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We identified three sequence-specific DNA-protein complexes which are formed after in vitro binding of
nuclear extracts, derived from neuronal (CA-77, rat brain) or non-neuronal (HeLa) cells, to positions -70 to
-29 of the rat somatostatin promoter. The protein(s) responsible for the formation of the three sequence-
specific complexes was fractionated from rat brain whole cell extracts by DEAE-Sepharose chromatography.
The critical contact residues of the factor(s) in each complex, as determined by methylation interference
analyses, are located within positions -59 to -35, which is protected from DNase I digestion; these include the
G residues of a TGACGTCA consensus also found in the cAMP-responsive human enkephalin (positions -105
to -76) and ElA-inducible adenovirus type 5 E3 (positions -72 to -42) promoters. Competition assays with
these heterologous promoters reveal that the factor(s) of each complex displays approximately 50-fold greater
affinity for the somatostatin promoter-binding site. Synthetic oligonucleotides spanning positions -70 to -29
of the somatostatin promoter and containing single-base substitutions of the G residues in the TGACGTCA
consensus were utilized in competition assays. The G residues located in the center of the module are the most
critical determinants in the formation of the three sequence-specific complexes. Deletions disrupting the
TGACGTCA consensus abolish not only formation of the three complexes in vitro but also expression of the
somatostatin promoter in vivo, suggesting that formation of one or more of these complexes is essential for
transcription of the rat somatostatin gene.

Regulation of transcription involves specific interactions
of trans-acting factors with cis-acting DNA sequences. Mo-
lecular genetics has helped define cis-acting DNA elements
for a number of viral and cellular eucaryotic promoters
(reviewed in references 13 and 24). More recently, proteins
that specifically bind to these cis-acting DNA elements have
been identified by in vitro DNA-binding assays (4, 5, 17-19,
35). Accumulating evidence points to the existence of arrays
of 8 to 12 base-pair recognition elements which are modular
in nature. These elements contribute to the function of the
promoter through their interaction with specific transcription
factors to confer tissue-specific (36, 37, 41) temporal regula-
tion (21, 31, 44) or activation in response to extracellular
inducers (16, 23, 34).
We have focused our attention on the expression and

regulation of genes which are selectively expressed in neu-
ronal and endocrine cells (1, 8, 9, 12, 15, 27, 28, 42). In this
report we have utilized in vitro DNA-binding assays to
detect the factor(s) which interact in a sequence-specific
manner with the promoter element required for expression
of the neuropeptide hormone gene somatostatin. The soma-
tostatin gene encodes the 14-residue peptide somatostatin,
which is selectively expressed in the brain (32) as well as in
endocrine cells of the pancreas (20) and gastrointestinal tract
(33).
We have utilized the somatostatin-producing CA-77 cell

line, which originated from a rat medullary thyroid carci-
noma (2), to study the expression of the somatostatin gene.
Expression studies in our laboratory (1) have demonstrated
that only sequences downstream of position -60 are re-
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quired for tissue-specific expression of this promoter in
CA-77 cells, whereas a deletion to position -43 abolishes
promoter function. The somatostatin promoter and its 5'
deletions are not expressed in HeLa cells, which do not
express the endogenous somatostatin gene. Expression stud-
ies of somatostatin promoter-chloramphenicol acetyltrans-
ferase (CAT) fusions in PC12 cells suggested that the soma-
tostatin promoter is responsive to cyclic AMP (cAMP) (30).
The region of the promoter required for cAMP responsive-
ness has been mapped between positions -60 and -29 and
contains a cAMP consensus sequence, TGACGTCA, begin-
ning at position -48. This is the same region that we found
to be responsible for the tissue-specific expression of the
somatostatin gene in CA-77 cells. The TGACGTCA consen-
sus is found in most genes that appear to be regulated by
cAMP, such as the rat phosphoenolpyruvate carboxykinase
(45), human enkephalin (6), and the a-subunit of the human
chorionic gonadotropin hormone (39). It is also found in the
promoters of the early ElA-responsive genes of adenovirus
(21, 22, 40, 43). Deletion analyses have confirmed the
importance of the regions containing the TGACGTCA con-
sensus in the expression of these promoters (for a review of
adenovirus promoters, see reference 3).
We report here the identification of three sequence-spe-

cific DNA-protein complexes formed with the somatostatin
promoter TGACGTCA consensus sequence. Deletions dis-
rupting the TGACGTCA consensus disrupt not only the
formation of the three complexes in vitro but also the
expression of the promoter in vivo. Interestingly, the fac-
tor(s) forming these complexes interact with other promoters
harboring the TGACGTCA consensus but display approxi-
mately 50-fold greater affinity for the somatostatin promoter-
binding site.
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MATERIALS AND METHODS

Gel retardation assays. Gel retardation analyses were
carried out essentially as described by Carthew et al. (5) with
a radiolabeled BglII-DraI (positions -70 to -29) 42-base-
pair fragment of the rat somatostatin promoter. The BgllI-
DraI fragment was end labeled by the large fragment ofDNA
polyrmerase I or T4 polynucleotide kinase and purified by gel
electrophoresis on 20% acrylamide gels. Reactions were
incubated in a volume of 20 ,ul at room temperature for 30
min. The binding assay was performed in 10 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH
7.9)-S50 mM KCI-1 mM EDTA-5 mM dithiothreitol-5 mM
MgCl2-i ,ug of poly(dI-dC)-10% glycerol-10 ,ug of
extract-0.15 ng of DNA (15,000 cpm), and the reaction
mixture was loaded onto a 4% polyacrylamide gel (acryla-
mide/bisacrylamide ratio, 80:1). Electrophoresis was at 10
V/cm in 6.7 mM Tris hydrochloride (pH 7.9)-3.3 mM sodium
acetate-1 mM EDTA with buffer recirculation. The gels
were then fixed in 10% acetic acid-10% methanol, dried, and
autoradiographed.
DNase I footprinting of the somatostatin promoter frag-

ment. The labeled probe for DNase I footprinting of the
somatostatin promoter was prepared from plasmid pBxA-100
(1) by utilizing the HindIII-BamHI sites at positions -100
and +50, respectively. The noncoding strand was labeled by
digesting and filling in plasmid pBxA-100 at the HindIII site
(position -100), followed by a secondary BamHI digestion.
The 150-base-pair labeled fragment was isolated by poly-
acrylamide gel electrophoresis.
A 2-ng (-20,000-cpm) sample of the end-labeled fragment

was incubated with 50 ,ug of unfractionated nuclear CA-77
extract in a typical binding reaction for 30 min at room
temperature and then subjected to DNase I (Bethesda Re-
search Laboratories, Inc.) treatment for 1 to 5 min. After
treatment with freshly diluted DNase I, the reaction was
terminated by addition of 100 ,ul of 30 mM EDTA-1%
sodium dodecyl sulfate-300 mM NaCI-250 ,ug of tRNA per
ml. Samples were deproteinized by phenol-chloroform ex-
traction, ethanol precipitated, and loaded onto an 8% dena-
turing polyacrylamide gel.

Methylation interference assay. For the methylation inter-
ference assay, the radiolabeled probe was prepared by end
labeling the coding or the noncoding strand in separate
reactions with T4 polynucleotide kinase. Annealing with the
respective nonlabeled complementary strand was per-
formed, and the double-stranded DNA was purified by
electrophoresis on 20% polyacrylamide gels. Labeled probe
(100 ng) was methylated by dimethylsulfate for 15 min (26)
and then incubated with 200 ,ug of CA-77 nuclear extract in
a large-scale binding reaction for 30 min at room tempera-
ture. The sample was loaded onto a preparative DNA-
binding gel. The bands of interest were excised after auto-
radiography, and the radiolabeled DNA was isolated by
electrophoresis onto NA-45 paper (Schleicher & Schuell
Co.). The resulting radiolabeled DNA was cleaved with
piperidine and loaded onto a 20% denaturing polyacrylamide
gel.

Cell lines and extracts. HeLa cells were maintained in
Dulbecco modified Eagle medium (DMEM) supplemented
with 10% fetal calf serum. The CA-77 cell line originated
from a rat medullary thyroid carcinoma and expresses the
endogenous somatostatin gene (2). It was maintained in
defined medium, composed of 1:1 DMEM-F-10, supple-
mented with S jig of transferrin per ml, 10 jig of insulin per
ml, and 3 X 10-8 M selenous acid. During passage of the

CA-77 cells, the plating medium was composed of 1:1
DMEM-F-10 and was supplemented with 5% horse serum
and 2.5% fetal calf serum.
Whole cell extracts from HeLa, CA-77, and rat brain cells

were prepared by the method of Manley et al. (25); nuclear
and cytoplasmic extracts were prepared by the method of
Dignam et al. (10). Protein concentrations were determined
by the Bradford assay (3a) with serum albumin standards,
and extracts were stored at -80°C.
DEAE-Sepharose chromatography. A DEAE-Sepharose

column (90-ml column volume) was equilibrated with 10 mM
HEPES (pH 7.9) containing 1 mM dithiothreitol, 1 mM
EDTA, 5 mM MgCl2, and 30 mM KCl. Rat brain whole cell
extract (400 mg) prepared from 50 adult rats was dialyzed
overnight against the same buffer and loaded onto the
column; the flow rate was 30 to 35 ml/h. After the first A280
peak was washed off the column, a linear KCl gradient
ranging from 30 to 300 mM was applied. Finally, the column
was washed with buffer containing 500 mM KCI. Fractions
(3.5 ml each) were measured by A280, and DNA-binding
activity was assayed by the gel retardation assay.
Recombinant plasmids and CA-77 cell transfections. The

binding site deletions (A4 and A7) were constructed by
digestion of plasmid pJ3xSST. t (1) at the unique AatII
restriction site, starting at position -47, followed by Si
nuclease treatment and ligation. The size of the deletions
was determined by sequencing. Positions -750 to +50 of the
somatostatin gene containing the binding site deletions (A4
or A7) were cloned in front of the CAT gene as described
earlier (1).

Plasmid DNA was transfected into CA-77 cells by electro-
poration as described earlier (1). CAT activity was assayed
by the method of Gorman et al. (14) with an additional heat
and EDTA treatment of the extract to inactivate cellular
deacetylating activity (7).

RESULTS

Detection of protein factor(s) that binds to the rat somato-
statin promoter. To identify the factors involved in the
expression of the rat somatostatin gene, we examined the
fragment between positions -70 and -29 of the promoter for
specific DNA-protein interactions by utilizing the gel retar-
dation assay (5, 11). Positions -70 to -29 of the somato-
statin gene are shown in Fig. 1A. This region contained three
nucleotides of the TATAA box at its 3' end and harbored
sequences which resembled a G+C-rich box starting at
position -64. It also contained the sequence TGACGTCA,
between positions -48 and -42, which is similar to the
consensus sequence for genes that appear to be regulated via
a cAMP pathway (6, 30, 39, 45).

Figure 1B shows a typical gel retardation assay utilizing
the radiolabeled promoter fragment spanning positions -70
to -29. In the absence of extract (Fig. 1B, lane 1) the DNA
fragment migrated as a discrete band at the bottom of the gel.
Whole cell, nuclear, and cytoplasmic extracts from somato-
statin-producing CA-77 cells were incubated with the pro-
moter fragment spanning positions -70 to -29 (Fig. 1B,
lanes 2 through 4). Four bands, bl through b4, were seen
with the whole cell extract (lane 2); band b2 was the most
prominent. The proteins forming bands bl and b2 were
primarily localized in the nuclear fraction (lane 4). In con-
trast, the proteins responsible for complexes b3 and b4 were
found in both the nuclear and cytoplasmic fractions of the
CA-77 extract (lanes 3 and 4). Identical gel retardation
profiles and subcellular distribution of the binding activities

MOL. CELL. BIOL.



FACTOR(S) RECOGNIZING THE RAT SOMATOSTATIN PROMOTER

SalI
DraI
rr-IAABg II +1

I v e --- II IMMM I

-250 -X ,°°70 -43 -29

GATCTGGGGGCGCCTCCTTGGCTGACGTCAGAGAGAGAGTTT

-70 -60 -50 -40
,,

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0 lOx 100x200x 0 lOx lOOx 1XOx 0 lOx 300x lOx 50x lOOx

-

60
I-'"

,1 V 3 I I }
Competitor -70to -2%> 3 ,0 X -70 to -51 -60 to -29competitoro-:r- 0t 2%3 '

a
:

N

S-
!a

Oy o
o ao

-4
0

FIG. 1. Detection of protein factors that bind to the rat somatostatin promoter. (A) Schematic diagram and a limited restriction map of the
rat somatostatin 5'-flanking region; the TATAA box homology shown is located at position -29; the CAAT box homology (not shown) is at
position -93; a G+C-rich box consensus sequence is located starting at position -64. The blackened area between positions -70 and -43
indicates the region of the promoter required for expression of the gene in CA-77 cells. The coding-strand sequence of the BglII-DraI fragment
used in gel retardation assays is shown below. Bars underneath this sequence indicate the smaller fragments utilized as competitor DNA in
binding reactions. (B) Gel retardation profile of proteins binding to the fragment between positions -70 and -29 of the rat somatostatin
promoter. Radiolabeled DNA (0.15 ng) was incubated with 10 ,ug of protein at room temperature before electrophoresis through a

low-ionic-strength, 4% polyacrylamide gel. Fold molar excess of unlabeled competitor DNA in the binding reaction is indicated above each
lane. Lanes: 1, free DNA fragment; 2, radiolabeled DNA fragment spanning positions -70 to -29 bound to CA-77 whole cell extract; 3 and
4, CA-77 S-100 and nuclear fractions, respectively; 5 through 8, competitions with increasing amounts of unlabeled somatostatin fragment
spanning positions -70 to -29; 9 through 12, competitions with the upstream rat somatostatin promoter fragment (positions -250 to -70),
rabbit f-globin (positions -106 to -26) or AdS major late promoter (positions -260 to +31); 13 through 15 and 16 through 18, competitions
with increasing amounts of the rat somatostatin promoter fragments (positions -70 to -51 and -60 to -29, respectively).

were also observed with extracts from rat brain cells (data
not shown). Proteinase K treatment of the extract before the
binding reaction abolished the banding profile, indicating
that discrete DNA-protein complexes are responsible for the
retardation of the probe in the gel (data not shown).
To determine the sequence specificity of the DNA-protein

interactions, competition assays were performed in the
presence of increasing amounts of the unlabeled somato-
statin promoter fragment (positions -70 to -29) (Fig. 1B,
lanes 5 through 8). Bands bl, b2, and b3 showed complete
competition at 100-fold molar excess of competitor (lanes 7
and 8), whereas b did not display any competition under
these conditions, suggesting that the b4 complex is nons)-c-
cific. An adjacent fragment derived from the 5'-flanking
region of the somatostatin gene (positions -250 to -70; Fig.

1A) did not compete with bands bl, b2, and b3- when
included as a competitor in the binding reaction (Fig. 1B,
lane 10). Competitions with other DNA sequences, such as
the rabbit ,-globin promoter (Fig. 1B, lane 11) or the
adenovirus 5 major late promoter (Fig. 1B, lane 12) also did
not affect the intensity of bands bl, b2, and b3. Likewise, a
10,000-fold excess by weight of poly(dI-dC) or a 750,000-fold
molar excess of supercoiled pUC8 DNA did not affect the
binding profile (data not shown). Thus, the site of interaction
of specific nuclear factor(s) spans the region between posi-
tions -70 and -29 of the somatostatin promoter.
As an initial step in defining the somatostatin promoter

region required for the interaction with the nuclear factor(s),
specific portions of the region between positions -70 and
-29 were synthesized and utilized as competitor DNA in the
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FIG. 2. Footprint analysis of the rat somatostatin promoter.
DNase I protection analysis of the noncoding strand (positions -100
to +50) of the rat somatostatin promoter with 50 ,ug of nuclear
CA-77 extracts. Lanes: 1 and 4, unbound probe treated with 80 ng of
DNase I per ml for 2 min; 2, protein-bound probe treated with 800 ng
of DNase I per ml for 5 min; 3, protein-bound probe treated with 8
,ug of DNase I per ml for 5 min; G, Maxam and Gilbert G reaction.
The protected region is noted to the right. The closed triangles
indicate DNase I-hypersensitive sites.

gel retardatiop assay. A sequence resembling the consensus
sequence for the Spl-binding factor was present starting at
position -64. To determine whether bl, b2, and/or b3
corresponds to DNA-protein complexes with the Spl factor,
a DNA fragment was synthesized spanning positions -70 to
-51 (Fig. 1A). Increased amounts of this fragment in the
binding assay (Fig. 1B, lanes 13 through 15) did not displace
any complex formed with the fragment spanning positions
-70 to -29. This suggests that bands bl, b2, and b3 do not
represent complexes with the Spl-binding factor. In addi-
tion, a synthetic DNA fragment spanning residues -60 to
-29 of the promoter lacking the G+C-rich box (Fig. 1B,
lanes 16 through 18) competed effectively with bands bl, b2,
and b3, indicating that the Spl factor is not involved in the
generation of these bands.
DNase I footprinting of the rat somatostatin promoter

fragment. We utilized the DNase I footprint assay with
nuclear extracts from CA-77 cells to identify the region of
the somatostatin promoter protected from DNase I diges-
tion. The somatostatin promoter fragment (positions - 100 to
+50) labeled at the noncoding strand was incubated with
nuclear CA-77 extracts and briefly treated with DNase I. The
digestion products were analyzed on 8% denaturing poly-
acrylamide gels (Fig. 2). The protected region extended from
positions -59 to -35 of the somatostatin promoter. Two
strong DNase I-hypersensitive sites occurred at positions
-55 and -54 in the protein-bound DNA. The footprint
generated when the coding strand was labeled extended from
position -59 to -38 (data not shown). At position -44 of the
coding strand, a strong DNase I-hypersensitive site was seen
with the protein-bound DNA.

Localization of the binding site. The methylation interfer-
ence assay was performed to identify the G residues of the
somatostatin promoter fragment (positions -70 to -29) that
come into direct contact with the protein(s) forming com-

plexes bl through b4 (38). The methylation interference
pattern for bands bl through b4 utilizing the somatostatin
fragment is shown in Fig. 3A. Three G residues in the coding
strand at positions -50, -47, and -44 appeared to be
involved in the DNA-protein interaction of bands bl, b2, and
b3. In contrast, no G residues seemed to be critical in the
binding of b4. Similarly, in the noncoding strand, two G
residues at positions -45 and -42 appeared to be important
for these interactions. Thus, the binding site for bands bl
through b3 spans the sequence

5'-G*CTG*AC*G*TC *-3'
3'-C GAC TG C AG -5'

and is localized between positions -50 and -42, within the
area defined by the DNase I protection assay (Fig. 3B).
Identical methylation interference patterns were obtained
when rat brain whole-cell extract was utilized (data not
shown).
To confirm that the specific G residues identified by the

methylation interference assay are important determinants
in these DNA-protein interactions, G-IA changes at posi-
tions -50, -47, and -44 of the coding strand and G->T
changes at positions -45 and -42 of the noncoding strand
were made. This mutated synthetic DNA fragment was
identical in all other respects to the synthetic oligonucleotide
spanning residues -60 to -29. The mutated fragment, when
included in the binding reaction, did not compete even at a
300-fold molar excess with bands bl, b2, and b3, whereas the
unlabeled wild-type fragment spanning positions -60 to -29
was an effective competitor for these three complexes (data
not shown).
To further evaluate the importance of each of the five

guanosine residues in the binding, oligonucleotide fragments
spanning positions -70 to -29 of the somatostatin promoter
were synthesized, containing single-base substitutions at
positions -50, -47, -45, -44, and -42. The single-base
substitutions are shown in Fig. 4A, and the oligonucleotides
are referred to as point mutations (pm) 1 through 5. The
competition assays performed in the presence of increasing
amounts of each of the oligonucleotide fragments pm-i
through pm-5 are shown in Fig. 4B. Although from the
methylation interference data the guanosine residue at posi-
tion -50 seems to be involved in the interaction with the
nuclear factor(s), the single-base substitution of G->T did
not have any affect on the formation of the three sequence
specific complexes. This suggests either that the G residue at
position -50 is of secondary importance in the DNA-protein
interactions or that the G->T change conserved the binding.
The competition profile in the presence of increasing
amounts of pm-2 and pm-5 DNA showed displacement of
complexes bl through b3 only at a 300-fold molar excess of
competitor. In contrast, oligonucleotides pm-3 and pm-4 did
not effectively compete for complex bl through b3 formation
against the wild-type fragment, even at a 300-fold molar
excess of competitor DNA. Thus, the two most important
guanosine residues are located within the center of the
binding site at positions -45 and -44. The residues at
positions -42 and -47 are also important determinants in
the formation of complexes bl through b3, although to a
lesser degree. The least important seems to be the one at
position -50.

Fractionation of the three somatostatin promoter-binding
activities. Since whole cell rat brain extracts resulted in
identical gel retardation and methylation interference pro-
files with somatostatin fragment spanning positions -70 to

...r

MOL. CELL. BIOL.

vi



FACTOR(S) RECOGNIZING THE RAT SOMATOSTATIN PROMOTER

A coding strand
F bl b2 b3 b4 F

-441 11
-47 -

-50 .
0

noncoding strand
F b1 b2 b3 b4 F

Z-
_ _ _ ON

-45 _

-42 a - - G*

GC-rich box
consensus

0

m
_

@0-

0 0'a

B
5 GATCTGGGGGCGCCTCCTTGGCTGACGTC AGAGAGAGAGTTT3
3' CTA GACCCCCGCGGAGGAACCGAC TGCAG TCTCTCTCTCAAA 5

-70 -60 -50 -40 -29

DNAaseI protection
FIG. 3. Methylation interference analysis. (A) The end-labeled coding or noncoding strand of the somatostatin promoter fragment

spanning positions -70 to -29 was methylated by treatment with dimethylsulfate for 15 min and incubated with CA-77 nuclear extract as
described in the text. Reaction mixtures were electrophoresed on a preparative DNA-binding polyacrylamide gel. The radioactive fragments
corresponding to bands bl through b4 were isolated, cleaved with piperidine, and analyzed on a 20% sequencing gel. F, Maxam and Gilbert
G reaction of the -70 to -29 DNA fragment. The nucleotide positions of apparent protein contacts are indicated. (B) Summary of DNase
I protection and methylation interference analyses. The nucleotide sequence of the somatostatin promoter fragment between positions -70
and -29 is shown. The DNase I-protected area is indicated by arrows. Asterisks indicate the G residues that come into direct contact with
factors forming complexes bl through b3. Closed triangles indicate the DNase I-hypersensitive sites observed with the protein-bound DNA.

-29, we utilized rat brain extracts to fractionate the bl-
through b3-binding activities by DEAE-Sepharose chroma-
tography. The binding activities of bl through b3 could be
fractionated byDEAE-Sepharose chromatography by utiliz-
ing a linear KCI salt gradient (Fig. 5A). This fractionation
step enabled us to study some characteristics of each of the
binding activities. As an example (Fig. SB), the gel retarda-
tion profile utilizing the b2 fractionated material resulted in
formation of only the b2 complex, suggesting that a single
binding activity does not produce the multiple binding activ-
ities seen in the nuclear extracts.
The properties of the fractionated b2 complex appear to be

the same as those exhibited by the unfractionated nuclear
extracts. This was shown by competition assays utilizing the
somatostatin promoter fragments spanning positions -70 to
-51 and -60 to -29. The fragment spanning positions -60 to
-29 and containing the G-*A and C-*T changes (described
above) was also included as a competitor in binding reac-
tions with the DEAE-fractionated b2 fraction. Similarly to
the CA-77 nuclear extract, only the wild-type fragment
(positions -60 to -29) effectively competed for b2 binding
when the b2-containing fraction was used (Fig. SB).

Binding site deletions. To address the question of whether
the binding of this set of nuclear factor(s) is important for the
expression of the somatostatin promoter, we constructed
two deletion mutations within positions -50 to -42 of the
somatostatin promoter. One binding site deletion construct
contained a 4-base-pair deletion of residues -46 to -43, and
the second contained a 7-base-pair deletion of residues -47
to -41. Both deletion constructs (A4, A7) disrupted the
TGACGTCA consensus starting at position -48. Somato-
statin promoter fragments containing each binding site dele-
tion were cloned in front of the CAT gene, resulting in
plasmids pBxsstA4 and pBxsstA7. Deletion and control
constructs were introduced into CA-77 cells by electropora-
tion. After 48 h the cells were harvested and the extracts
were assayed for CAT activity (Fig. 6A). Mutation pBxsstA4
retained only 9% of CAT activity when compared with the
wild-type somatostatin promoter (positions -750 to +50),
whereas the level of expression of mutation pBxsstA7 was

similar to the expression level obtained with the inactive
deletion pBxA-43. We conclude that the deleted sequences
disrupting the TGACGTCA consensus are essential for
expression of the somatostatin gene in CA-77 cells.
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FIG. 4. Competition analysis with DNA fragments containing
single-base substitution within the binding site. (A) Single-base
substitutions in the binding site region (positions -50 to -40) of the
rat somatostatin promoter. The synthetic fragments containing the
point mutations (pm-1 through pm-5) extend from positions -70 to
-29 of the somatostatin promoter. (B) Competition analysis with
synthetic double-stranded DNA corresponding to each one of the
point mutations shown in A. Fold molar excess of each competitor
fragment is shown above each lane.

The radiolabeled fragment spanning positions -70 to -29
of the wild-type somatostatin promoter and the two deletion
mutations were incubated either with nuclear CA-77 extract
or the DEAE b2-containing fraction (Fig. 6B). The 4- and
7-base-pair deletion fragments exhibited reduced or no bl
through b3 binding (lanes 2, 3, 5, and 6) compared with the
wild-type control (lanes 1 and 4). Interestingly, the nonspe-
cific b4 complex was still present. In addition, competition
assays to a level of 300-fold molar excess with the fragment
spanning positions -70 to -29 obtained from the two
deletion constructs did not result in any noticeable compe-
tition for any of the bands (data not shown). These studies
demonstrate impaired binding of the nuclear factor(s) to the
mutated somatostatin promoter and strongly suggest that
formation of one or more of these DNA-protein complexes is
required for expression of the somatostatin promoter in
CA-77 cells.
Same binding activities in HeLa cells. One model for

preferential expression of tissue-specific genes involves the
existence of trans-acting factors only in the cell type in
which the gene is expressed. To determine whether the
somatostatin promoter-binding activities are distributed in a
tissue specific manner, we examined extracts from HeLa
cells for the existence of these binding activities. Surpris-
ingly, although HeLa cells do not express somatostatin,
HeLa cell extracts did produce gel retardation, competition,
and subcellular distribution profiles of the binding activities
that were identical to those observed with CA-77 extracts

(data not shown). Thus, tissue-specific expression of the
somatostatin gene must involve the activation of these
preexisting factors. This suggests that factor activation may
alter the transcriptional control but not the DNA-binding
properties of the factor(s).

Competition assays with the human enkephalin and adeno-
virus 5 E3 promoter fragments. To determine whether the
nuclear factors interacting with the somatostatin promoter
are related to the cAMP transduction pathway, we utilized
the enkephalin fragment spanning positions -105 to -76 as
a model for a cAMP-responsive promoter. This region of the
enkephalin promoter confers cAMP and phorbol ester re-
sponsiveness when cloned in front of the herpes simplex
virus thymidine kinase promoter or the mouse proopiome-
lanocortin promoter in transient expression assays (6). In
addition, we have utilized the adenovirus type 5 (Ad5) E3
region spanning positions -72 to -42 as an example of an
ElA-inducible viral promoter to determine whether the
transcription factor(s) recognizing the viral promoter is
related to those of the somatostatin and/or enkephalin genes.
Cellular and viral promoters containing the TGACGTCA
consensus sequence in regions critical for their expression
are shown in Table 1.

Competition studies were performed utilizing, in separate
reactions, labeled fragments corresponding to the rat soma-
tostatin region spanning positions -70 to -29, the human
enkephalin region, positions -105 to -76, and the Ad5 E3
region, positions -72 to -42. Figure 7A shows the retention
profile of factors binding to the somatostatin fragment in the
presence of increasing amounts of somatostatin, enkephalin,
and Ad5 E3 competitor fragments. In the case of the
somatostatin-labeled probe, the competition profile in the
presence of the homologous fragment shows that the bl
through the b3 complexes were completely displaced at
100-fold molar excess of somatostatin competitor DNA. In
contrast, in the presence of heterologous competitor DNA
(enkephalin or Ad5 E3) the complexes bl through b3 were
not completely displaced, even at 500-fold molar excess.
Thus, the complexes formed with the somatostatin promoter
have an apparent greater affinity for the somatostatin-
binding region than for the enkephalin and Ad5 E3 regions.
To confirm the above observations, we performed the

reciprocal experiments (Fig. 7B and C) utilizing the labeled
enkephalin (positions -105 to -76) or the Ad5 E3 (positions
-72 to -42) fragments as probes in the presence of increas-
ing amounts of competitor DNA. The retention profiles (Fig.
7B and C) utilizing the labeled enkephalin or Ad5 E3
fragments displayed two major complexes (indicated by
asterisk and arrow). The slowest-migrating complex (as-
terisk) corresponds to the binding activity forming complex
b2 with the somatostatin promoter fragment at positions -70
to -29. This was confirmed by in vitro binding reactions
utilizing each one of the three probes with the b2-containing
DEAE-fractionated extract (unpublished observations). In-
terestingly, in binding reaction with the enkephalin- or AdS
E3-labeled probes (Fig. 7B and C) the complex indicated by
the asterisk was completely displaced at a 10-fold excess of
somatostatin competitor DNA but not at a 10-fold excess of
enkephalin or Ad5 E3 DNA. This observation confirms that
the b2-forming activity displays higher affinity for the soma-
tostatin binding site. Thus, although the factor(s) forming the
three sequence-specific complexes with the somatostatin
region at positions -70 to -29 can also bind to other
TGACGTCA consensus-containing promoters, their binding
affinities are not comparable.

Fortuitously, these reciprocal experiments (Fig. 7B and C)
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also identified an enkephalin-Ad5 E3-specific DNA-protein
complex (shown by arrow, Fig. 7B and C). This DNA-
protein complex did not exhibit detectable competition even
at a 500-fold molar excess of somatostatin competitor DNA
but competed with either enkephalin or Ad5 E3 fragments.
This indicates that there appears to be a specific DNA-
protein complex associated with the enkephalin-Ad5 E3
sequence.

DISCUSSION
We report here the identification of three DNA-protein

complexes formed in a sequence-specific manner when
nuclear CA-77, HeLa, or rat brain whole cell extracts
interact with the region of the rat somatostatin promoter
required for expression in CA-77 cells. The DNA-binding
site is located within positions -59 to -35 of the somato-
statin promoter and includes the TGACGTCA consensus,
found in cAMP-responsive cellular promoters and E1A-
inducible adenoviral promoters (Table 1). The protein-

binding activities forming the sequence-specific complexes
have been fractionated by DEAE-Sepharose chromatogra-
phy from rat brain whole cell extracts. The b2-forming
activity retains binding properties identical to those in the
unfractionated nuclear extract. The nature of each complex
is not known at present, but they all recognize and interact
with the identical G residues within positions -50 to -42 of
the somatostatin promoter. A possible explanation for these
three sequence-specific complexes is that a single factor
binds to the DNA but additional protein-protein interactions
with the DNA-bound factor result in the formation of these
multiple complexes. These complexes may also represent
distinct posttranslational modifications of the same protein,
or they may be distinct proteins, since they can be fraction-
ated by ion-exchange chromatography. Alternatively, each
factor may be the result of proteolytic cleavage. However,
various protease inhibitors such as phenylmethylsulfonyl
fluoride, leupeptin, and tolylsulfonyl phenylalanyl chloro-
methyl ketone were included in the preparation of CA-77 and
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FIG. 6. Analysis of binding site deletion mutations via transient expression and in vitro binding assays. (A) Transient expression assays
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93-base-pair (positions -43 to +50) fragment of the 5'-flanking region of the rat somatostatin gene fused to the CAT reporter gene. pBxsstA4
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HeLa whole cell extracts. The absence of these inhibitors
during the preparation of nuclear extracts did not alter the
gel retardation profile, suggesting that these binding activi-
ties are probably not proteolytically related. Further physi-
cal characterization of these complexes will make the basis
for these differences apparent.
Two experiments strongly support the involvement of one

or more of these sequence-specific DNA-binding activities in
the transcriptional activation of the somatostatin gene. First,
deletions of 4 and 7 base pairs within the defined binding site
of the nuclear factor(s) reduced the expression potential of
the somatostatin promoter in CA-77 cells to a level of9% and
basal level of expression, respectively. Second, the mutated
promoter fragments exhibited reduced or absence of bl
through b3 band formation in gel retardation assays. In

contrast, the nonspecific complex b4 was still formed. Thus,
the lack of binding in vitro and the lack of expression of
these two deletion constructs in vivo provide a strong
correlation that the formation of these sequence-specific
complexes is critical for somatostatin gene transcription. We
are currently performing in vitro transcription assays to
establish unequivocally whether this relationship is causal.
In addition, these experiments will help distinguish which of
the three complexes is responsible for the transcriptional
activation of the rat somatostatin promoter.
There are various explanations for the existence of these

three sequence-specific complexes (bl through b3). A num-
ber of cellular (cAMP-responsive) and viral (adenovirus
ElA-inducible) promoters contain the TGACGTCA consen-
sus sequence (Table 1). Perhaps the complexes (bl through

TABLE 1. TGACGTCA consensus-containing promoters

Protein Sequence" Map positions

Rat somatostatin T T G G* C T G* A C+ G* T C+ A G A -53 to -39

hCGb o-subunit A A A A T TG A C G T C A T G -129 to-115

Enkephalin G GG C C T G C G T C A G C -97 to -84

PEPCKc G CC C C T T A C G T C A G A -96to-82
Ad2 E2A (e) T G G A G A T G A C G T A G T -82 to -68
Ad2/Ad5 E3 C C C T G T G A C G A A A G C -49 to -63

Ad2/Ad5 E3 T T C A G A T G A C T A A C T -101 to -86
Ad2 E4 G G A A G0 T G A C G T A T C G -168 to -154

aAsterisks and plus signs indicate the important G residues of the rat somatostatin promoter, identified by the methylation interference assay.
b hGC, Human chorionic gonadotropin.
PEPCK, Phosphoenolpyruvate carboxykinase.
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FIG. 7. Comparison of the retention profile in the presence of rat somatostatin, human enkephalin, and Ad5 E3 promoter fragments. (A)
Samples (10 ,ug) of CA-77 nuclear extracts were incubated with 0.15 ng of somatostatin (positions -70 to -29) radiolabeled probe in the
presence of increasing amounts of unlabeled competitor. The molar excess of competitor is indicated above each lane. The competitor DNA
included the following fragments: somatostatin (positions -70 to -29), enkephalin (positions -105 to -76), and Ad5 E3 (positions -72 to
-42). The unlabeled competitor DNA was added 5 min before the addition of the labeled probe in the reaction mixture. Incubation was for
30 min at room temperature. (B and C) Identical conditions were utilized as described above for A, but the radiolabeled probe DNA was the
human enkephalin (positions -105 to -76) and the AdS E3 (positions -72 to -42) fragments, respectively. Asterisk indicates the b2-binding
activity. Arrow indicates the enkephalin-AdS E3-specific DNA-protein complex.

b3) detected by the in vitro binding assay with the somato-
statin region spanning positions -70 to -29 represent not
only complexes of somatostatin gene specific factors (func-
tional binding) but also factors activating other TGACGT-
CA-containing promoters (nonfunctional binding). Alterna-
tively, one or more of the three complexes may be necessary
for tissue-specific expression of the rat somatostatin pro-
moter. This agrees with the biology of the somatostatin gene,
which is tissue specific in its mode of expression but re-
sponds to more widely acting inducers such as cAMP (30).
Montminy and Bilezikjian (29) recently identified a nuclear
protein in PC12 cells which selectively binds to positions
-55 to -32 of the somatostatin gene. They showed that the
affinity-purified factor can be phosphorylated in vitro by the
catalytic subunit of the cAMP-dependent protein kinase. In
addition, after stimulation of PC12 cells with forskolin a
three- to fourfold increase in the phosphorylation of this
protein occurs.

It is also of considerable interest that the factors bl
through b3 are present in cell lines which express somato-
statin (CA-77) as well as in those that do not (HeLa). Sen and
Baltimore (37) recently showed that NF-KB, a nuclear pro-
tein detected by in vitro binding assays only in cells that
transcribe the immunoglobulin light-chain genes, is induced
in the absence of protein synthesis by a posttranslational
modification of a precursor factor found more widely in
other cell types. Thus, a possible scenario to explain the
selective expression of the somatostatin gene in CA-77 cells,
but not HeLa cells, would involve tissue-specific activation
of preexisting transcription factor(s) resulting in altered
transcriptional activity without affecting its DNA-binding
properties.
Our competition results with fragments from the somato-

statin, enkephalin and AdS E3 promoters suggest that,

although the nuclear factor(s) forming the three sequence-
specific complexes recognize the TGACGTCA module of
these promoters, they display different binding affinities for
the TGACGTCA element of the various genes. This premise
would suggest a model of how genes expressed within the
same cell and containing similar modular elements, such as
the TGACGTCA element, could be differentially regulated
by various inducers such as cAMP. The different binding
affinities of trans-acting factor(s) can result in differential
expression of two given genes containing similar modular
elements.
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