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1-cell type-specific expression of the upstream glucokinase promoter was studied by transfection of fusion
genes and analysis of DNA-protein interactions. A construct containing 1,000 bp of 5'-flanking DNA was
efficiently expressed in HIT M2.2.2 cells, a ,8-cell-derived line that makes both insulin and glucokinase, but not
in NIH 3T3 cells, a heterologous cell line. In a series of 5' deletion mutations between bases -1000 and -100
(relative to a base previously designated +1), efficient expression in HIlT cells was maintained until -280 bp,
after which transcription decreased in a stepwise manner. The sequences between -280 and -1 bp con-
tributing to transcriptional activity in HIT cells were identified by studying 28 block transversion mutants that
spanned this region in 10-bp steps. Two mutations reduced transcription 10-fold or more, while six reduced
transcription between 3- and 10-fold. Three mutationally sensitive regions of this promoter were found to bind
to a factor that was expressed preferentially in pancreatic islet 13 cells. The binding sites, designated upstream
promoter elements (UPEs), shared a consensus sequence of CAT(T/C)A(C/G). Methylation of adenine and
guanine residues within this sequence prevented binding of the 13-cell factor, as did mutations at positions 2,
3, and 5. Analysis of nuclear extracts from different cell lines identified UPE-binding activity in HIT M2.2.2
and 1-TC-3 cells but not in AtT-20, NIH 3T3, or HeLa cells; the possibility of a greatly reduced amount in
ac-TC-6 cells could not be excluded. UV laser cross-linking experiments supported the 1-cell type expression of
this factor and showed it to be -50 kDa in size. Gel mobility shift competition experiments showed that this
1-cell factor is the same that binds to similar elements, termed CT boxes, in the insulin promoter. Thus, a role
for these elements (UPEs or CT boxes), and the 13-cell factor that binds to them, in determining the expression
of genes in the 13 cells of pancreatic islets is suggested.

An understanding of cell type-specific gene expression
requires identification and characterization of the cis-acting
elements and trans-acting factors involved. For a given cell
type, this can be achieved by first identifying genes ex-
pressed specifically or preferentially in the particular cell
type and then characterizing the particular elements utilized
and the factors that bind to them. In pancreatic a cells, the
insulin gene has been, until recently, the only available
model system for such studies. While progress has been
made by several groups in determining the cis-acting ele-
ments and trans-acting factors that determine expression of
the rat and human insulin genes (2, 7, 16, 17, 24, 31), studies
of a single gene are likely to result in only a limited
understanding of the elements and factors involved in regu-
lating 1-cell type-specific gene expression. A more compre-
hensive understanding of the elements and factors necessary
for gene expression in pancreatic a cells can be achieved by
identifying and studying additional genes that are transcribed
primarily or exclusively in this cell type. Thus, we have
begun an analysis of the cis-acting element(s) and trans-
acting factor(s) responsible for cell type-specific expression
of the upstream glucokinase promoter in 1 cells.

Glucokinase (hexokinase type IV) plays a key role in
maintaining blood glucose homeostasis by catalyzing the
high-Km phosphorylation of glucose, the proximal and rate-
limiting step in the utilization of glucose by liver and
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pancreatic ,B cells (22). Two alternative transcription control
regions which lie at least 12 kb apart in a single glucokinase
gene are involved in determining the cell type-specific
expression of glucokinase mRNA (20). The upstream glu-
cokinase promoter region is active in both pancreatic a cells
and the anterior pituitary, while the downstream glucokinase
promoter is active only in hepatocytes (13, 14, 19, 21).
Despite the expression of glucokinase mRNA in the pitu-
itary, there is no glucokinase activity in this tissue because
of alternative RNA splicing of the glucokinase gene tran-
script in the pituitary that alters the reading frame of the
protein (19).

In pancreatic islets, glucokinase immunoreactivity is lim-
ited to 1 cells. However, among different 13 cells, glucoki-
nase expression is heterogeneous (15). This and other find-
ings suggest that glucokinase gene expression in pancreatic 13
cells is under regulatory control different from that of the
insulin gene. Thus, information obtained by studying 1-cell
type-specific expression of the upstream glucokinase pro-
moter is likely to complement data obtained by studying the
insulin promoter, as well as characterizing the regulation of
this important metabolic enzyme. To identify the elements
and factors responsible for 1-cell-specific expression of the
glucokinase gene, we undertook a detailed fusion gene
analysis of the upstream glucokinase transcription control
region. Both 5' deletion and block transversion mutational
strategies were used to identify sequences that contribute to
transcriptional activity of this promoter in insulinoma cells,
and DNA-protein interactions at three sites were studied in
detail. We identified an element, termed the upstream pro-
moter element (UPE), that bound a factor of -50 kDa which
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was preferentially expressed in pancreatic 1 cells. UPEs
were found to be the same as CT boxes, elements that have
been identified in insulin promoter sequences. Together,
these findings suggest that this element and the factor that
binds to it are involved in 1-cell type-specific regulation of
both the insulin and glucokinase genes.

MATERIALS AND METHODS

General procedures. Oligonucleotides were synthesized by
either the Vanderbilt DNA Core Laboratory or Midland
Reagent Co. (Midland, Tex.). All DNA manipulations were
done by standard procedures (26) unless otherwise stated.

Plasmids. Luciferase expression vector pSVOAPL2L (5)
contains the luciferase insert L-AA5' (8) and a polylinker
with recognition sites for KpnI, SacI, SmaI, HindIII, and
BglII. Two simian virus 40-derived splice and polyadenyla-
tion sequences in pSVOAPL2L, upstream of the polylinker,
were utilized to reduce readthrough transcription from cryp-
tic initiation sites in the procaryotic DNA sequences (8).
prInsII-luc was made by removing the rat insulin II promoter
sequences in pPLFCAT (provided by R. Stein, Department
of Molecular Physiology and Biophysics, Vanderbilt Univer-
sity [31]) by digestion with HindIII and BglII and then
ligation of the fragment into the same sites of pSVOAPL2L.
The resulting rat insulin II promoter fragment contained
sequences from -342 to +8 and a neutral mutation at -100
that does not affect expression in cultured insulinoma cells
(31). A Rous sarcoma virus (RSV) promoter-luciferase fu-
sion gene (pRSV-luc) was obtained from S. Subramani
(Department of Biology, University of California at San
Diego [8]). All plasmids were propagated in Escherichia coli
and purified by alkaline lysis, followed by two isopycnic
CsCl gradient centrifugations.

Linker-primer PCR amplifications. Glucokinase promoter
fragments with different 5' and 3' endpoints were generated
by using linker-primer polymerase chain reactions (PCR).
The oligonucleotide primers used contained 18 bp of a
hybridizing sequence, a 6-bp enzyme recognition site, and
two additional nucleotides at the 5' ends to increase restric-
tion efficiency. A KpnI site was introduced into the top-
strand primers, while a BglII site was inserted into the
bottom-strand primers. DNA amplification reactions (100 ,ul)
took place in a DNA thermocycler (Perkin Elmer Cetus)
under standard conditions (25) using Thennus aquaticus
DNA polymerase (AmpliTaq; Perkin Elmer Cetus). From 1
to 10 ng of pGK7.B2 (21) DNA was used as the template for
amplification in the presence of 100 pmol of each primer.
Twenty-five temperature cycles were performed by using a
step cycle program of 94°C for 1 min, 42°C for 1 min, and
72°C for either 1 or 2 min, and then the amplified DNA
fragment was extracted with phenol and separated from
unused primers by spun-column chromatography through
Sephacryl S-200. After digestion with KpnI and BglII, the
DNA fragment was extracted with phenol, precipitated with
ethanol, and ligated into the corresponding sites of
pSVOAPL2L.

Block transversion mutagenesis. Site-specific mutagenesis
by the method of Kunkel (18) was used to alter regions of the
glucokinase promoter 10 bp at a time. The mutating oligo-
nucleotides were each 34 bases long and consisted of 12
unaltered bases on each side of the 10 bases that were
mutated. The base transversions generally followed the
strategy A++C and G+-T, except for two stimulatory muta-
tions (-230/-221 and -180/-171) for which additional mu-
tations were made by using a different sequence. The -230/

-221 region of the upstream glucokinase promoter was
changed to AC-CIGcCAGTG, creating a PstI recognition site,
and the - 180/-171 region was changed to GCAAMjCHGA,
creating a HindIII recognition site. All site-specific muta-
tions were confirmed by dideoxy DNA sequence analysis.
RNA blot transfer analysis. Total cellular RNA was iso-

lated by homogenization of cells in guanidinium isothiocya-
nate and centrifugation through a 6 M CsCl cushion (3).
Poly(A)+ RNA was obtained by chromatography on oli-
go(dT)-cellulose (Type II; Collaborative Research) and size
fractionated in a 1.0% agarose gel containing 6.3% formal-
dehyde, 1 mM EDTA, and 20 mM MOPS (morpholinepro-
panesulfonic acid) at pH 7.4. The RNA was blotted to
nitrocellulose, bound to the filter by UV irradiation, and
prehybridized for 6 h in a buffer containing 50% formamide,
5x SSPE (lx SSPE is 0.18 M NaCl, 10mM NaPO4 [pH 7.4],
and 1 mM EDTA), 5 x Denhardt's solution (0.1% Ficoll,
0.1% polyvinylpyrrolidone, 0.1% albumin), 0.1% sodium
dodecyl sulfate (SDS), and 100 ,ug of sheared, denatured
salmon testis DNA per ml. One million counts per minute of
a denatured glucokinase cDNA probe per milliliter was
added and allowed to hybridize for 48 h. The filter was
subsequently washed three times for 20 min each time at
450C with 0.2x SSC (1x SSC is 0.15 M sodium chloride plus
0.015 M sodium citrate)-0.1% SDS, and autoradiography
was performed.

Transfection assays. HIT M2.2.2 cells (9, 27), a simian
virus 40-transformed hamster 13-cell line, and NIH 3T3 cells,
a mouse fibroblast line, were grown in Dulbecco's modified
medium supplemented with 15% (vol/vol) horse serum, 2.5%
(vol/vol) fetal calf serum, and 50 ,ug each of streptomycin
and penicillin per ml. Cells were plated onto 75-cm2 flasks 1
day prior to transfection by using the calcium phosphate-
DNA coprecipitation method (11). One milliliter of CaPO4-
DNA precipitate was made by using 10 ,ug of test plasmid
DNA and 1 ,ug of a plasmid containing an RSV-,B-galactosi-
dase fusion gene. The precipitate was incubated with cells
for 4 h, after which the cells were exposed to 20% (vol/vol)
glycerol for 2 min and then rinsed with serum-free medium.
Fresh medium containing serum was added, and the cells
were incubated at 370C for 40 h. The cells were harvested by
being rinsed twice with phosphate-buffered saline and addi-
tion of 1 ml of trypsin-EDTA. After several minutes, 3 ml of
medium containing serum was added and the cells were
collected by centrifugation at 300 x g at 4°C for 5 min,
washed with 2 ml of cold phosphate-buffered saline, and then
centrifuged again. The supernatant was aspirated, and the
cell pellets were suspended in 1 mM phenylmethylsulfonyl
fluoride-250 mM Tris (pH 7.8) and transferred to a clean
1.5-ml tube. A cellular lysate was prepared by sonication at
the lowest setting for 10 s. Debris was removed by centrif-
ugation at 12,000 x g for 15 min at 40C. The supernatant was
gently aspirated, transferred to a clean 1.5-ml tube and kept
at 40C until assayed for luciferase and 3-galactosidase activ-
ities. Luciferase activity was determined by the method of
de Wet et al. (8). Light measurements were performed with
an AMINCO photometer coupled to a chart recorder. Reac-
tions containing 10 to 70 p,l of cellular extract were initiated
by injecting 100 ,ul of 1 mM luciferin in 0.4 M NaHCO3 into
the reaction chamber. The light output (determined by peak
height) of each extract was determined at least twice, and the
average was taken. 3-Galactosidase activities were deter-
mined spectrophotometrically with o-nitrophenyl-13-D-galac-
topyranoside as the substrate (23).

Transcription start site analysis. HIT M2.2.2 cells were
transfected with 20 p,g of DNA per 150-cm2 plate, and total
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RNA was harvested 24 h later (4). Two hundred micrograms
of total RNA was treated with 5 U of RNase-free DNase I
(RQ DNase; Promega) for 15 min at 37°C, extracted with
phenol and phenol-CHCl3, and precipitated with ethanol.
The entire pellet of total RNA was used to make first-strand
cDNA in a 50-,ul reaction containing 2.5 jg of oligo(dT)1218,
a 0.5 mM concentration of each deoxynucleoside triphos-
phate, 500 U of Moloney murine leukemia virus reverse
transcriptase, and the buffer provided by the supplier (Be-
thesda Research Laboratories). The reaction was incubated
at 37°C for 1 h and then terminated by freezing at -20°C.
PCRs (50 ,ul) were performed by using 2.5 ,ul of the first-
strand cDNA and 25 temperature cycles with a step cycle
program of 94°C for 1 min, 50°C for 1 min, and 72°C for 1.5
min. A 15-pul aliquot of the amplified DNA was fractionated
on a 1.5% agarose gel, denatured, and blot transferred to a
nitrocellulose filter. After UV fixation, the blot was probed
with a 32P-end-labeled oligonucleotide probe with sequences
complementary to the amplified DNA product. Hybridiza-
tion was performed overnight at 40°C in a buffer containing
2x SSC, lOx Denhardt's solution, and 0.15 mg of salmon
testis DNA per ml. The blot was washed first in 2x SSC for
5 min at 40°C and then three times for 20 min each at 30°C
prior to autoradiography.

Nuclear extracts. Nuclear extracts were prepared by the
method of Shapiro et al. (29), except that protease inhibitors
were added. A 1:500 dilution of an inhibitor cocktail con-
taining aprotinin (1 mg/ml), antipain (1 mg/ml), leupeptin (1
mg/ml), chymostatin (1 mg/ml), pepstatin A (1 mg/ml),
trypsin-chymotrypsin inhibitor (5 mg/ml), and benzamidine
(50 mM) was added to the hypotonic buffer used during
extract preparation. The nuclear extracts were aliquoted
after dialysis and stored at -70°C until they were used. The
integrity of each extract was assessed by examining the
pattern of binding to a probe for a ubiquitous CCAAT
transcription factor (10).

Gel mobility shift assays. Oligonucleotides for mobility
shift assays were synthesized with a 5' TCGA overhang on
each end and purified by elution from 18% acrylamide gels.
The oligonucleotide pairs were annealed by mixing equal
portions (-10 pg) in 10 mM Tris (pH 8.0)-i mM EDTA-250
mM KCI and then heating them to 100°C for 10 min. After 10
min, the heat was turned off and the bath was allowed to cool
to room temperature. Klenow fill-in reactions using
[a-32P]dATP (3,000 Ci/mmol) were performed by using 50
pmol of the annealed oligonucleotide pairs; probes were
purified by chromatography in 2-ml Sephadex G-50 columns.
Protein binding reactions contained 12.5 mM HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.8),
2.5 mM dithiothreitol, 0.1 mM EDTA, 5% glycerol, 1 ,g of
poly(dI-dC), 2 pig of denatured salmon sperm DNA, 10 mM
KCl, approximately 4 x 104 cpm of the 32P-labeled probe,
and 20 pig of nuclear extract. Reactions were incubated at
4°C for 20 min, and then 2 pul of loading buffer was added and
the sample was fractionated on a 4% acrylamide gel pre-
cooled to 4°C in a buffer of 250 mM Tris-1.9 M glycine-10
mM EDTA.
UV laser cross-linking. Protein-DNA-binding reactions

were performed as described for the gel mobility shift
assays, except that 2 x 105 cpm of the radiolabeled probe
was added to 40 pg of nuclear extract in a total volume of 40
pA. The binding reactions were incubated at 4°C for 30 min
and then irradiated with the output of a frequency-quadru-
pled, 266-nm, pulsed Nd:YAG laser (Coherent, Palo Alto,
Calif.). The net energy output of the laser was -3 mJ/s. After
cross-linking with 600 mJ, 20 pl of the binding reaction was

mixed in a 1:1 ratio with SDS-(polyacrylamide gel electro-
phoresis (PAGE) sample buffer, incubated at 100°C for 5
min, and fractionated by SDS-PAGE on a 7.5% gel. The gels
were then dried, and autoradiography was performed.

Methylation interference. The top or bottom strand of an
oligonucleotide pair that spanned from -111 to -81 (200 ng)
was labeled with T4 polynucleotide kinase (New England
BioLabs) and [,y-32P]ATP (>5,000 Ci/mmol, Amersham) for
1 h at 37°C. The kinase was inactivated by being heated to
100°C for 5 min, and the labeled oligonucleotide was an-
nealed to a 2 M excess of the complementary strand by being
heated to 100°C for 10 min and then cooled to room temper-
ature over a 30-min period. The resulting oligonucleotide
pair was methylated by addition of 50 mM sodium cacody-
late and 2 ,ul of dimethyl sulfate for 10 min at 22°C. Sodium
acetate (pH 7.0) and 2-mercaptoethanol were added to total
concentrations of 500 and 333 mM, respectively, to arrest
methylation. The unincorporated nucleotides were subse-
quently separated by G-50 Sephadex chromatography. Bind-
ing reactions containing 2.5 x 106 cpm of the annealed probe
and 80 ,ug of nuclear extract were performed as described for
the gel mobility shift assays. After electrophoresis on a 4%
polyacrylamide gel, the bound and free probes were identi-
fied by autoradiography and excised. Gel slices were cast
into a 1% agarose gel, and the DNA was electrophoresed
onto a DEAE membrane and eluted by incubation twice in
150 pul of elution buffer containing 1 M sodium chloride, 20
mM Tris (pH 8.0), and 0.1 mM EDTA at 65°C. The eluted
DNA was extracted once with phenol-chloroform (1:1) and
precipitated with 2.5 volumes of ethanol. The precipitated
DNA was suspended in 50 pl of 1 M piperidine and incu-
bated at 90°C for 30 min. The piperidine was vacuum
evaporated and the DNA pellet was suspended twice in 10 pl
of H20, which was followed each time by vacuum evapora-
tion. Sequencing loading buffer was added, and an equiva-
lent number of counts per minute of each sample was
fractionated on a 20% denaturing polyacrylamide gel. The
gel was covered with cellophane wrap, and autoradiography
at -70°C was performed.

RESULTS

Cell type-specific expression of the upstream glucokinase
promoter region. HIT M2.2.2 cells, an insulin-secreting
,-cell-derived line (9, 27), were examined for glucokinase
mRNA expression by Northern (RNA) blot analysis and
found to express the message (Fig. 1, lane 1). In contrast,
NIH 3T3 cells, a fibroblast-derived cell line, did not express
glucokinase mRNA (Fig. 1, lane 2). The mRNA detected in
HIT M2.2.2 cells was approximately 200 bases longer than
that detected in hepatic RNA (Fig. 1, lane 3), indicating that
transcription of the glucokinase gene initiated from the
upstream transcription control region. A fusion gene con-
taining glucokinase DNA sequences from -1000 to + 14,
linked to the firefly luciferase gene (IGK-lO00luc), was
transiently expressed in both HIT M2.2.2 and NIH 3T3 cells,
and luciferase activities, normalized to the expression of a
second reporter, were determined (Table 1). In addition,
luciferase activities were assayed from prInsIl-luc, a fusion
construct containing rat insulin II promoter sequences,
pRSVluc, a construct containing the RSV long terminal
repeat promoter, and pSVOAPL2L, the promoterless lu-
ciferase vector. Transcription of the PGK-1000luc fusion
gene in HIT M2.2.2 cells was at least 25 times greater than
that of the promoterless vector. However, in NIH 3T3 cells
there was no difference in expression of the fusion gene
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FIG. 1. RNA blot transfer analysis of glucokinase mRNA
expression. Ten-microgram samples of poly(A)+ RNA from HIT
M2.2.2 and NIH 3T3 cells and 2 pg of poly(A)+ RNA from the liver
of a diabetic rat treated with insulin for 4 h were fractionated on a

1.0% agarose-formaldehyde gel and then blot transferred to a

nitrocellulose filter. The blot was hybridized with a 32P-labeled
glucokinase cDNA fragment and then washed three times at 45°C
with 0.2x SSC-0.1% SDS, after which the autoradiograph shown
was obtained.

containing glucokinase promoter sequences and the promot-
erless vector. The ,-cell-specific pattern of expression of the
I3GK-lOOOluc gene was similar to that seen for the rInsII-luc
gene, although the luciferase activities of the latter were

approximately 3.2-fold lower under the same experimental
conditions. In contrast, the RSV-luc gene was expressed
efficiently in both cell types. The PGK-lOOOluc gene had
about 6% of the activity of the RSV promoter in HIT M2.2.2
cells.

Analysis of transcription initiation occurring on transfected
IGK fusion genes. To ascertain whether the differences in
luciferase activity generated by transfection of 1GK-lOOOluc
into the different cell lines were transcriptional in origin, the
locations of the transcription initiation sites on two 1GK-luc
fusion genes were determined. Transcription initiation from
the upstream glucokinase promoter region has previously
been shown to span at least 60 bp (21). Initial attempts to
map these sites by using an RNase protection assay were

unsuccessful, presumably because the wide region of tran-
scription initiation made it difficult to distinguish the assay
signal from the background. A PCR-based assay was there-
fore used to determine the approximate location where
transcription initiation occurred on the transfected IGK-luc
fusion genes. cDNA templates were prepared from RNA
isolated from cells transfected with either pIGK-lOOOluc,

TABLE 1. Cell type-specific expression of the upstream
glucokinase gene promoter regiona

Transcriptional activity
Plasmid

HIT M2.2.2 NIH 3T3

pIGK-1000luc 2,087 41
prInsII-luc 642 75
pRSV-luc 34,800 16,500
pSVOAPL2L 35 145

a Ten micrograms of plasmid DNA was cotransfected with 1 1Lg of pRSV-
PGal into the indicated cell lines. Luciferase activity was measured 40 h later
and normalized to 3-galactosidase activity. The results are averages of two
representative experiments with each of the cell types. The units of transcrip-
tional activity are peak light output (peak height in millimeters) per unit of
3-galactosidase activity.

p1GK-100luc, or pSVOALPL2L, and different primer pairs
were used for amplification, as illustrated in Fig. 2B. Twen-
ty-five amplification cycles were performed, an empirically
determined number which allowed semiquantitative amplifi-
cation results. Lanes 1 and 2 in Fig. 2 show a Southern blot
of the PCR products obtained when cDNA made from cells
transfected with IGK-1000luc was amplified with either
primers A and C or B and C. A strong signal was obtained
with primers B and C, whereas a very weak signal was
obtained with primers A and C. This indicates that most
transcription initiation on the transfected ,BGK-1000luc gene
occurs between primersA and B, the region where transcrip-
tion initiation has previously been determined. The same
amplifications were performed on cDNA made from cells
transfected with a plasmid containing ,BGK promoter DNA
from -100 to +14 and with the promoterless vector itself. As
shown and described below, the IGK promoter fragment
from -100 to + 14 produces no more luciferase than the
promoterless vector. Very weak amplification signals were
obtained from cells transfected with PGK-100luc (Fig. 2A,
lanes 3 and 4), while cells transfected with pSVOAPL2L
(Fig. 2A, lanes 5 and 6) showed no amplification product.
The finding of either very weak or nonexistent PCR ampli-
fication signals from these two plasmids supports the con-
clusion that measurement of luciferase activity produced by
the 3GK-luc plasmids is an accurate reflection of ,BGK-luc
mRNA transcription.

Analysis of 5' deletion mutants. To locate regions in the
upstream glucokinase promoter necessary for the observed
transcriptional activity, a series of 15 mutants with different
5' endpoints were constructed and analyzed; each of these
had the same 3' endpoint at +14. The results obtained from
transfection of these plasmids into HIT M2.2.2 cells are
shown in Fig. 3. Relative to the expression of IGK-1000luc,
there was no loss of luciferase activity with deletion of DNA
to -603, -402, -300, or -280 bp. However, deletion of
DNA inside -280 bp resulted in stepwise loss of transcrip-
tional activity. Both the -260 and - 242 deletions were about
80% as active as IGK-1000luc. An additional 20% decre-
ment of luciferase activity was seen with deletion of DNA to
-221 that was unchanged by the deletions to -200 and -181
bp. The single largest loss of transcriptional activity, from
71% to about 9% of the relative activity, occurred with
deletion of the DNA between -181 and -159 bp. Deletion of
DNA to -140 bp was without apparent consequence; how-
ever, further deletion to -120 bp eliminated half of the
remaining activity, leaving 4.3% activity relative to that of
3GK-1000luc. Finally, deletion of DNA to -100 bp elimi-
nated all of the remaining transcriptional activity measura-

C\j

C\j
C\75

2.6 kb -_'-
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FIG. 3. 5' deletion analysis of the upstream glucokinase pro-
moter region. Ten-microgram samples of plasmid DNAs containing
IGK-luc fusion genes with different 5' endpoints were .ransfected
into HIT M2.2.2 cells along with 1 jig of pRSV-PGal. Luciferase
activity was measured 40 h later and normalized to 3-galactosidase
activity. The results are expressed relative to the activity of I3GK-
10001uc and are averages of at least four individual transfection
experiments whose standard deviation was less than 20% of the
mean.

+1
Transcription initiation

region

FIG. 2. Analysis of transcription initiation sites on J3GK-luc
genes by PCR. Total RNA was harvested from HIT M2.2.2 cells 24
h after transfection with either p,BGK-1000luc, pI3GK-100luc, or
pSVOAPL2L. Equal amounts of total RNA were used to make
first-strand cDNA, of which equal fractions were used as templates
for PCR amplification. The amplified DNA fragments were size
fractionated on an agarose gel, denatured, and then blot transferred
to a nitrocellulose membrane. The blot was hybridized with an
oligonucleotide complementary to a sequence contained within the
amplified fragments. The sequence of oligonucleotide A was AGAA
ACCACAGGCCCTCT (identical to positions -80 to -62 in the
IGK gene), that of oligonucleotide B was CTGTGACTGAGCTGA
GAT (identical to positions +2 to +20 in the ,BGK gene), and that of
oligonucleotide C was AATGTTCATACTGTTGAG (reverse com-
plement to positions +394 to +411 in the luciferase gene [8]).
Amplification products using primers A and C are shown in lanes 1,
3, and 5. The products from primers B and C are shown in lanes 2,
4, and 6. The template cDNAs used for PCR amplifications were
generated from cells transfected with p,GK-1000luc (lanes 1 and 2),
p,BGK-100luc (lanes 3 and 4), and pSVOAPL2L (lanes 5 and 6).

ble, since this DNA fragment produced no more luciferase
activity than did the promoterless vector (about 1.5% of that
of PGK-lOOOluc).

Block transversion mutagenesis analysis. A higher-resolu-
tion analysis of the DNA sequences in the proximal region of
the upstream glucokinase promoter that contribute to tran-
scriptional activity in HIT M2.2.2 cells was performed by
creating and analyzing a series of block transversion muta-
tions of this region. By using a strategy of base transversions
(e.g., A+-C and G+-T), 28 different mutations of the ,BGK
promoter region were made, each of which altered sequen-
tial 10-bp regions from -280 to -1 bp within a promoter
fragment from -402 to +14. The transcriptional activity of
each mutant, relative to that of the wild-type promoter
fragment (-402 to +14 bp), was determined by transfection
into HIT M2.2.2 cells. Both inhibitory and stimulatory
effects of the mutations were observed (Fig. 4). Eighteen
mutations showed little or no alteration of activity (defined
as a less-than-3-fold effect), two mutations stimulated activ-
ity above that observed for the wild-type plasmid, six

showed a moderate reduction of activity (defined as greater
than 3-fold but less than 10-fold), and two mutations showed
a major reduction of activity (defined as greater than 10-
fold).

In general, there was a strong correlation between loss of
transcriptional activity in the 5' deletion series and the block
transversion mutagenesis series, with two exceptions (Fig.
5). In the first case, no loss of activity was seen for any of the
block mutations between -280 and -241 bp, although a 5'
deletion between -280 and -260 bp resulted in a 20%
reduction in promoter activity; no explanation for this ap-
parent discrepancy was evident. In the second case, no
detectable luciferase activity remained inside -100 bp in the
5' deletion series, suggesting that there are no functionally
important elements between -100 and +14 bp. However,
the block transversion mutagenesis experiments showed
decreased transcription with the -100/-91, -90/-81, -80/

~~~~~~~~247
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FIG. 4. Block transversion mutagenesis analysis of the upstream

glucokinase promoter region. Ten-microgram samples of plasmid

DNAs containing ~GK-luc fusion genes with different block trans-

version mutations (A4-C and G4-T; black bars) were cotransfected

with 1 F±g of pRSV-I3Gal into HIT M2.2.2 cells. Luciferase activity

was measured 40 h later and normalized to 3-galactosidase activity.

The results are expressed relative to the wild-type activity of

jGK-4021uc and are averages of at least four individual transfection

experiments whose standard deviation was less than 20%o of the

mean. The shaded bars show the results of two mutations which

altered the sequences of -230/-221 and -180/-171 to contain

different sequences.
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62.0% UPE I

_GCTCCTTAGTGGCACTAAGGGGAACTCAGC
-280/-2?1 -270/-261 -260/-251 -250/-241 -240/-231 -230/-221 -220/-211 G
112.8% 102.5% 103.3% 107.8% 69.7% 233.3% 65.3%

64.6%
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-21 0 GTCTACCAGG TGCAGTGAC GTGGTCACCGAGTAGAGAG
-210/-201 -200/-191 -190/-181 -180/-171 -170/-161 -160/-151 -150/-141
109.1% 72.0% 108.1% 246.8% 27.9% 29.1% 130.2%134.5%

9.4% UPE2 4.3% 1.6% i UPE3 PAL2

-140 8TCAGTCCC GGTGGCTCYinTGGTCACCAT
-140/-131 C -130/-121 -120/-111 -110/-101 E2 -100/-91 -90/-81 -80/71
31.8% 88.6% 105.3% 9.1% 30.5% 11.2% 4.4%

- 7 0 GGCCCTCTCAIGGCCCTGACS_ACTCCACAC ciAGAAACATCG
-70/-61 -60/-S1 -50/-41 -40/-31 -30/-21 -20/-1 1 -1 0/-1
131.3% 78.3% 57.2% 20.4% 122.6% 108.1% 115.9%

FIG. 5. Sequence of the upstream glucokinase promoter with
locations of block transversion mutations. The locations of the block
transversion mutations between -280 and -1 bp are shown by the
alternating hatched and unhatched areas. The small vertical arrows
indicate the locations of the last bases in the 5' deletion mutations
shown in Fig. 3. Indicated below each 10-bp region is the effect of
the transversion mutation relative to the expression of the unmu-
tated promoter (-402/+14). Shown below the -230/-221 and
- 180/-171 mutations are the effects of a second mutation described
in Materials and Methods. The underlined sequences denote the
three probes used in mobility shift assays containing the UPEs. The
sequences designated by the arrows (UPE-1 to UPE-3, Pall, and
Pal2) are discussed in the text.

-71, and -40/-31 mutants. An explanation for this discrep-
ancy is that sequences upstream of -100 bp are required for
transcription and that without these upstream DNA se-
quences, the function of regions between -100 and -31 is
not apparent. Two block transversion mutations, -230/-221
and -180/-171, stimulated transcription; however, judged
by the results of different mutations of the same bases, this
appears to have been due to accidental creation of an
enhancer element rather than disruption of an inhibitory
element.
The single most deleterious mutation identified was -80/

-71, which decreased luciferase activity to 4.4% of the
wild-type level. The magnitude of the effect of this mutation
can be brought into better perspective by comparing the
results of a similar analysis of the rat insulin I promoter. In
a study by Karlsson et al., the largest effect of any single
10-bp mutation of the rat insulin I promoter region reduced
transcription only 10-fold and this mutation affected the
TATA box (16). Other regions in the glucokinase promoter
region mutation of which resulted in a greater-than-threefold
reduction in luciferase expression were -170/-161, -160/
-151, -140/-131, -110/-101, -90/-81, and -40/-31 bp.
The noncontiguous nature of the mutations that affect tran-
scriptional activity in HIT cells, which was apparent in both
the 5' deletion and block mutagenesis series, argues for the
role of multiple elements that together contribute to the total
transcriptional activity of the upstream glucokinase pro-
moter in pancreatic m cells.

Binding of cell type-specific nuclear factors to an element in
the upstream glucokinase promoter region. Inspection of the
mutationally sensitive sequences in the upstream glucoki-
nase promoter region (Fig. 5) revealed two copies of the
palindromic sequence TGGTCACCA located between both
-82/-90 and -159/-168 bp and have been designated Pall
and Pal2, respectively. Gel mobility shift experiments were
performed to determine whether Pall and Pal2, as well as
other mutationally sensitive sequences in the proximal pro-
moter region, bind cell type-specific nuclear factors. Nuclear
extracts from HIT M2.2.2 and NIH 3T3 cells were tested
with probes containing sequences of Pall and Pal2, and a
complex pattern was observed (data not shown); however,

Competitor: - wt A3 - wt A3
Probe: C C C G G G

c-

A-

. wt A3
E2 E2 E2

IL

= ~~~~~~~.
8-0'F

i w P .

1 2 3 4 5 6 7 8 9
FIG. 6. Binding of factors with similar mobilities to three differ-

ent regions of the upstream glucokinase promoter. Gel mobility shift
analysis was used to examine protein binding to three fragments of
the upstream glucokinase promoter region. Radiolabeled probes C,
G, and E2, which span the regions -220/-206, -139/-124, and
-111/-96, respectively, in the upstream glucokinase promoter
region were incubated with 20 ,ug of nuclear extract from HIT
M2.2.2 cells. The effect of adding a 1,000-fold excess of competitor
DNAs is also shown; wt refers to a -111/-81 oligonucleotide pair
that contains UPE-3, and A3 refers to an oligonucleotide pair with
the same sequence except for a T--G transversion at position 3 of
the UPE consensus sequence. An autoradiograph of the resulting gel
is shown.

none appeared 1-cell type specific. Next, three probes
designated G, C, and E2 and containing sequences from
-220/-206, - 139/-124, and -111/-96, respectively, were
used to assess protein interactions with three other less
mutationally sensitive regions of the upstream glucokinase
promoter (Fig. 5 shows the sequences of the probes). These
probes were each found to form complexes when a nuclear
extract from HIT M2.2.2 cells was used (Fig. 6) that were
not observed when an extract from NIH 3T3 cells was used
(data not shown). Two complexes (designated A and B) with
different mobilities were observed when each of the three
probes was used. The mobilities of the complexes formed
with the G, C, and E2 probes were similar to each other.
Since the DNA probes used were also similar in length (22 or
24 bp), we considered that closely related or identical factors
bound to the three different probes. Comparison of the
sequences of these three probes revealed a similar 6-bp motif
with a consensus of CAT(T/C)A(C/G); four of six bases of
this consensus were conserved in each of the three probes.
Hereafter, these sequences are referred to as UPE-1,
UPE-2, and UPE-3, corresponding to the binding sites in the
G, C, and E2 probes, respectively (Fig. 7).

Several experiments were performed to characterize fur-
ther the factor interactions with the UPE sequences in the C,
G, and E2 probes. By using the UPE-2 site as the wild type
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Probe

G -206 TAGA CCACCT -2 20 1
E2 -95 AT GCCACCAT-111 3
C -139 CCTTTGGC CX TC -124 2

Consensus CATTAG
CT and 11 CATTAGAG

lI II II
IEB - ICE CATCTGT

FIG. 7. Sequence similarities in the three probes that bind the
cell type-specific factor. The three probes which formed the com-
plexes shown in Fig. 6 were aligned to identify a consensus binding
motif. The similarities between the UPE consensus sequence and
the CT boxes of the human insulin gene and the insulin enhancer
box-insulin control element (IEB-ICE) in the rat insulin I and II
genes are shaded.

(probe C), four new probes that each changed a conserved
base in the consensus sequence were synthesized (Fig. 8B).
These single-point-mutated probes were tested for protein
binding in a mobility shift assay using HIT M2.2.2 nuclear
extract. While the Al mutation had no appreciable effect on
factor binding (Fig. 8A), the A2, A3, and A5 mutations
eliminated formation of the previously observed protein-
DNA complexes. A different complex was formed with the
A2 mutation, and little or no complex formation was seen
with either the A3 or the A5 mutation.
To further demonstrate the sequence-specific nature of the

DNA-protein complex formed on the UPEs, oligonucleotide
pairs containing UPE-3 and UPE-3 with the nonbinding A3
point mutation were synthesized and used as unlabeled DNA
competitors in a mobility shift assay. Excess cold UPE-3
competitor DNA displaced both the upper and the lower (A
and B) complexes formed when the C, G, and E2 probes
were used, whereas the same amount of UPE-3 competitor
DNA with the A3 point mutation had little or no effect on
protein binding to these three probes (Fig. 6). Additional
evidence that the same factor bound to the C, G, and E2
probes was provided by UV laser cross-linking experiments.
Use of a pulsed UV laser with an energy output of 3 mJ/s at
266 nm allowed efficient cross-linking of unmodified thymi-
dine bases in the DNA probes to proteins in crude nuclear
extracts (12). As shown in Fig. 9A, lane 1, cross-linking of a
protein of -50 kDa to UPE-2 (probe C) was observed. This
interaction was diminished more by addition of excess cold
UPE-3 competitor DNA than by addition of the same
amount of a A3-mutated UPE-3 competitor. The same -50-
kDa protein-DNA complex was formed with the C, G, and
E2 probes when both the 1-TC-3 and HIT M2.2.2 nuclear
extracts were used, although the migration of the band in the
HIT M2.2.2 extract was slightly faster than that in the
,B-TC-3 extract, as shown in Fig. 9B.

Similar sequences in the glucokinase and insulin promoters.
The sequences of the glucokinase gene UPEs were found to
be similar to those of the CT boxes of the human insulin gene
and to that of an unnamed element in the rat insulin I
promoters (Fig. 7). To determine whether the factor(s) that
binds to the glucokinase UPEs also bind to the insulin genes,
a mobility shift competition analysis was performed. Both
wild-type (B) and point-mutated (Bm2) CT box oligonucleo-
tide pairs were made to match exactly the sequence reported
by Boam and Docherty (2). Nonbinding, point-mutated CT
box oligonucleotide Bm2 contains the same T- G transver-
sion (A3) that was characterized for UPE-2 in Fig. 8. The

A
Probe: wt Al A2 A3 A5

A-
.-,F

BD- s.: _

::

i..:

1 2 3 4 5

B
-139 CCTTTGGCCATCAGTC -124

point mutants: ACG C
A: 1 2 3 5

FIG. 8. Point mutational analysis of a factor that binds to UPE-2.
(A) Autoradiograph of a mobility shift gel showing complex forma-
tion when either probe C or four point mutations of probe C (Al, A2,
A3, and A5) were used. wt, wild type. (B) Sequence of probe C and
locations of the point mutations.

addition of excess wild-type CT box DNA (B) interfered
with formation of both the A and B complexes on all three of
the glucokinase UPEs, while addition of the same amount of
the A3 point-mutated competitor (Bm2) did not interfere
(Fig. 10). The same competition result was obtained by using
both HIT M2.2.2 and ,B-TC-3 nuclear extracts, as is also
shown in Fig. 10. These results support the conclusion that
the factor that binds to the UPEs in the glucokinase gene has
the same DNA-binding specificity as the factor that binds to
the human insulin gene, thereby indicating that the same or
a closely related factor binds to both genes.

Cell type-specific distribution of UPE-binding activity. To
determine whether the glucokinase UPE-binding activity
was present specifically in pancreatic A cells, as suggested
previously by Boam and Docherty, a gel mobility shift
analysis of several different nuclear extracts was performed.
Binding to the C and CA3 probes was compared for each
extract to identify more clearly factors that bind to UPE-2.
The two expected complexes (designated at the left of Fig.
11 as A and B) that were formed on probe C by using HIT
M2.2.2 nuclear extract were not observed with the CA3
probe. An extract from a mouse ,-cell-derived line, 3-TC-3,
showed bands with slightly slower mobility than the bands
seen in the cells of hamster origin. Neither of these com-
plexes (A' and B' in Fig. 11) formed on the CA3 probe,
suggesting that they correspond to the A and B complexes
from hamster-derived HIT M2.2.2 cells. A similar difference
in migration rate for this factor was observed in the UV
cross-linking experiment (Fig. 9B), suggesting that the factor
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Competitor: - wt A3
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Probe: C C C
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Extract:
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B Competitor: - BBm2 - B Bm2 - B Bm2 - B Bm2- Bm2 - B Bm2

Extract: HIT M2.2.2 B-TC-3 HIT M2.2.2 B-TC-3 HIT M2.2.2 B-TC-3

Probe: C C C C C C G G G G G G E2 E2 E2 E2 E2 E2

B-TC-3 HIT M2.2.2

C G E2 C G E2

97- "
69- .- F

46-

30 -

B-TC-3 HIT M2.2.2 NIH-3T3 AtT-20

C CA3 C CA3 C CA3 C CA3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

2 3 4 5 6 FIG. 10. Competition analysis with insulin promoter sequences
of UPE-binding activities. Wild-type (B) and point-mutated CT box
oligonucleotides (Bm2) that matched the sequence reported by
Boam and Docherty (2) were used as competitors in a gel mobility

A-TC-6 HeLa shift analysis to show the relationship of binding activities to the
UPEs of the glucokinase gene and the CT box of the human insulin

o CA3 C CA3 gene. The Bm2 competitor contains the A3 T-aG transversion in the
consensus sequence used in the point mutational analysis shown in
Fig. 8. Each gel mobility shift reaction contained either HIT M2.2.2
or [-TC-3 cell nuclear extract, probe C (UPE-2), and a 500-fold

AWM molar excess of wild-type (B) or A3 point mutant (Bm2) competitor
,= s DNA where indicated.

46- a.

30 -

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 9. UV laser cross-linking analysis of UPE-binding activity.
Cross-linked protein-DNA complexes were obtained by UV laser
irradiation of protein-DNA-binding assays. The sizes of the cross-
linked protein-DNA complexes were determined by SDS-7.5%
PAGE followed by autoradiography. Mobilities of molecular mass
standards (in kilodaltons) are indicated at the left of each autorad-
iograph. (A) Competition analysis. HIT M2.2.2 nuclear extract was
incubated with radiolabeled probe C in the presence of a 200-fold
molar excess of -111/-81 DNA (wt) or -111/-81 DNA containing
a T--G transversion at position 3 of the UPE consensus (A3). (B)
Mobilities of cross-linked protein-DNA complexes from either HIT
M2.2.2 or p-TC-3 nuclear extracts incubated with radiolabeled
UPE-1, UPE-2, and UPE-3 probes followed by UV laser cross-

linking. (C) Complexes identified after UV laser irradiation of
[3-TC-3, HIT M2.2.2, NIH 3T3, AtT-20, aTC-6, and HeLa nuclear
extracts with either probe C or the same probe with a T- G
transversion at position 3 of the UPE consensus sequence (CA3).
Molecular masses of markers in kilodaltons are shown to the left of
each panel.

that binds the UPEs is of slightly different sizes in hamsters
and mice. A non-cell type-specific complex (designated D)
was observed in all lanes of this experiment. Another, more

slowly migrating complex (designated C) was seen in some
lanes but was not cell type specific; in some cases, formation
of this complex was sensitive to the A3 point mutation. No
bands with mobilities similar to that of the A' complex were

seen in the extract from mouse-derived NIH 3T3 cells. In the
AtT-20 extract (mouse pituitary origin), a very weak band
with a mobility approximating that of the A' complex was
observed; however, this complex was not affected by the A3
point mutation. The a-TC-6 cells (mouse a-cell origin) did
not, in this experiment, appear to contain any of the A'
complex, as seen in the [B-cell line of mouse origin.
To assess further the identity of the complexes that bind to

this probe, a competition analysis was performed (Fig. llB).
Complexes formed in binding reactions with NIH 3T3,
AtT-20, and HeLa extracts did not show the specific com-
petition pattern seen for the A complex in two [B-cell lines.
However, when a-TC-6 extract was used, a small amount of
a complex that migrated at a rate similar to that of the A
complex in the [B-TC-3 nuclear extract was observed. This
complex was competed against more successfully by the
UPE-3 competitor than by the A3 point-mutated competitor
(Fig. liB). UV laser cross-linking of these other nuclear
extracts was used as another means to examine the cell
type-specific expression of the UPE-binding activity (Fig.
9C). SDS-PAGE analysis of cross-linked [-cell-derived ex-
tracts using the C probe (UPE-2) revealed an -50-kDa
doublet, whereas AtT-20 and HeLa extracts showed binding
activities of -65 kDa and a doublet of -40 kDa, respec-
tively. The cross-linked complex observed in the a-TC-6
extract was larger than that seen for either [B-TC-3 or HIT
M2.2.2 cells. The A3 mutation decreased cross-linking of
complexes in all extracts, perhaps owing to the elimination
of a photoreactive thymidine residue.
As a final measure of the interaction of a factor from [3-cell

lines with UPE sequences, a methylation interference assay
was performed (Fig. 12). In this experiment, the A com-
plexes from both HIT M2.2.2 and HeLa cells, as seen in Fig.
11A, were examined. Methylation of adenine and guanine
residues within the UPE-3 sequence on both the top and
bottom strands of the probe interfered with binding of the
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A
Extract: B-TC-3 HIT M2.2.2 NIH-3T3 AtT-20 A-TC-6 HeLa

Probe: C CA3 C CA3 C CA3 C CA3 C CA3 C CA3
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FIG. 11. Mobility shift analysis of UPE-2-binding activity in
different cell types. (A) Effect of point mutation. Gel mobility shift
analysis was used to examine the distribution of proteins that bind to
the UPE-2 site. Extracts were prepared from 0-TC-3, HIT M2.2.2,
NIH 3T3, AtT-20, aTC-6, and HeLa cells and incubated with either
probe C or probe CA3. After electrophoresis, the autoradiograph
shown was obtained. (B) Competition analysis. Extracts from the
cell types shown in panel A were incubated with the probe C
(UPE-2). The effect of adding a 1,000-fold excess of either a specific
competitor (wild type [wt], -111/-81) or a nonspecific competitor
(A3, -111/-81 with a T-*G transversion at position 3 of the UPE
consensus) is shown.

factor from HIT M2.2.2 cells; however, no interference was
seen when HeLa extract was used. The different methylation
interference pattern provides convincing evidence for the
expression in pancreatic p-cell lines of a factor that binds
specifically to the UPE.

DISCUSSION

The aim of this study was to begin to delineate the
elements and factors responsible for the p-cell type-specific
expression of the upstream glucokinase promoter. We uti-

0 00

TGGTGACCATTCTATCATTAGAGCCACCA
ACCACTGGTAAGATAGTAATCTCGGTGGT

FIG. 12. Methylation interference analysis of UPE-binding ac-
tivity. Specificity of binding to oligonucleotides corresponding to
-111/-81 in the upstream glucokinase promoter by factors in HIT
and HeLa cell nuclear extracts was examined by methylation
interference analysis. Piperidine cleavage patterns of bound (B) and
free (F) methylated top- and bottom-strand DNAs are shown for
DNA-protein-binding reactions in the indicated nuclear extracts.
The corresponding sequence is pictured below the autoradiographs.
Open circles denote protected bases. The protected bases are
contained within the UPE consensus sequence shown in Fig. 7.

lized an approach that obtained functional data from trans-
fection of fusion genes coupled with an analysis of DNA-
protein interactions at three sites in the promoter. Our
strategy was first to identify the mutationally sensitive
regions of the upstream glucokinase promoter and then to
analyze these regions for cell type-specific binding activities.
As a model for p-cell type-specific expression of glucoki-
nase, we utilized cell lines that either expressed or did not
express the upstream glucokinase promoter. HIT M2.2.2
cells, a p-cell line, were found to express fusion genes
containing sequences from the upstream glucokinase pro-
moter efficiently, while NIH 3T3 cells, a fibroblast cell line,
did not, thereby providing a cell culture system for studying
the transcriptional mechanisms involved in the cell type-
specific expression of glucokinase. Similar strategies have
been used for transfection on the basis of studies of both the
human and rat insulin genes (1, 7, 9, 31).

Transcription from the upstream glucokinase promoter
region involves multiple elements. Both a 5' deletion analysis
and a block transversion mutation analysis were used to
identify the DNA sequences important for transcriptional
activity of the upstream glucokinase promoter. These differ-
ent experimental approaches were complementary. In the 5'
deletion analysis, maximal transcriptional activity of the
upstream glucokinase promoter in HIT cells was preserved
until deletion of DNA 280 bp upstream of the designated
start site. Thereafter, stepwise loss of luciferase activity was
observed, suggesting that several different elements contrib-
ute to the transcriptional activity observed with this pro-
moter. These results suggest that all of the sequences
necessary for full transcriptional activity of the upstream
glucokinase promoter in HIT M2.2.2 cells are contained
within a 294-bp DNA fragment (-280 to +14 bp); longer
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DNA fragments were no more active in this system. The
block mutations corroborated the results of the 5' deletion
analysis and, in addition, provided evidence for a greater
degree of complexity in the sequences that contribute to the
total transcriptional activity in HIT M2.2.2 cells. At least
eight of the 10-bp blocks between -280 and -1 bp were

sensitive to mutation. Mutations in six of these reduced
transcription between 3- and 10-fold, while two others re-

duced transcription over 10-fold, thus providing convincing
evidence for a model involving multiple regulatory elements
in the upstream glucokinase promoter that, together, con-

tribute to the total transcriptional activity of this promoter in
insulinoma cells.

Identification of multiple elements in the upstream glucoki-
nase promoter. Inspection of the mutationally sensitive se-

quences between -280 and -1 bp suggests that at least two
different elements are involved in regulation of expression of
the upstream glucokinase promoter in cells. One element is
a pair of perfect palindromic repeats separated by a single
base, TGGTCACCA, that have been termed Pall and Pal2.
This element is found twice in the proximal promoter region
at both -168/-160 and -90/-82 (Fig. 5). The sequences of
Pall and Pal2 appear to be different from those of any other
cis-regulatory elements identified in either viral or eucary-

otic genes. Deletion or mutation of either Pall or Pal2
diminished glucokinase fusion gene activity in HIT cells.
The block mutation which altered eight of nine bases of Pall
(-170/-161) exhibited only 27.9% of the transcriptional
activity of the wild type, while the block mutation which
altered all nine bases of Pal2 (-90/-81) reduced transcrip-
tion to 11.2% of that of the wild type. The palindromic nature
of these elements suggests that they are likely sites for
binding of proteins, a notion supported by a preliminary
analysis of proteins that bind to this element. However, the
role of Pall and Pal2, by themselves, in 1-cell type-specific
expression of this gene remains to be explored. It is possible
that factors that bind to this site act in combination with
other cell type-specific elements in this gene to enhance its
cell type-specific transcription.
A second element that appears to contribute to transcrip-

tional activity of this promoter in cells is the UPE; three of
these elements were identified in the proximal upstream
promoter region. While mutation of the UPEs by block
transversion analysis suggests that these sequences contrib-
ute to transcription of the upstream glucokinase promoter in
HIT cells, the contribution of the UPEs may be less than that
of Pall and Pal2. The block mutations that altered four or

more bases of UPE-1, -2, and -3 (-220/-211, -130/-121,
and -100/-91, respectively) reduced transcription to 65.3,
88.6, and 30.5% of that of the wild type, respectively.
However, the -110/-101 mutation of UPE-3 was the most
pronounced and reduced transcription to 9.1% of that of the
wild type. Deletion of both UPE-2 and UPE-3, as occurred
in the 5' deletion analysis, reduced transcriptional activity
from 9.4 to 1.6% of that of the wild type. Judging from this
finding UPE-3 may be functionally more important than
either UPE-1 or UPE-2, perhaps because its position is
closest to the transcription initiation sites. UPE-2 appears to

be the least important, since deletion of it had only a minor
effect (-130/-121, 88.6%) although removal of this element
by 5' deletion reduced transcriptional activity by about half.
The less severe effect of the -100/-91 mutation, which had
two critical sites of UPE-3 mutated (positions 2 and 3),
compared with the -110/-101 mutation, which only had one

critical site mutated (position 5), argues against simple
interpretations of this finding. Since it is likely that more

than one protein-binding site was affected in some of the
mutations generated, the apparent discrepancy between the
effects of the -110/-101 and -100/-91 mutations may be
accounted for by the elimination of a second important
protein-binding site in the -110/-101 mutation.
The UPE-binding activity appears 0-cell type specific. Mo-

bility shift analysis of proteins from the nuclei of six different
cell lines representing islet a and P cells, pituitary cortico-
trophs, fibroblasts, and cervical carcinoma cells suggests
that the UPEs bind a factor that is expressed primarily or
exclusively in a 1-cell type-specific manner. In the 13-cell-
derived lines (HIT M2.2.2 and ,B-TC-3), two different com-
plexes were observed when probes with UPE sequences
were used. Whether these two complexes are due to related
or different proteins was not determined, although their
DNA-binding specificities appear to be very similar, if not
identical. A consensus sequence for the UPE of CAT(T/
C)A(C/G) was determined by comparing the three elements
found in the glucokinase promoter. Mutation of the con-
served bases in the UPE-2 motif (positions 1, 2, 3, and 5)
showed that three are required for complex formation.
Furthermore, methylation interference data showed protec-
tion of adenine and guanine residues within the UPE se-
quence by the factor in HIT M2.2.2 cells but not by a factor
in HeLa cells that forms a complex of similar mobility in gel
shift assays.

Transcription from the upstream glucokinase promoter
region has been detected in both insulinoma cell lines and
corticotroph-derived AtT-20 cells (13, 19). An important
question, therefore, is whether the same elements and fac-
tors are utilized in these different cell types to activate or
allow transcription of the glucokinase promoter. While func-
tional data on the activity of these deletions in AtT-20 cells
have not been obtained, the factors that bind to UPE-2 in
both corticotroph- and 1-cell-derived lines have been com-
pared and appear to be different. In two 1-cell-derived lines,
UPE-binding activity was identified whereas this factor was
not detected in AtT-20 cells. Thus, while the UPEs may be
involved in 1-cell type specific expression of the upstream
glucokinase promoter, other elements and factors must be
utilized in the pituitary. In cells of pancreatic islet origin,
UPE-binding activity was preferentially expressed in cells of
13-cell origin, although the possibility of a small amount of
the factor in a line of a-cell origin could not be excluded.
Summary of evidence for binding of the same factor to

glucokinase and insulin promoter regions. The UPEs in the
glucokinase gene are similar to an element in the human and
rat I insulin gene enhancers (2, 24), and the factors which
bind to the three UPEs in the upstream glucokinase pro-
moter share many traits with a factor termed insulin up-
stream factor 1 (IUF-1) (2), leading to the conclusion that
this is the same DNA-binding activity. IUF-1 binds between
nucleotides -210 to -217 and -77 to -84 in the human
insulin gene 5'-flanking DNA. The sequence C(T/C)CTAA
TG, reported by Boam and Docherty (termed CT boxes I
and II), is similar to the reverse complement of the consen-
sus sequence we report (Fig. 7), although the sequence of
Boam and Docherty contains an additional 2 bp. The CT
boxes in the human insulin gene are conserved in the rat
insulin I and II genes (2).
The following data support the common identity of the

UPE- and CT box-binding factors. (i) The pattern of com-
plexes seen in mobility shift analysis is the same. Boam and
Docherty (2) observed two complexes, a more intense upper
band and a less intense lower band; the same pattern is
shown in Fig. 9. (ii) The same point mutation (represented by
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CA3 in this report and Bm2 in reference 2) prevents forma-
tion of the complexes. (iii) The contact points determined in
methylation interference experiments of Boam and Docherty
coincide exactly with our core consensus sequence and our
methylation interference results. (iv) The cell type-specific
distributions of the binding activities in our studies are
similar. Boam and Docherty identified the binding activity in
13-cell-derived RINm-5F and HIT.T15 cells but not in HeLa,
HL60, or AtT-20 extracts. We found abundant binding
activity in 3-cell-derived HIT M2.2.2 and 1-TC-3 cells, but
not in AtT-20, NIH 3T3, or HeLa cell extracts. (v) The
molecular mass of the cross-linked protein, -50 kDa, ap-
proximates that of IUF-1 (-46 kDa), which Scott et al. have
characterized by Southwestern and gel mobility shift analy-
ses (28). (vi) CT box sequences were able to compete for
UPE binding, whereas a A3 point mutation of the CT box
(Bm2) did not compete. Together, these findings indicate
that the binding activity we associate with the UPEs in the
upstream glucokinase promoter is the same as that which
binds to the insulin promoters.
A role for the CT box-binding factor in transcription of the

insulin gene has not been clearly defined, although large
deletions containing a CT box lead to loss of transcriptional
activity (2). The pairing of the CT boxes with a second
element in the insulin gene termed the GC motifs has led to
the suggestion that juxtaposition of the two elements may
constitute a 13-cell-specific protoenhancer (2).

Ohlsson et al. (24) have also identified a factor termed
insulin promoter factor 1 (IPF-1) that binds to a region
between -64 and -85 of the rat insulin I gene. The binding
site contains the sequence TTAATG, which is a five-of-six-
base-pair match for the reverse complement of the UPE
consensus binding site. IPF-1 has been found only in 1-cell-
derived lines and is not present in an a-cell-derived line.
IPF-1, IUF-1, and the factors described here which bind to
the UPEs in the glucokinase gene have similar cell type-
specific distribution patterns and appear to bind to closely
related sequences. It is likely, therefore, that all three groups
have identified the same or very similar factors. Ohlsson et
al. (24) have shown that IPF-1 is immunologically distinct
from Isl-1, a homeodomain containing LIM protein (17)
which binds to AT-rich regions in the insulin promoter.
Furthermore, Isl-1 is present in both ao and 13 cells (24),
which clearly distinguishes it from IPF-1.

It should also be noted that the UPEs in the glucokinase
gene are distinct from the insulin enhancer box (16) or insulin
control element (30) in the insulin genes; sites for binding of
a helix-loop-helix heterodimer (6, 24, 30). While the ele-
ments are similar at four bases, they always differ at position
5 of the consensus (A in the UPE versus T in the insulin
enhancer box-insulin control element; Fig. 7). DNA frag-
ments containing a binding site for the insulin enhancer
factor did not compete for binding to the glucokinase gene
UPEs (data not shown).

Concluding comments. The identification of the same ele-
ment in the glucokinase and insulin genes suggests that
the 13-cell type-specific expression of these genes involves
some common transcriptional control mechanisms. Future
studies pertaining to the function of UPEs and the fac-
tors that bind to them should provide insight into the
mechanisms that regulate the 1-cell type-specific expression
of both the upstream glucokinase promoter and the insulin
promoter.
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