calcium phosphate

method (35) with 3 mg of the CAT reporter plasmids and 1 mg of the plasmid
pSV2Apap to monitor transfection efficiency. pSV2Apap is a plasmid containing
the human placental alkaline phosphatase gene driven by the simian virus 40 long
terminal repeat (15). pRSVCAT and poCAT were used as positive and negative
controls, respectively (40). Cotransfection experiments were performed with 500
ng of either 2350 CAT or two copies of the oligonucleotide E-108/IS/E-130
linked to the glucagon minimal promoter along with pE:Id in 1/1, 1/2, and 1/4
ratios. pE:Id is a plasmid which contains the negative HLH regulator Id cDNA
driven by the Moloney murine sarcoma virus long terminal repeat and was
generously provided by R. Benezra (Memorial Sloan Kettering Cancer Center,
New York, N.Y.) (3). Cell extracts were prepared 48 h after transfection and
analyzed for CAT and alkaline phosphatase activities as described elsewhere
(38). Protein concentrations were determined with a Bio-Rad protein assay kit.
Cell extracts and EMSAs. Nuclear extracts were prepared by the method of

Dignam et al. (7) and Schreiber et al. (43). EMSAs were performed essentially
as described elsewhere (30). Oligonucleotides were labeled with the Klenow
enzyme and both [a-32P]dCTP and the other three cold nucleosides; they were
subsequently purified from polyacrylamide gels.
The standard binding reaction mixture contained the following components in

a final volume of 15 ml: 25 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid) (pH 7.9), 150 mM KCl, 10% glycerol, 5 mM dithiothreitol,
5,000 cpm of end-labeled double-stranded oligonucleotides, 300 ng of poly(dI-
dC), 300 ng of poly(dA-dT), and 2 to 16 mg of crude nuclear extracts. Labeled
oligonucleotides were added last, and the mixture was incubated for 20 min at
48C. Following binding, the mixture was loaded directly onto a 4% polyacryl-
amide gel (acrylamide/bisacrylamide ratio, 40:0.8) containing 40 mM Tris-glycine
(pH 8.5). The gel was electrophoresed at 20 mA for 3 h at 48C with 40 mM
Tris-glycine as the running buffer, dried, and subjected to autoradiography.
Antibodies to E12/E47 were incubated for 10 min with nuclear extracts before
labeled DNA was added. Antibodies to E12/E47 were a gift from C. Murre
(University of California, San Diego) (28) and M. Walker (Weizmann Institute)
(2).
Methylation interference assays. For methylation interference experiments,

oligonucleotides subcloned into Bluescript (Stratagene, La Jolla, Calif.) were
first end labeled with [g-32P]ATP and polynucleotide kinase on the coding and
noncoding strands, respectively, following appropriate restriction enzyme diges-
tion. The labeled double-stranded oligonucleotides were then purified from the
plasmid vector on a 6% acrylamide gel, partially methylated by using dimethyl
sulfate as described elsewhere (24), and used as probes in binding reactions. The
binding reactions were performed in the same way as the EMSAs were, except
that they were scaled up eightfold and 200,000 cpm of probe was used. Transfer
and elution of protein-DNA complexes were performed as described by Kobr et
al. (22), except that 40 mM Tris-glycine buffer was used for the transfer. The
bound oligonucleotides were then cleaved with piperidine, and samples were run
on 12% polyacrylamide sequencing gels according to the method of Maxam and
Gilbert (24).

RESULTS

The glucagon gene promoter contains three E-box motifs.
We previously demonstrated that the rat glucagon gene pro-

TABLE 1. Oligonucleotides used in this study

Oligonucleotide Sequencea

E-130 ......................................................................................59 gatcc TGAGGAG CAGATGAGCAGAGT a 39
g ACTCCTCGTCTACTCGTCTCA tctag

E-108 ......................................................................................59 gatcc AAAT CATTTG AACA a 39
g TTTA GTAAACTTGT tctag

E-78 ........................................................................................59 gatcc TTTA CAGATGAGAA a 39
g AAAT GTCTACTCTT tctag

E-108/IS/E-130 ......................................................................59 gatcc TGAGGAG CAGATGAGCAGAGTGGGCGAGTGAAATCATTTG AACA a 39
g ACTCCTCGTCTACTCGTCTCACCCGCTCACTTTAGTAAACTTGT tctag

E-108-N/IS/E-130 ..................................................................59 gatcc TGAGGAG CAGATGAGCAGAGTGGGCGAGTGAAATATCGATAACA A 39
g ACTCCTCGTCTACTCGTCTCACCCGCTCACTTTATAGCTATTGT tctag

E-108/IS/E-130-N ..................................................................59 gatcc TGAGGAG AGATCTAGCAGAGTGGGCGAGTGAAATGTAAACTTGT tctag
g ACTCCTCTCTAGATCGTCTCACCCGCTCACTTTAGTAAACTTGT tctag

E-108/IS-N/E-130 ..................................................................59 gatcc TGAGGAG CAGATGAGCAGAGATCGATAGTGAATCATTTG AACA A 39
g ACTCCTCGTCTACTCGTCTCTAGCTCTCACTTTAGTAAACTTGT tctag

IEB1........................................................................................59 gatcc GC CATCTGCC A 39
g CG GTAGACGG tctag

IS.............................................................................................59 gatcc AGCAGAGTGGGCGAGTGAAATa
g TCGTCTCACCCGCTCACTTTA tctag

B-like element (rat insulin I gene) .....................................59 gatcc TTTCTGGGAAATGAGGTGa
g AAAGACCCTTTACTCCACtctag

aMutated bases are underlined. Boldface type indicates E-box motifs.
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moter (nt 151 to 2168) was critical for alpha-cell-specific
expression (35). We found that within the promoter, G1, a
control element localized between nt 252 and 2100, was a
major determinant for this specificity (26). Analyses of the
glucagon gene promoter sequences revealed the presence of
three E-box motifs (Fig. 1 and Table 2); the most proximal E
box lies in the core of G1, from nt 278 to 283 (E1), whereas
the middle and distal boxes are located from nt 2103 to 2108
(E2) and nt 2130 to 2135 (E3), respectively. Previous data
suggested that these sequences may be important for basal
transcriptional activity; in transfection studies of linker-scan-
ning and internally deleted mutants of the rat glucagon gene
59-flanking region, we found that disruption of E1 decreased
transcription by 90% and that deletion of a 29-bp fragment
containing E3 reduced activity by more than 50% (35). By
contrast, mutations between nt2136 and2165 did not change
activity (35, 38). We thus hypothesized that the three E-box

motifs might be functionally important and have relevance in
the cell-specific expression of the glucagon gene.
To more precisely evaluate the role of E2 and E3 in tran-

scriptional activity, we first engineered 6-bp mutations within
E2, E3, and the IS by site-directed mutagenesis of the first 350
bp of the rat glucagon gene 59 flank. Plasmids containing mu-
tant and wild-type glucagon gene sequences linked to the CAT
gene were then transiently transfected into the hamster gluca-
gon-producing cell line, InR1G9, and their activities were mea-
sured. Mutations of either E2 or E3 resulted in a 43% or a 75%
decrease in activity, respectively, while only 20% of the wild-
type activity was retained with mutations of both sequences
(Fig. 2). Interestingly, mutation of IS also reduced transcrip-
tion by 62%, indicating that the whole region between nt 2100
and 2140, in contrast to sequences between nt 2136 and
2165, is critical to basal transcription of the glucagon gene.
From these and previous data, we conclude that disruption of
any of the three E-box motifs of the glucagon gene promoter
affects transcription and that these sequences are essential for
promoter activity.
E1, E2, and E3 do not bind the same protein complexes. To

investigate whether E1, E2, and E3 interact with DNA-binding
proteins, we performed EMSAs using 32P-labeled oligonucle-
otides containing the different E-box motifs (Fig. 1 and Table
1) and nuclear extracts from InR1G9 cells. As shown in Fig.
3A, with increasing amounts of extracts from 2 to 16 mg, five
different complexes bound oligonucleotide E-130 containing
E3. Only the upper complex was found to be specific; however,
the formation of the four fastest-migrating complexes was in-
hibited nonspecifically (Fig. 3B and 4A and data not shown).
When using the E-108 oligonucleotide corresponding to E2,

FIG. 1. (A) Schematic representation of the first 350 bp of the rat glucagon gene 59-flanking region. Boxes and circles represent control elements. (B) DNA
sequence of the rat glucagon gene promoter between nt 268 and 2144. Fragments used for EMSAs and methylation interference experiments are represented below
the sequence. E designates E-box motifs, and CRE indicates a cAMP-responsive element. The arrow in panel A represents the transcriptional start site.

TABLE 2. E-box motifs studied

Gene Motif Sequencea

Glucagon E1 TCT CATCTGTAA
E2 AAT CATTTG AAC
E3 GCT CATCTGCTC

Insulin I FAR CGGCATCTGGCC
NIR CGCCATCTGCCT

Insulin II ICE GGCCATCTGCTG

a Boldface type indicates E-box motifs.
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we detected two complexes, B and C (Fig. 3A), with 2 to 16 mg
of extracts. Both complexes migrated faster than the A com-
plex and were specific inasmuch as a large excess of unrelated
oligonucleotides was unable to compete (Fig. 3C, lanes 2 to 4).

By contrast to the data obtained with E-130 and E-108, we
were unable to detect any specific protein complex binding to
E-78 (E1), although the E1-box motif is identical to E3 (data
not shown). This was not totally unexpected since we previ-
ously characterized three related complexes, B1, B2, and B3,
interacting with G1 between nt 276 and 291, including the E1
sequence; these complexes displayed no particular specificity
for E1, however (as assessed by point mutations of and around
E1), and were not competed for by E-78 (26). Sequences
within E1 are thus critical but not sufficient for B1, B2, and B3
binding, and the E1 motif is unable by itself to bind nuclear
proteins from glucagon-producing cells.
To further characterize the relative specificities of the A, B,

and C complexes for the three different E-box motifs, we per-
formed cross-competition studies. Ten nanograms of unla-
beled E-130 was sufficient to efficiently compete for complex A,
whereas no competition was obtained with up to 50 ng of E-108
(Fig. 4A). Intermediate effects were observed with E-78, which
has an E-box motif identical to that of E-130. Whereas 10 ng of
E-78 did not displace complex A, A completely disappeared
with 25 and 50 ng (Fig. 4A). Competition for the B and C
complexes was most effective with E-108, although competition
was also observed with E-130 (Fig. 4B).
Our results indicate that complex A specifically interacts

with E-130 and interacts to a much lesser degree with E-78 (as
indicated by binding and competition studies) and E-108.
Complexes B and C exhibit maximal specificities to E-108
compared with those to E-78 and E-130. These data are con-
sistent with the existence of protein-protein interactions be-
tween the different E-108 and E-130 binding factors.
The A, B, and C complexes display different specificities for

the E-box motif. Proteins of the HLH family are known to
interact with the E-box motif, and their binding is inhibited by
mutations within the consensus sequence CANNTG. To more
fully characterize the A, B, and C complexes, we tested the
consequences of point mutations in and around the E2 and E3
motifs on their binding (Fig. 5A).

FIG. 2. Mutational analyses of the rat glucagon gene promoter. CAT plasmids
containing the wild-type (WT) sequence or a mutated 350-bp stretch of the 59-
flanking region of the glucagon gene were transfected along with a control plasmid,
pSV2Apap, into glucagon-producing cells, InR1G9. CAT activities represent CAT/
placental alkaline phosphatase ratios and are expressed relative to the value ob-
tained with the WT plasmid. Values are indicated along with the standard errors of
the mean (vertical lines) (n 5 8). VECT designates the promoterless plasmid
poCAT (38). Results obtained with a plasmid mutated in the E1 box (78-N) are
presented for comparison (32). WT and mutant sequences are indicated below the
diagram.

FIG. 3. Binding of nuclear proteins from InR1G9 cells to the E-130 and E-108 oligonucleotides. EMSAs were performed as described in Materials and Methods.
(A) 32P-labeled E-130 and E-108 were incubated with increasing amounts of nuclear extracts (from 2 to 16 mg). (B) 32P-labeled E-130 was incubated with 8 mg of
InR1G9 nuclear extracts in the absence (2) or presence of the following unlabeled competitor oligonucleotides: 25 and 50 ng of E-130 (lanes 1 and 2, respectively)
and 100 ng of three different oligonucleotides unrelated to E-130 (lanes 3 to 5) representing the HNF-1, Oct-1, and NFY binding sites, respectively (see Materials and
Methods for sequence). (C) 32P-labeled E-108 was incubated with 8 mg of InR1G9 nuclear extracts in the absence (2) or presence of the following unlabeled competitor
oligonucleotides: 50 ng of E-108 (lane 1) and 100 ng of three different oligonucleotides unrelated to E-108 (lanes 2 to 4). A, B, and C indicate the positions of the
respective specific protein complexes, while stars indicate nonspecific complexes; free indicates free DNA.
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Whereas all mutations of the E3-box motif (M1, M3, and
M4) completely abolished binding of complex A, mutations
outside the motif (M2 and M5) had no effect (Fig. 5B). Of
note, new complexes were observed to bind mutant M1. Cor-
respondingly, effective competition for the A complex was seen
with mutants M2 and M5 and not with M1, M3, and M4 (data
not shown). The three mutations of the E-box motif of E-108
(V1, V2, and V3) resulted in different consequences for bind-
ing of complexes B and C (Fig. 5C). V1 and V3 abolished and
V2 severely decreased binding of B; binding of C, by contrast,
was not affected by V1 and was moderately affected by V2 and
V3. Only slight alterations in binding of B and C resulted from
mutations outside the E-box motif (V4 and V5). These results
suggest that complex A and possibly complex B, but not com-
plex C, exhibit specificities for the motif CANNTG and thus
may belong to the HLH class of DNA-binding proteins.
To investigate the consequences of these mutations on tran-

scriptional activity, we performed site-directed mutagenesis of
the first 350 bp of the glucagon gene 59 flank linked to the CAT
gene (Fig. 5A). The resultant plasmids were transiently trans-
fected into InR1G9 cells, and their CAT activities were mea-
sured. Whereas mutation of the entire E3-box motif resulted in
a 75% decrease in activity, mutations M3 and M4, which abol-
ished binding of complex A in vitro, reduced activity by only 35
and 15%, respectively. Additional double mutants, M6 and
M7, which also abolished binding of complex A (data not
shown), resulted in more pronounced decreases in activity: up
to 40 and 63%, respectively. By contrast, changes of nucleoti-
des outside the motif (M2, M5, and M8) increased transcrip-
tion by 30 to 70% (Fig. 5D). M8, like M2 and M5, did not alter
the binding affinity of complex A for E3 (data not shown).
Mutant M1 was not tested since additional specific complexes
not detected with the wild-type sequence were observed. The
reasons for the relatively modest effects of M3 and M4 on
transcription are unclear; it is possible, however, that protein
binding to these mutants might be less affected in vivo than in
vitro. Similar observations were made previously (20, 36). Al-
ternatively, we cannot formally exclude the possibility that fac-
tors other than those of the HLH family regulate E3 activity or
that our mutagenesis strategy affects the binding of neighbor-
ing factors and thus activity.
All mutations of E2, whether inside or outside the E-box

motif, resulted in decreased activity (except V2) (Fig. 5D).
There was no correlation, however, between changes in bind-
ing of complexes B and C and transcriptional activity. When we
assessed the functional consequences of mutations in the E2-
box motif (M4) combined with mutations in E3 (V1 to V5), we
globally observed an additive effect of the respective single
mutations, indicating that E2 and E3 by themselves are un-
likely to act synergistically on transcription.
Overexpression of Id-1 decreases transcriptional activity

conferred by G4. To further strengthen the hypothesis that E3
binds a transcriptional factor of the HLH class, we cotrans-
fected either 2350 CAT or two copies of the oligonucleotide
E-108/IS/E-130 representing G4 linked to the minimal gluca-
gon promoter element [23(E-108/IS/E-130)] along with an
expression vector, either alone or containing the negative HLH
regulator, Id-1 (3), in different ratios. E-108/IS/E-130 functions
as an islet cell-specific enhancer (see Fig. 9). Cotransfection of
the expression vector with the Id-1 cDNA resulted in a de-
crease in the transcriptional activity observed with either 2350
CAT or 23(E-108/IS/E-130) and the expression vector alone
(Fig. 5E). Decreases in the ratios of indicator plasmid/expres-
sion vector and Id resulted in a dose-dependent attenuation of
transcription with quantitatively similar effects whether the
indicator plasmid was 2350 CAT or 23(E-108/IS/E-130).
These results indicate that sequences within G4 and most likely
E3 contain a functional binding site for an HLH binding pro-
tein.
The A complex is present in both alpha and beta cells and

is similar or identical to IEF1. To investigate the cellular
distribution of the A, B, and C complexes, we tested nuclear
extracts obtained from different cell lines of islet and nonislet
origins. The A complex (Fig. 6A) was observed to be present in
both glucagon-producing (InR1G9 and alphaTC1, lanes 1 and
2) and insulin-producing (betaTC1, lane 3) cells but not in
nonislet cell lines (lanes 4 to 6). Similarly, complex C was
found only in pancreatic endocrine cells (Fig. 6B, lanes 1 to 3)
whereas complex B was ubiquitous (lanes 4 to 6). Of note, a
specific complex migrating slightly faster than complex C was
present in nonpancreatic endocrine cells. Our results indicate
that complexes A and C are found preferentially in islet cells.
The observations that the E3 motif is identical to the FAR

FIG. 4. Competition for the binding of the A, B, and C complexes with
oligonucleotides containing the three E-box motifs. EMSAs were performed as
for the experiment shown in Fig. 3 with 8 mg of InR1G9 nuclear extracts and
32P-labeled E-130 (A) or E-108 (B) in the absence (2) or presence of the
indicated amounts of unlabeled competitor oligonucleotides. A, B, and C indi-
cate the positions of specific protein complexes; stars indicate nonspecific com-
plexes; and free indicates free DNA.
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FIG. 5. Binding of nuclear proteins from InR1G9 cells to mutant E-box motifs
and functional analyses. (A) Wild-type (WT) and mutant sequences of the glucagon
gene promoter. Mutant oligonucleotides used in the EMSAs were of the same size
as E-130 or E-108 with the indicated mutations (M1 to M8, V1 to V5, and M4/V1
to V5). Mutations within the 350 bp of the rat glucagon gene 59-flanking sequence
were constructed by site-directed mutagenesis (see Materials and Methods). (B and
C) EMSAs were performed as for the experiments shown in Fig. 3 with 8 mg of
proteins from InR1G9 nuclear extracts and 32P-labeled wild-type (WT) or mutant
E-130 (B) or WT or mutant E-108 (C). The respective labeled oligonucleotides are
indicated above the lanes. A, B, and C indicate the respective specific protein
complexes; stars indicate nonspecific complexes; and free indicates free DNA. (D)
Functional analyses of E-box mutants by transient transfections in InR1G9 cells.
Plasmid constructs containing the CAT gene under the control of wild-type (WT) or
mutant sequences of the rat glucagon gene were tested for CAT activities after
transfection into InR1G9 cells. Each construct was cotransfected with the plasmid
pSV2Apap to correct for differences in transfection efficiencies. Relative CAT ac-
tivities represent CAT/placental alkaline phosphatase enzymatic ratios relative to the
value for the WT construct, and the standard errors of the mean (n 5 8) are
indicated by vertical lines. CT designates the promoterless plasmid, poCAT (38). (E)
Effect of overexpression of Id-1 on glucagon gene expression. Plasmid constructs
containing the CAT gene under the control of the first 350 bp of the rat glucagon
gene 59 flank (2350 CAT) or two copies of the oligonucleotide E-108/IS/E-130
linked to the minimal glucagon gene promoter [23(108/IS/130)] were cotransfected
with either the expression vector pE (white bars) or the expression vector containing
the Id-1 cDNA, pE:Id (black bars), into InR1G9 cells. A 500-ng amount of indicator
plasmid was used for transfection along with increasing amounts of either pE or
pE:Id (from 500 ng to 2 mg). CAT activities were measured and corrected as
described in the legend for panel D and are expressed relative to the activity
measured for the indicator plasmid cotransfected with pE in a 1/1 ratio (n 5 3). p,
P , 0.05; E, P , 0.01. Error bars indicate standard errors of the mean.
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and NIR boxes of the rat insulin I gene and to the ICE/RIPE3a
element of the rat insulin II gene (Table 2) and that complex
IEF1 which interacts with these elements has the same cellular
distribution as the A complex has (31) led us to investigate
whether IEF1 and complex A are identical. We first used an
oligonucleotide, IEB1, containing the NIR box sequence of the
rat insulin I gene (references 2 and 48 and Tables 1 and 2) in
an attempt to inhibit complex A binding to E-130. IEB1 effi-
ciently competed for binding by complex A, displaying an even
better affinity for A than E-130 did (Fig. 7A). With 32P-labeled
IEB1 and the same amounts of InR1G9 nuclear extracts, a
more intense complex than that observed with E-130 was sys-
tematically seen. This complex was competed for by both
E-130 and IEB1, more effectively so by the latter binding site,
suggesting a better affinity of complex A for IEB1 (Fig. 7B).
The nature of this complex was further investigated by adding
specific antibodies to the ubiquitous HLH protein E12/E47,
previously shown to be contained within IEF1 (2, 29, 48), to the
EMSA binding reaction mixture; antibodies from two different
origins (see Materials and Methods) inhibited complex binding
and induced a supershift (Fig. 7B). The complex binding to
IEB1 that we detected thus has the same characteristics as
IEF1 does. To study the relationship between IEF1 and com-
plex A, we compared their EMSA migration patterns. As
shown in Fig. 7B (rightmost lane), the two complexes had
identical patterns. We then assessed whether anti-E12/E47 an-
tibodies would react against the A complex; we observed an
inhibition of A-complex formation with antibodies that was not
present with preimmune serum (Fig. 7C). We conclude that
IEF1 and A are similar or identical and that they both contain
the ubiquitous HLH protein E12/E47 or a highly related pro-
tein.
The B and C complexes bind E2 and the B-like element of

the rat insulin I gene equally well. The B element of the rat
elastase I gene was previously shown to be highly homologous
to sequences of the E1 element of the rat insulin I gene and to

E2 (Table 3) and to direct selective expression of a transgene
to islet cells (23). Furthermore, the B element of the elastase
I gene binds two complexes that also interact with the E1
sequences of the rat insulin I gene and with E2. We thus
investigated whether complexes B and C were competed for by
the B-like element of the rat insulin I gene found within E1.
Figure 8 shows that the B-like element competes for B and C
binding with efficiencies similar to those of E-108. By contrast,
the B-like element was unable to compete for complex A even
at a 500-fold molar excess (data not shown). These results
indicate that E2 and the B-like element of the rat insulin I gene
are able to bind the same complexes with similar affinities.
E2, E3, and IS form an islet cell-specific transcriptional

unit. To study whether E2 and E3 can activate transcription
independently, we multimerized E-108 and E-130 oligonucle-
otides and subcloned the resulting multimers 59 upstream of a
minimal glucagon gene promoter containing the TATA box (nt
151 to 231). The plasmids were then transiently transfected
into glucagon-producing cells (InR1G9, alphaTC1, and RIN
56A). Neither E-108 nor E-130 in up to five copies (Fig. 9) was
able to activate transcription. Similarly, two copies of E-108/
E-130 sequentially linked and subcloned 59 of the glucagon
gene minimal promoter were inactive. We then tested the
activity conferred by two copies of a 44-bp oligonucleotide
containing E2, E3, and IS (E-108/IS/E-130); by contrast to
E-108/E-130, E-108/IS/E-130 was able to activate transcription
by three- to fivefold in alphaTC1, InR1G9, and RIN 56A cells
(Fig. 9). These data indicate that E2 and E3 can function
neither alone nor together as enhancers; the presence of IS is
necessary for the activation of transcription.
Since complexes which interact with E-108 and E-130 are

present in both glucagon- and insulin-producing cells, we
tested the activities of the different constructs in betaTC1 cells.
As expected, plasmids containing multimers of E-108, E-130,
or E-108/E-130 did not activate transcription above the basal
level while E-108/IS/E-130 increased activity by 5.5-fold in be-
taTC1 cells, a result quantitatively similar to that obtained with
glucagon-producing cells. None of the plasmids could activate
transcription in nonislet cell lines (Fig. 9). We conclude that
E-108/IS/E-130 (nt2100 to2140) functions as an islet-specific
activating element that we name G4.
The IS interacts with islet cell-specific complexes. The IS

must be important for glucagon gene expression since its mu-
tation results in a 62% decrease in activity and its presence is
necessary for the E-108/IS/E-130 functional unit to activate
transcription. We investigated whether IS was a specific bind-
ing site for nuclear proteins from InR1G9 cells. E-108/IS/E-
130 was used as the binding site in EMSAs at protein concen-
trations at which complexes binding to E-130 (Fig. 10A) or
E-108 were easily detected. At low protein concentrations, we
observed two complexes, D and E (Fig. 10A). As protein con-
centrations increased, E progressively became predominant
and D nearly disappeared. Both complexes were specific and
different from the A, B, and C complexes. Competition for
complex D was achieved only by oligonucleotide E-108/IS/E-
130 (Fig. 10B, lane 2, 2 mg of protein) and not by E-108, E-130,
or the octamer binding site (lanes 3 to 5), indicating that
complex D interacts with IS. Complex E was efficiently com-
peted for by E-108/IS/E-130 (Fig. 10B, lane 2, 16 mg of protein)
and also, to a lesser extent, by E-108 and E-130 (lanes 3 and 4)
but not by the octamer binding site (lane 5). Addition of E-108
and E-130 decreased binding of complex E by 52 and 66%,
respectively, while markedly increasing complex D, as assessed
by laser densitometry. These results suggest that while complex
D contacts only IS, complex E requires E-108 and E-130 to
form.

FIG. 6. Cell type distribution of A, B, and C complexes. EMSAs were per-
formed as for the experiment shown in Fig. 3 with 8 mg of cell nuclear extracts
and 32P-labeled E-130 (A) or E-108 (B) oligonucleotides. P indicates pancreatic
endocrine cells (InR1G9 in lanes 1, alphaTC1 in lanes 2, and betaTC1 in lanes
3), and NP indicates nonpancreatic cells (the human chronic lymphocytic leuke-
mia cell line Cohen in lanes 4, JEG-3 in lanes 5, and HepG2 in lanes 6). A, B,
and C indicate the respective specific protein complexes; stars indicate nonspe-
cific complexes; and free indicates free DNA.
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To further assess the involvement of E2 and E3 in the
formation of the E complex, we performed EMSAs with wild-
type and mutant E-108/IS/E-130 oligonucleotides at protein
concentrations allowing detection of complexes A, B, and C
(Fig. 10C); mutations were within either E2 (E-108N), E3
(E-130N), or IS (IS-N). As shown in Fig. 10C, neither E-108N
nor E-130N affected complex D (at 2 mg of extracts) while both
decreased complex E binding, by 41 and 73%, respectively
(with a corresponding increase in complex D). Mutation of the
IS had the most dramatic effects: both complexes D and E
disappeared. We then compared the patterns of complexes

binding to E-108/IS/E-130 and to IS alone. As shown in Fig.
10D, complex D and an additional complex (F) were found to
bind IS but complex E did not bind. Complex F was also faintly
visible with E-108/IS/E-130, but complex E formation was
vastly favored as protein concentration increased. Overall,
these data suggest that complex E contains complex D and
additional factors which require E2 and E3 for maximal sta-
bility.
To more precisely define the binding site of complexes D

and E, we performed methylation interference assays (Fig.
11A). We obtained the same pattern of decreased methylated

FIG. 7. The A and IEF1 complexes are similar or identical. EMSAs were performed with 8 mg of InR1G9 nuclear extracts and 32P-labeled E-130 (A, B, and C)
and IEB1 (B) oligonucleotides. (A) Competition for the A complex by E-130 or IEB1 at the amounts indicated above the lanes. (B) Competition for IEF1 by E-130,
IEB1, or nonspecific DNA (G1-56) at the amounts indicated above the lanes. Ab indicates the addition of preimmune antiserum (2) or of two different antibodies
against E12/E47 (1) (2, 25) to the incubation reaction mixture. The rightmost lane illustrates the migration pattern of the A complex bound to E-130 for comparison.
(C) Preimmune serum (2) or two different antibodies against E12/E47 (1) (2, 25) were added to the incubation reaction mixture containing 8 mg of InR1G9 nuclear
extracts and 32P-labeled E-130. IEF1 and A indicate the respective specific protein complexes, stars indicate nonspecific complexes, and free indicates free DNA.
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G’s for both complexes. Affected G’s were localized to nt
2117, 2119, 2120, 2121, and 2123 on the upper strand and
to nt 2118 on the lower strand, establishing the minimal bind-
ing site for D and E as GTGGGCG (Fig. 11B). The fact that
we observed the same pattern for D and E is consistent with
the view that E contains D; we were not able, however, to
detect additional affected G’s in the E boxes when we analyzed
either complex E or complexes A, B, and C.
We next studied the cell type distribution of the D and E

complexes (Fig. 12). D and E were both present in glucagon-
producing (alphaTC1) and insulin-producing (betaTC1) cells,
whereas these complexes were not detected in the nonislet cell
lines tested. We conclude that E-108/IS/E-130 functions as an
islet-specific activating sequence and interacts with islet-spe-
cific protein complexes.

DISCUSSION

Determining the functional role of the E-box motifs present
in the first 168 bp of the glucagon gene promoter, which had
been demonstrated to be important for cell-specific expression,
was of major interest. Indeed, the E-box motif CANNTG in-
teracts with one class of transcription factors, the HLH protein
family. Members of this family have been shown to be involved
in cell type specification through their activation of specific
genes such as, for example, the MyoD gene family in muscle
cells and the daughterless gene in Drosophila neuronal cells (5,
51). E boxes have also been identified in the promoters of
several genes transiently or permanently expressed in the beta
cells of the pancreatic islets (30, 49, 50). Beta-cell-specific
expression of the rat insulin I and II genes appears to be
critically dependent on the integrity of their respective E boxes
(17, 20, 30).
Our results demonstrate a functional role for a new control

element located upstream of G1 between nt 2100 and 2140.
This element contains at least three binding sites: two E-box
motifs, E2 and E3, and an IS. E2 interacts with an islet cell-
specific C complex which shows no specificity for the E-box
motif and a ubiquitous B complex; our mutational analyses
suggest that the latter complex may have specificity for an
E-box motif, but they are too limited for more definitive con-
clusions. The lack of correlations between impairment of bind-
ing of complexes B and C and alterations in transcriptional
activity raised some doubts about the functional relevance of
these complexes. However, mutation of the bases surrounding
the E2 motif (V4 and V5) which affect transcription but not B
and C binding may result in decreased stability of other protein
complexes. V4 is indeed located in the IS, and V5 is located at
the 59 end of the G1 element.
E2 is homologous to other DNA elements, E1, SMS-UE,

and B found in the rat insulin I, somatostatin, and elastase I
genes, respectively (reference 22 and Table 3). The C complex
is likely to correspond to BTF1, a factor previously described
to bind to the B element of the elastase I gene enhancer (23).
The B element (TAAATGAGTTG) binds two complexes;
BTF1 is found only in pancreatic endocrine cells, while the

second one is ubiquitous. Using an oligonucleotide containing
E-108 and nuclear extracts from insulin-producing cells, Kruse
et al. detected two complexes which comigrated in EMSAs
with complexes binding to the B element (23). These two
complexes also interacted with control elements of the rat
insulin I (EI) and the somatostatin (SMS-UE) genes. These
results are in agreement with our data showing that E-108 and
the B-like element of the rat insulin I gene bind the B and C
complexes with similar affinities. We thus propose that the two
complexes binding to the B element correspond to the B and C
complexes of E-108 and that BTF1 is not beta cell specific but
is present in both alpha and beta cells. By this hypothesis, the
B complex cannot contain HLH proteins, inasmuch as the
E-box motif is disrupted in the B element.
The B element of the elastase I gene performs a binary

function. Within the context of the elastase I enhancer, the B
element contributes to appropriate acinar cell expression.
When separated from other enhancer components, however,
the B element selectively directs transcription of a reporter
gene to islet cells of transgenic animals. The presence of po-
tential B-element equivalents in other pancreatic genes, both
endocrine and exocrine specific, suggests that the B element
and its associated factor, BTF1, may play a role in pancreatic
gene expression, in particular, as proposed by Kruse et al. (23),
in the early stages of pancreatic development when endocrine
and exocrine compartments share a common precursor lin-

FIG. 8. Complexes B and C bind to both E2 and the B-like element of the rat
insulin I gene. EMSAs were performed with 8 mg of InR1G9 nuclear extracts and
32P-labeled E-108. Competition for the B and C complexes was with 10 and 25
ng of unlabeled E-108 or B-like element of the insulin I gene. B and C indicate
the positions of specific protein complexes, and free indicates free DNA.

TABLE 3. B-like elements

Gene Element Sequence

Glucagon E2 TCAAATGATTT
Insulin I E1 GGAAATGAGGT
Somatostatin UE TTGATTGATTT
Elastase I B ATAAATGAGTT
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eage. Differentiation of the endocrine lineage could then in-
volve the continued presence of BTF1 and the activation of
additional transcription factors specific for the pancreatic hor-
mone genes. Involvement of E2 in the control of glucagon gene
expression strengthens this hypothesis.
Analyses directed at E3 indicate that this is the only se-

quence of the glucagon gene promoter which is likely to func-
tion as an E-box motif. Overexpression of Id-1 decreases tran-
scriptional activity conferred by G4 and strengthens this
hypothesis. E3 is identical to the FAR and NIR boxes of the rat
insulin I gene and to the ICE/RIPE3a sequence of the insulin
II gene. E3 interacts with complex A, which is similar or iden-
tical to IEF1. IEF1 is an islet cell-specific factor which has been
proposed to be involved in the beta-cell-specific expression of
the rat insulin genes as well as the gastrin and the secretin
genes (17, 20, 29, 30, 33, 49, 50). It is a heterodimeric complex
composed of E12/E47 and an unidentified protein present in
alpha and beta cells (31, 32). Complex A indeed comigrates
with IEF1 in EMSAs and binds to the IEF1 binding site. In
addition, like IEF1, A is islet specific and interacts with anti-
bodies against E12/E47. We thus conclude that the same or
similar HLH proteins may participate in the control of both
glucagon and insulin gene expression.
E2 and E3 have no activating potential by themselves; they

must be linked to the IS to activate transcription. The func-
tional role of IS was first suggested by the 62% loss of tran-
scriptional activity which resulted from its mutation. In addi-
tion, this mutation impaired the in vitro binding of two

pancreas-specific protein complexes, D and E. The minimal
recognition site of D and E is GTGGGCG, as assessed by
methylation interference assays; D is likely contained within
complex E, together with other proteins. E2 and E3 also ap-
pear to be necessary for maximal stability of the E complex;
whether E contains the A, B, and C complexes remains unclear
at present. The D recognition site has some similarities to Sp1
binding sites (19); the cellular distribution of the D complex
suggests, however, that Sp1 and D are different. Interestingly,
GC-rich sites have been identified just 39 of the E-box motif of
the secretin and gastrin gene promoters (25, 49); this may
indicate that cooperativity between HLH proteins and other
complexes may be necessary for hormone genes to be ex-
pressed in the islets. We have not found, however, DNA se-
quences homologous to the D/E binding sites within the insulin
gene promoters. It thus remains to be seen whether the D/E
complexes can interact with insulin genes. Thus, although ho-
mologous DNA sequences and cellular factors may be involved
in the control of insulin and glucagon gene expression, the
functional relationships between E2 and E3 of the glucagon
gene and the NIR and FAR boxes and E1 of the rat insulin I
gene are clearly different. E2 and E3 form a functional unit
with IS, whereas E1 and the NIR and FAR boxes appear to
function independently (33). The FAR and NIR boxes of the
rat insulin I and II genes, respectively, are part, however, of a
functional unit containing multiple binding sites which are
critical for beta-cell-specific activity. This arrangement again
suggests that E boxes found in islet hormone genes are often

FIG. 9. E-108/IS/E-130 functions as an islet cell-specific enhancer. Plasmids containing five copies of multimerized E-108 or E-130 oligonucleotides, two copies of
E-108/E-130 oligonucleotides in tandem [23(108/130)], or two copies of E-108/IS/E-130 [23(108/IS/130)] oligonucleotides subcloned 59 of a minimal glucagon gene
promoter (nt 151 to 231) were transiently transfected in glucagon-producing (InR1G9 and alphaTC1) and insulin-producing (betaTC1) cells and in nonislet cells
(JEG-3 and HepG2). CAT activities represent CAT/placental alkaline phosphatase enzymatic activity ratios and are expressed relative to the value obtained with the
positive control, RSVCAT (38). poCAT (the CAT gene without the promoter) was used as a negative control.
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part of a functional unit and that protein-protein interactions
between HLH and other nuclear proteins may be important
for islet cell-specific expression.
The E-108/IS/E-130 functional unit (G4) confers islet-spe-

cific activation to the glucagon gene. This is in agreement with
the fact that complexes which interact with G4, with the ex-

ception of B, are only or preferentially found in islet cells. G4
thus confers to the glucagon gene a level of tissue-specific
expression different from that conferred by G1, which restricts
expression to the alpha cells (26).
The most proximal E box, E1, present within the upstream

promoter element, G1, does not interact by itself with nuclear

FIG. 10. Binding of InR1G9 nuclear proteins to the IS. EMSAs were performed with 32P-labeled E-130 (A), E-108/IS/E-130 (A, B, C, and D), mutant
E-108/IS/E-130 (C), and IS (D) oligonucleotides. (A) Increasing amounts of InR1G9 nuclear extracts (indicated above the lanes) were added to the incubation reaction
mixtures. (B) Experiments for competition for the D and E complexes were performed with 2 and 16 mg of InR1G9 extracts by adding 50 ng of the following unlabeled
oligonucleotides: E-108/IS/E-130 (lanes 2), E-108 (lanes 3), E-130 (lanes 4), and nonspecific oligonucleotide (lanes 5). Lanes 1 contain no competitor. (C) 32P-labeled
wild-type (WT) and mutant E-108/IS/E-130 oligonucleotides (Table 1) were incubated with 2 and 16 mg of InR1G9 nuclear extracts. 108-N, 130-N, and IS-N are
abbreviations for E-108-N/IS/E-130, E-108/IS/E-130-N, and E-108/IS-N/E-130, respectively (Table 1). (D) Complex formation on IS and E-108/IS/E-130 oligonucle-
otides (Table 1). 32P-labeled IS and E-108/IS/E-130 (108/IS/130) were incubated with 8 and 16 mg of InR1G9 nuclear extracts, respectively. A, D, E, and F indicate
the respective specific complexes; free indicates free DNA; and stars indicate nonspecific complexes.
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proteins from InR1G9 cells and thus does not appear to have
any function in the alpha-cell-specific expression of the gluca-
gon gene (26). Actually, three complexes bind to a more ex-
tensive region within G1 between nt 275 and 296, which
includes E1; the three complexes, however, do not exhibit any
specificity for the E-box motif and are not affected by antibod-
ies against the HLH protein E12/E47 (26). It is somewhat
surprising that E1 cannot bind the A or IEF1 complexes, since
it shares an identical core motif with E3 and the E boxes of the
rat insulin I and II genes (Table 2). It has been suggested,
however, that bases surrounding the CANNTG motif are im-
portant for determining the specificity of binding to different
HLH proteins and that T residues flanking the motif may
decrease or prevent their binding (13). PCR amplification of
sequences bound by E47 failed to identify sequences with a T
residue in that position (4); similarly, binding of the Myc pro-
tein is also inhibited by flanking T residues (14). The detri-
mental effect of flanking T residues on binding cannot be

generalized to include all HLH proteins, however, inasmuch as
binding of MyoD and Max does not appear to be affected (4,
14). The E1 motif is flanked on both the 59 and 39 sides by T
residues; this characteristic may well prevent the binding of
E12/E47-containing complexes. In that regard, it is interesting
that the E3 motif has one flanking T residue and exhibits a
lower affinity for the A/IEF1 complexes than does the NIR box
of the rat insulin I gene, which has no immediately surrounding
T residues.
In conclusion, the promoter of the glucagon gene can be

divided into two control elements, each responsible for a spe-
cific level of expression. This double control may be necessary
during development. When the first islet progenitor cells ap-
pear, they are able to coexpress multiple hormone genes (1, 16,
45); at that time, common cis-acting and trans-acting factors
may be involved in the activation of these genes. The second
level of specificity would intervene later at the stages of cell
differentiation. Characterization of the complexes binding to
G1 and G4 and studies of their temporal expression relative to
that of the pancreatic hormone genes during embryogenesis
should shed further light on the process of islet cell differen-
tiation.
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FIG. 11. Methylation interference analyses of the D and E complexes. The
E-108/IS/E-130 oligonucleotide upper and lower strands were individually end
labeled with 32P and incubated with 60 mg of InR1G9 nuclear extracts as de-
scribed in Materials and Methods. (A) Methylation interference patterns of D
and E. Lanes F represent the cleavage patterns of free DNA, and lanes D and E
represent the cleavage patterns of the D and E complexes, respectively. Modified
methylated nucleotides are indicated along the ladder by stars (D) or circles (E).
(B) Schematic representation of the methylation interference profiles of com-
plexes D and E. Stars and circles indicate residues in D and E complexes,
respectively, at which methylation specifically interfered with protein binding.

FIG. 12. Cell type distribution of the D and E complexes. Equal amounts of
nuclear extracts (2 and 16 mg) from islet (alphaTC1 and betaTC1) and nonislet
(JEG-3 and HepG2) cells were incubated with 32P-labeled E-108/IS/E-130 oli-
gonucleotides. EMSAs were performed as described for Fig. 3. D and E indicate
the respective specific protein complexes, stars indicate nonspecific complexes,
and free indicates free DNA.
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