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The complete sequence of the 6 kb cDNA and the 5' genomic structure are reported for the gene coding for the human
intestinal brush border hydrolase sucrase-isomaltase. The human sucrase-isomaltase cDNA shows a high level of identity
(83 %) with that of the rabbit enzyme, indicating that the protein shares the same structural domains in both species. In
addition to the previously reported homology with lysosomal a-glucosidase, the sucrase and isomaltase subunits also
appear to be homologous to a yeast glucoamylase. A 14 kb human genomic clone has been isolated which includes the
first three exons and the first two introns of the gene, as well as 9.5 kb 5' to the major start site of transcription. The first
exon comprises 62 bp of untranslated sequence and the second starts exactly at the initiation ATG codon. Typical CAAT
and TATA boxes are seen upstream of the first exon. A genetic polymorphism is described which involves a PstI site in
the second intron. Southern blotting, sequencing and mRNA studies indicate that the structures of the sucrase-isomaltase
gene and its mRNA are unaltered in the two human colon cancer cell lines Caco-2 and HT-29 in comparison with normal
human small intestine.

INTRODUCTION

The hydrolase sucrase-isomaltase (SI; EC 3.2.1.48 and
3.2.1.10) is expressed almost exclusively in the small intestinal
brush border. It is a highly glycosylated protein which is
synthesized as a single chain precursor (pro-SI) of apparent
Mr 260000. After transport to the brush border membrane, it is
cleaved proteolytically into two associated subunits, each of
which has an active site with a-glucosidase activity of slightly
different substrate specificity. The complex is anchored into the
membrane via the N-terminal end of the isomaltase subunit (for
reviews see [1,2]). The expression of SI is apparent in the human
intestine at the 8th week ofgestation, and after birth is maintained
at significant levels only in the small intestine [3-5]. Within the
small intestine, its expression varies along the crypt-villus axis,
the enzyme being maximally expressed along the sides of the villi
[6,7]. SI is also expressed in two human colon cancer cell lines
HT-29 and Caco-2, but is repressed when these cell lines are
cultured in conditions which lead to increased glucose utilization:
Caco-2 cells treated with forskolin or monensin [8,9], and HT-29
cells cultured in 25 mM-glucose [10,11]. Using full-length rabbit
[12] and partial human [13] SI cDNA clones as probes, a good
correlation has been demonstrated between the expression of SI
at the levels of mRNA and protein [5,14-17], suggesting regu-
lation at the level of transcription. As an essential step towards
characterizing the human SI gene and its regulatory elements, we
have isolated further human cDNA clones to complete the RNA

sequence and have characterized a 14 kb genomic clone. In
addition to the homology between sucrase, isomaltase and the
human lysosomal ac-glucosidase already proposed [12,18,19], we
demonstrate a likely homology with the recently cloned gluco-
amylase 1 from Schwanniomyces occidentalis [20]. We describe
the 5' structure of the human SI gene, including the first three
exons and the 5' flanking region.

MATERIALS AND METHODS

Libraries
Three different human cDNA libraries were used for the

isolation of cDNA clones: a human jejunum A gtlI library [13],
a human intestinal A ZAP library [21] and a A gtl 1 library
constructed with mRNA isolated from cultured Caco-2 cells on
day 14. A human genomic library in EMBL3 vector, obtained
from Dr. A. M. Frischauf (ICRF, London, U.K.) was used for
the isolation of genomic clones.

Screening of libraries
The cDNA libraries were screened using the full-length rabbit

SI cDNA [12] as probe. Positive clones which gave the strongest
signal on plaque hybridization were isolated and characterized
and designated 11-12 (from the A gtl 1 jejunal library), C2 (from
the A gtl 1 Caco-2 library) and N4 (from the A ZAP library). In
order to complete the 5' untranslated region, the jejunal A gtl 1
library was rescreened using the 5' ApaII restriction fragment
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Fig. 1. Cloning and sequencing strategy for human SI cDNA clones isolated
from three independent human cDNA libraries

The sizes and positions of the 13 characterized clones are shown in
relation to the full-length mRNA (middle line). The I clones were
isolated from the jejunal A gtl 1 library, the N4 clone was isolated
from the intestinal A ZAP library, and the C2 clone was from the
Caco-2 A gtl 1 library. Arrows indicate the direction and the length
of the sequences. The previously published SI 2 clone is indicated by
an asterisk [13]. Vertical arrows indicate insertion positions of
anomalous stretches of sequence.
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Fig. 2. Sequencing strategy and partial restriction map for the 14 kb
human SI genomic clone

Five restriction fragments [A (2 kb), B (1.8 kb), C (2.6 kb), D
(0.4 kb) and E (9 kb)] are indicated. The subclone E223, obtained
after Exo nuclease III/mung bean nuclease treatment of the
fragment E, was used for the 5' terminus mapping with RNAase.
The positions of the transcription start site (+ 1) and of the ATG
codon are indicated. Arrows indicate the direction and the length of
the sequences. The middle line shows a partial restriction map of the
genomic clone 4.1 l.e. and the 5' structure of the human SI gene,
including the size and position of the three exons: Af, AflII; Ec,
EcoRI; H, Hindlll; P, PstI; S, SaIl.

(268bp) of SI2 [13] as probe. The six clones isolated were
characterized by double digestions with EcoRI/HaeIII and
EcoRI/ApaII and hybridization to an oligonucleotide comp-
lementary to nucleotides 84-101 in the cDNA sequence. The
clone 141 was selected for further analysis because it appeared to
be the longest in the 5' direction.
The human EMBL3 genomic library was screened with the S12

cDNA probe. All the cDNA probes were 32P-labelled according
to Feinberg & Vogelstein [22] using a multiprime DNA labelling
kit (Amersham International), and oligonucleotides were end-
labelled using [y-32P]ATP as described by Suggs et al. [23].

Sequencing and analysis
Inserts from the cDNA clones were subcloned into pUC13,

Bluescript, M13 or pTZ18R vectors. The strategy for sequencing
and characterization of the cDNA clones is outlined in Fig. 1. The
clones isolated from the A gtl I library range in size from 250 bp
(141) to 3200 bp (II) and encompass most of the cDNA apart
from nt 2874-3137. This gap was filled by sequencing the clone
N4 isolated from the A ZAP library. Analysis of thi$ clone also
confirmed the sequence across the EcoRI site which resides at

nt 2093/4 (the 3' end of SI2 and the 5' end of 13 and 17). The
A gtl 1 clone 141 contains 50 more 5' untranslated nucleotides
than does S12. A few anomalous stretches of sequence were
identified in some clones but not others. These are indicated in
Fig. 1, and probably reflect incomplete splicing as described for
example in cystic fibrosis transmembrane conductance regulator
cDNA by others [24].

Fig. 2 shows the sequencing strategy for the genomic clone
4.11 .e, including a partial restriction map. Five insert restriction
fragments (A, B, C, D and E) were subcloned in both orientations
into pTZ18R. Nested deletions of the subclones C and E of the
genomic clone were obtained by the exonuclease III/mung bean
nuclease procedure [25].

Sequencing was carried out by the dideoxy chain termination
method [26] using [35S]dATP [27] and Klenow DNA polymerase
or Sequenase on double- or single-stranded DNA. Much of the
cDNA and small sections of the genomic clones were sequenced
using oligonucleotide primers. The oligonucleotides were synthe-
sized on an Applied Biosystems 391 DNA synthesizer PCR-
mate. All the cDNA and genomic sequences have been de-
termined on both strands.

Computer analysis of sequences

The sequence analyses were carried out using the Seqnet
facility at the Daresbury Laboratory, Daresbury, Warrington,
U.K. with the University of Wisconsin GCG programs, the
BISANCE programs [28,29] and the PC GENE package from
IntelliGenetics for the search of homologies in the EMBL
Databank (release 25) and the SWISS-PROT Databank (release
17).

Tissue specimens and cultured cells
Normal human ileum was resected from an irreversibly brain-

damaged organ donor cadaver. Human colon adenocarcinoma
Caco-2 cells were cultured in Dulbecco's modified Eagle's mini-
mum essential medium (DMEM) (Eurobio, les Ulis, France) with
20% heat-inactivated fetal calf serum (Boehringer-Mannheim)
and 1 % non-essential amino acids (Gibco). Control cells or cells
treated for 48 h with 25 1zM-forskolin (France-Biochem) or 1 UM-
monensin (Calbiochem Behring, La Jolla, CA, U.S.A.) were used
after 14 days in culture [14,15,30]. Human colon adenocarcinoma
HT-29 cells [9,11] were cultured with (Glc +) or without (Glc -)
25 mM-glucose in DMEM (Eurobio) with 10% heat-inactivated
and dialysed fetal calf serum. The cells were used after 18 days in
culture. The Glc- cells were used after eight passages in the
glucose-free medium.

RNA analysis
Total RNA was extracted from normal human ileum or from

Caco-2 or HT-29 cells using the guanidium isothiocyanate/CsCI
method [31]. Poly(A)+ RNAs were prepared using oligo(dT)-
cellulose chromatography.

For blot analysis, 10 ,tg of each total or poly(A) + RNA
specimen was run on a 1 % agarose gel after denaturation in 1 M-
glyoxal [32], transferred to a Hybond N (Amersham) membrane
and hybridized with the 32P-labelled cDNA clone I1. The filter
was washed twice in 2 x SSC/0.1 0% SDS at room temperature,
once in 0.1 x SSC/0. 0% SDS at 50°C and then in 0.1 x SSC/0.l %
SDS at 70°C for 15 min (where SSC is standard sodium citrate).
Mapping of the 5'-terminus of SI mRNA was performed by

two different techniques. Primer extension of Caco-2 and ileum
mRNA was performed with an oligonucleotide complementary
to nucleotides 101-84 of the SI cDNA sequence. The extended
DNA was electrophoresed through a 6% polyacrylamide/urea
sequencing gel alongside a sequence of pTZ18R, primed with the
M13 universal primer, as a length marker (35S labelling). The
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,AGAGCAAGAAAGAAATTTAGTGGATTGGAAATCTCTGATTGTCCTTTTTGTCATGTTACTATAATAGCTATTGCCTTAATTGTTGTTTTAGCAACTA

AGACACCTGCTGTTGATGAAATTAGTGATTCTAC TTCAACTCCAGCTACTACTCGTG;TGACTACAAATCCTTCTGATTCAiGGAAAATGTCCAAATGTGTT

TCTCTTATTCCTTGGTGCTTCTTCGTTGATAATCATGGTTATAACGTTCAAGACATGACAACAACAAGTATTGGAGTTGAAGCCAAATTAAACAGGATAC
CTTCACCTACACTATTTGGAAATGACATCAACAGTGTTCTCTTCACAACTCAAAATCAGACACCCAATCGTTTCCGGTTCAAGATTACTGATCCAAATAA

rTGGAGAAC :AACTTCC

GCAATGGAGATTTTTATCCAGCCTACTCCAATAGTAACATATAGAGTTACCGGTGGCATTCTGGATTTTTACATCCTTCTAGGAGATACACCAGAACAAG

GATCAAGTTGCGTTTAACGGACTCCCTCAATTTGTGCAAGATTTGCATGACCATGGACAGAAATATGTCATCATCTTGGACCCTGCAATTTCCATAGGTC

GACGTGCCAATGGAACAACATATGCAACCTATGAGAGGGGAAACACACAACATGTGTGGATAAATGAGTCAGATGGAAGTACACCAATTATTGGAGAGGT

CTAAATACTGCAAATGCCAGAATAAAGTTr

AGACTTTACAATTGGTGAAGCATTCCAGGACCTTCCTCAGTTTGT7GACAAAATAAGAGGAGAAGGAATGAGATACATTATTATCCTGGATCCAGCAATT
T.CAGGAAATGAAACCAAAGACTTACCCTGCATTTGAAAGAGGACAGCAGAATGCATGTCTTATGTCAGGCCAAACATGTATGACATTTGTTGGGCAAAGG

TTTGGCCAGATTTGCCCAACATAACAATAGATAAAACTCTAACGGAAGATGAAGCTGTTAATGCTTCCAGAGCTCATGTAGCTTTCCCAGATTTCTTCAG

TTTGTAAATGGAACAACTACTAATCAATGCAGAAATGACGAACTAAATTATCCACCTTATTTCCCAGAACTCACAAAAAGAACTGATGGATTACATTTCA

GAACAATTTGCATGGAAGCTGAGCAGATTCTTAGTGATGGAACATCAGTTTTGC ATTACGATGTTCACAATCTCTATGGATGGTCACAGATGAAACC TAC

CAGAGGACAATTTCAAACATTTAATG'

CCTATGAAAGAGACCTATATTTATCTGTACAATTTAATTTAAACCAGACCACCTTAACAAGCACTATATTGAAGAGAGGTTACATAAATAAAAGTGAAAC
GAGGCTTGGATCCCTTCATGTATGGGGGAAAGGAACTACTCCTGTCAATGCAGTTACTCTAACGTATAACGGAAATAAAATTCGCTTCCTTTTAAT GAA

GACACTAcCAACATGATATTAcGTATTGATCTGACCACAcAcAATGTAcTACTTAGAAGAACCAATAGAAATCAACTGGTcaCaaatcaccatcaatttCt

tagttgtcaatgggaaaaaacaccagqatttaaqtttcacagcacttacaattttccctcttcacttggttcttgtactctacaaaatatagctttcata
acatcgaaaagttattttqtagcgtacatcaatqataatgctaattttattatagtaatgtgacttggattcaattcttaaqgcatatttaacaaaatttg
aatagccctatttatccttqttaaqtatcaqctacaattgtaaactaqttactaaacatqtatgtaaataqcsa&gatataatttaaacqtgatttttaa

ttagtategtqcatttaat tagaaaaagaqAalaaaaaaFttaaqtgtaaaaaaaaaaaa 6021

Fig. 3. cDNA sequence of the human SI gene

The first in-frame start (ATG) and stop (TGA) codons, as well as the polyadenylation signals, are underlined.

DNA was then transfered on to the Gene screen as described by in pTZ18R vector was linearized with AflIl (see Fig. 2). A 32p_
Cebrian et al. [33]. After u.v. immobilization, the filter was labelled antisense RNA corresponding to nucleotides -230 to
hybridized with the 32P-labelled 5' ApalI fragment from S12. For + 69 was transcribed with T7 polymerase. Ileum or Caco-2
mapping with RNAase [34] the subclone E223 (-7900 to + 69) poly(A) + RNA (5 /ug) was hybridized with the labelled antisense
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GGACTTTGGATTGACATGAATGAAGTTTCCAGCTTTATTCAAGGTTCAACAAAAGGATGTAATGTAAACAAATTGAATTATCCACCGTTTACTCCTGATA

TTTTCTCAGAAAATGAAAGATTTAATTGTTATCCAGATGCAGATTTGGCAACTGAACAAAAGTGCACACAACGTGGCTGTGTATGGAGAACGGGTTCTTC

TCCCGCTTCCTGGAATGAAACTTTTGCTGAAATCTCAAGGAATATTCTAAATATTAGATACACCTTATTGCCCTATTTTTACACACAAATGCATGAAATT
CATGCTAATGGTGGCACTGTTATCCGACCCCTTTTGCATGAGTTCTTTGATGAAAAACCAACCTGGGATATATTCAAGCAGTTCTTATGGGGTCCACCAT
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I FGIP LVGADICGFVAETTEELCRRWMQLGAFYPFSRNFNSDGYEHQDPAFFGQNSLLVKSSRQYLTIRYTLLPFLYTLFYKAHV 708
S FGISYTGADICGFFNNSEYHLCTRWMQLGAFYPYSRNHNIANTRRQDPASWNET--FAEMSRNI LNIRYTLLPYFYTQMHEIHA 671

Y G AGLPFFGADVCGFNGNSDSELCSRWMQLGSFFPFYRNHNYLGAIDQEPYVWES---VAEATRTSMAIRYLLLPYYYTLLHESHT 739

I FGETVARPVLHEFYEDTNSWIEDTEFLWGPALLITPVLKQGADTVSAYIPDAIWYDYES--------------GAKRP---WRK 775
S NGGTVIRPLLHEFFDEKPTWDIFKQFLWGPAFMVTPVLEPYVQTVNAYVPNARWFDYHT---------------GKDIGV--RG 738

Y G TGLPILRAFSWQFPNDRSLSGVDNQFFVGDGLVVTPVLEPGVDKVKGVFPGAGKEEVYYDWYTQ ------------REVHFKDG 811

I QRVDMYLPADKIGLHLRGGYI IP IQEPDVTTTASRKNPLGLIVALGENNTAKGDFFWDDGETKDTIQNGNYILYTFSVSNNTLD 859
S QFQTFNASYDTINLHVRGGHILPCQEPAQNTFYSRQKHMKLIVAADDNQMAQGSLFWDDGES IDTYERDLYLSVQFNLNQTTLT 822

Y G KNETLDAPLGHIPLHIRGGNVLPTQEPGYTVAESRONPFGLIVALDNDGKAQGSLYLDDGESLVV---DSSLLVSFSVSDNTLS 892

I IVCTHSSYOEGTTLAFQTVKILGLTDSVTEVRVAENNQPMN HSNFTYDASNVLLIA--DL--KLNLGRNFSVQW- 931

S STILKRGYINKSETRLGS LHVWGKGTTPVNAVTLTYNGNKNSLP-FNEDTTNMILRIDLTTH--NVTLEEPIEINWS 896
Y G AS-PSGDY--KADQPLANVTILGVGHKPKSVKF------ENANVDFTYKKST-VFVTGLDKYTKDGAFSKDFTITW- 958

Fig. 4. Comparison of amino acid sequences of human isomaltase (H I), human sucrase (H S), and yeast glucoamylase 1 (Y G)

Amino acids identical in the three sequences are indicated by *; conservative amino acids in the three sequences are indicated by-. The
WXDMNE (Trp-Xaa-Asp-Met-Asn-Glu) motif is in bold.

RNA. Single-stranded material was hydrolysed with RNAases A
and TI, and after denaturation the protected labelled RNA was

run on a 6% polyacrylamide/urea sequencing gel along with the
pTZ18R sequence primed with a 22-mer reverse primer, as size
markers.

Southern blot analysis
Genomic DNA isolated from normal human intestine, HT-29

and Caco-2 cells was EcoRI-digested and analysed by Southern
blotting using standard procedures [34]. The filter was probed
with a mix of 32P-labelled cDNA clones corresponding to the
full-length cDNA (Fig. 1). For the analysis of the genetic poly-
morphism, genomic DNA samples were digested with PstI and
subjected to electrophresis on 0.8% agarose for 22 h. The DNA

was transferred passively on to Hybond N. The filters were

probed with the genomic subclones C and (in some cases) D (Fig.
2) labelled with 32P by random primer labelling, and washed
down to 2 x SSC/0.1 % SDS at 65°C for 30 min.

RESULTS

Isolation of cDNA clones
In order to isolate the complete cDNA for human SI and to

obtain a longer sequence in the 5' untranslated region, we have
characterized 13 further cDNA clones from three independent
libraries (cf. Fig. 1). The resulting combined nucleotide sequence
of these clones is presented in Fig. 3. The sequence around the
ATG codon (the A is designated as nt 63, Fig. 3) includes the
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Fig. 5. Mapping of the 5' terminus of human SI mRNA with RNAase

Poly (A)' RNA (5 ,ug) from normal human ileum was hybridized
with labelled antisense RNA transcribed from the E223/ pTZ18R
plasmid digested with AflII (see Fig. 2). A sequencing reaction on
pTZ18R was loaded as size marker. The numbers indicate the sizes
(nt) of the protected RNA fragments obtained after RNAase
treatment.
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Fig. 6. Southern blot analysis of EcoRI-digested DNA (20 /sg) from normal
human tissue (lane 1), Caco-2 cells (lane 2) and HT-29 (Glc +) cells
(lane 3)

The probe used corresponds to the full-length human SI cDNA.

most highly conserved nucleotides, A and G at positions 60 and
66 respectively, of the consensus sequence described by Kozak
[35]. The open-reading frame (ORF) of human SI, of which
2030 nt have been published previously [13] is now complete : it
is 5481 nt long and encodes a 1827-amino-acid peptide precursor.
Downstream of the stop codon (TGA), two potential poly-
adenylation signals (AATAAA) are identified at positions 5867
and 5992.
Comparative analysis of the human and rabbit [12] cDNA

sequences reveals 83% identity overall: 85 % in the 26 bp of 5'
untranslated sequence available for comparison, 740% in the
3' untranslated region and 84% in the coding region. Within the
coding region, 206 single base pair substitutions are in the first
position of the codon, 156 in the second position and 502 in the
third position. As in the rabbit, the sequence comprises two
parts, one coding for the isomaltase subunit (nt 63-2855) and

one coding for the sucrase subunit (nt 2856-5543), which show
37.7% identity; an additional 340% of the sequence shows
conservative changes in the deduced amino acid sequence. Both
subunits contain the active site sequence Trp-Ile-Asp-Met-Asn-
Glu, as in the rabbit. Eighteen potential N-glycosylation sites are
present compared with 19 in the rabbit, and 12 of these are
conserved between the two species (three in the isomaltase
subunit and nine in the sucrase subunit).
We have compared the peptide sequences of human and rabbit

sucrase and isomaltase with that of human lysosomal a-glu-
cosidase [19] and various other enzymes which hydrolyse similar
substrates: these included a bacterial isoamylase [36] and two
yeast enzymes, invertase [37] and glucoamylase 1 [20]. The only
new apparent homology was observed with the peptide sequence
of glucoamylase 1. The Clustal program [38] was used to align all
six sequences (sucrase and isomaltase, from both human and
rabbit, human lysosomal a-glucosidase and yeast glucoamylase
1). Parameter settings which optimized the alignments of five of
the sequences, were not optimal for that of the glucoamylase 1.
Glucoamylase 1 was therefore realigned by eye, starting from
positions 468 to 473, which appeared to be equivalent to the Trp-
Ile-Asp-Met-Asn-Glu motif in SI. Apart from N-terminal do-
main and three gaps, this alignment showed two blocks of highly
conserved sequences, at positions 189-430 and 500-836 in the
human isomaltase subunit. In the region where all six sequences
can be aligned (from amino acid 72 to the end of the isomaltase
peptide sequence), 137 amino acids are identical in all six enzymes
and a further 128 identical in five out of six. In these cases, a
conservative amino acid substitution is usually found in the sixth
sequence. Since this analysis is cumbersome to present, we show
in Fig. 4 just the comparison of the human sucrase and iso-
maltase subunits with yeast glucoamylase 1.

Identification of the transcription start site
The 5' end of SI mRNA was mapped by primer extension of

mRNA extracted from normal human ileum or from Caco-2
cells harvested on day 14. A faint band of 101 bases was observed
which represented an initiation site 62 bp upstream of the ATG
codon (result not shown). RNAase protection assays were also
used to identify the transcription start site. mRNA extracted
from ileum or from Caco-2 cells was hybridized with an antisense
32P-labelled RNA probe corresponding to nucleotides -230 to
+ 69 in the genomic sequence, which includes 237 bases upstream
from the 5' end of the 141 cDNA clone and seven bases of the
first intron. The major band protected from RNAase digestion
was 62 nt in length, and minor bands of 65 and 60 nt were also
seen (Fig. 5).

5' structure of the gene and analysis of the 5' flanking region
Hybridization of the SI probes of EcoRI digested Caco-2, HT-

29 or normal human DNA revealed various bands ranging in size
from 0.7 kb to 13 kb (Fig. 6). This allowed us to make an
estimate on the size of the SI gene, which must be at least 55 kb.
The genomic clone described here contains an insert 14 kb in

length and covers the 5' end of the gene. The sequence of the first
three exons and the first two introns is shown in Fig. 7. The first
62 bp exon, which corresponds to the 5' untranslated region of
the cDNA, is followed by a 2424 bp intron. The second 118 bp
exon begins exactly at the ATG codon and is followed by a
1224 bp intron and the third 137 bp exon. The junctions between
the introns and exons are in agreement with the published
consensus sequences [39].
Two potentially interesting sequences were detected within the

first intron. One between nucleotides 1953 and 1961 could
represent a binding site for CAAT/enhancer binding protein
(C/EBP) [40]; the other between nucleotides 2010 and 2023 is
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aatagaaagaactacttttatgttcttaagatattaatagtt cacagctttgagaaatcaaagagtatctgacagtacaattactaattaacttagattc - 155

ccagagagaaa catttatgtaaactactttcagggt taaggcttttaacaattgtatgttgagcagaagattattaaacactgatagctggtagggtg - 55

caataaaactttatgagtagqt caatatatacctaaqcagctttccttgatcatTATTTTGGCAGCCTTATCCAAGTCTGGTACAACATAGCAAAGAGAA 46

CAGGCTATGAAATAAGgt aaqtctatgqctcatatgtt t tttgsttatt tttatgttttcaactaattatatttttt cttoaatttqtgttagcagt at tcc 14 6

catctatctgcactaggctaaaatagcaatatcatatattttaagttgccatttgaaatatgtagtaccttgtattaaacaggaaaaaatattt ctaatt 246

ttttt tt aaatacaggattttttttggcccaactcttcattat aacttttgrtaagacttaggtggaatcatagcaagttttgtttaatgact cta tat ga 34 6

aagaaaatgagjtaccgattaagat tttgaaaaatagatgaataat aaagt atgcttaaatatat tttaagaaaatctata taanatagaa tgctaca ttt 44 6

ataaaacattactgttttctagctgaccttttaaagatcatt catcaagttqttatacaataaagtattattcatcttcataataaatatgcagagaaag 546

ggtatcaatatatattttccaagaagagttgcttaaaattactgtaatccaaaattacagggat catatttttttat cacagtaattttaagcaattgtt 646

ttaaattttgt ttt gatttt cctaga caaaggagagtt tgttt catgacaaaaat gcattttttaagactt cccttatcaaaaaggaaagca caatt ctc '74 6

attattgact tcttggtagcaaagtaggttat cact tcaaatgagatttacactt attt aaagttgtacactaaatgtaactttgtcatt tct caacata 3846

acat cacgcaactgggcttcatttttcgaacagctttgtatgttacctgttgctctgtttactttacattcattttctttgaaaattactgatgcaataa 946

acagcttacat atctgaacagaaaatt gtatactaagaa taaatgctaatctgcagatattcatttat aagctatactaaaaaatt aagt tttt gct t a 1046

cttaatattatt ct ctgactacttttataatttttgctaacaagaatgtaacgatctaattgaggaaattaacatatacataaataattgcaatggacat 1146

ttaatatgctatgctaaatgaagaaaggctagattaactgtgcctcagagtggtaaggaactcaccatggcatttgaattcagcaaaatt tagaattcac 1246

ctagaagagt ggat ggggagggat tgaaattgaacagcaggt atgaaggcaatatgttat ctaaaaattatgctgt ggtgctggggat aaa atgaaqgca 134 6

taat tctaaaaatactttgaagataaagt cagatggacttattgaatgattgaatgttgtaaaacatatggaagaaggaaaaaaaaggtgtttaggt tgg 144 6

gacaact gggtacatgagttga catagttacagaa cagggaccattgtgagaccaaaaaaaaaaaaaaaaacaaaccgtga ttttaaacccaat aat t ta 154 6

ttaaagcacttactgtagtaatt ctaagtt ct actttggtatatgt ctttgaattaagatttatactaaaatcatagaatacagataat ccatggaaact 164 6

tgagaactaagaaaaataagatat at gtggt caaaattaaattaaacaaatat gct ttcagataatt attggagatgtgtt cttt cctgt ctacatt tgg 174 6

gtatcttccat atgctacct caaaagtataatgt ct tttaat aataaatatgtat tttt cgat ataagagt tttgtatat ctcatttgct gctgt *t qat 1 34 6

gaaggaa ctt ggtgaaaat tcaaaagat ttt cgaaacat agctagcaact cccaaatat ata ctacgctat caaatatatgtat ttatgt t cct ttt cga 194 6

caatattgtggaaagtagtgttggaattagagagaggagagtt caagaaaaaaactgaagtttttaact tt gaactataacttattct tt gttaagct ta 204 6

aagtt cctgatcagtaaaatgtgaataactatttccttcatagaattgttgtgagaattgagaaacagtgcaagtgqaagcctttgccttgcaaaatgct 214 6

ctaaatgagaaggcaagacacacctact tgaagat ctt t ttt tccat ct gtat ttt cat ctt agtgtactact act actgtaat gtgcat cagt aat tca 224 6

tt cctttt actt taaattgcatgt gttgcttacat tttatat cagtataagtttcaggttat taagtacatgcttaatatatt at taagt aagt gct taa 234 6

t ttaggatat tatgt aaqt gctgtctt caact ctgcattatacatagtaaaaaaaagaatatgtaat tt catgagaattgttggtggt tta t tat agt ta 244 6

tatat tt tacatt t taaat atata t tct ttt ctgt ttt tagATGGCAAGAAAGAAATTTAGTGGATTGGAAATCTCTCTGATTGTCCTTTTTGTCATAGT 254 6

TACTATAATAGCTATTGCCTTAATTGTWTGTTTTAGCAACTAAGACACCTGCTGTTGATGgtaagtagt aca ttaaaagcatggctacatt atcgt gaagt 264 6

t aggaggaagt tact ccacaat agttat aqgttttaaaaaat aat ct gtgtaagat gaaaca ct tatagaaaaatccagggtaagtta ca caat tact tc 274 6

aactt ttt ctat tcattatatt ccatat ttcaatgatgagctattgtaat taaggaatccatgtgct ttgacattaattgcctt ccctagct act tga ca 284 6

aagagcaaagaggcaaagggat caaat cgttaatgtaaggt ggaat aat cgcctactggtgtgagcat cat ct cattagtgggaaaacct gggt ttt tgc 2 94 6

t ccagccsttca cacactt gcaaaggaaat aaggat ttt agcaaata ttct tt gtt ctggttagattttattttaagjgagagagagaggttgt at gagaaa 304 6

ggcaggt agaggaaagttgaaaaaagact tggatagtt taattatctttttctgaatattttaatt ctaatttagagttggtacatacggaatqc gaat 314 6

ctctt tctt cattat tct ctcttgagccaat cagt attgtaaaggatgtt acacat tat ctt ctagactacagt tagcatttCCt at tcct gttaaE ct t 324 6

ttgttttacct act tccagaaactgagagctta ct gtattatgaagcaatat attt taatgat atct cattgctggaatgt tatttat atgg CgtLggta 334 6

t ct accat tcttcgctat tccagct ttct ctactt tacctat caaat tat tccct tgaaqggataatt tgaataact tt cacctactt tcct c:tct ct 344 6

aat tt cttct cacct tctctatat gt ttt tcataactcatat tgct ccatct ttt cttcagctataaaatacaaqtt gtaaat acagt at gaat gtatat 354 6

t ttgt tacct tctgaat ctaca ccaagtccsttt tgt aaatatattttgt at ttctgcagaaa cagt caat aggatt ctaca ctgt caatt t taa aag t at 364 6

gat tggat ct ctt ccttttgat ga ctagt gcttgaaattgtgggt ctttttaaatgcaaaat tt att ttaaaat tttcatttt atatgaa t tcat gtat t 374 6

cttt caaaaagt act tat tact tgataat tctgagaaaattaatttaatgt catgttttatttLtattgagttt tcctcccccaglAAATTAGTGATTCTAC 384 6

TTCAACTCCAiGCTACTACTCGTGTG;ACTACAAATCCTTCTGATTCAGGAAAFiTGTCCAAATGTGTTAAATGATCCTGTCAATGTGAGAATAAACT-CATT 394 6

CC:AGAACAATTCCCAACAGAGgt ctgcag 3975

Fig. 7. The 5' structure of the human SI gene

The 5' upstream region and the introns are typed in lower case letters. The CAAT and TATA boxes are underlined. A potential binding site for
C/EBP and the region of similarity with intestinal fatty acid binding protein are indicated with broken lines. The vertical arrow indicates an ATG
codon; horizontal arrows indicate the limits of the antisense RNA used for the mapping of the 5' terminus.

very similar (12 nucleotides out of 14) to a consensus sequence [19,43] the sequences of both promoter regions were compared,
found in the 5' non-transcribed region of two genes expressed in but no similarity was found.
intestine, the intestinal fatty acid binding protein [41] and the
cellular retinol binding protein 11 [42] genes. Genetic polymorphism within intron 2

In the 5' upstream region, of which 6.3 kb have been sequenced, Southern blots of DNA samples from six or more random
typical CAAT and TATA boxes were seen at positions -106 unrelated individuals digested with EcoRI, Taql, Mspl, HaelIl,
and -29 respectively. Since SI and human lysosomal a-glu- Hinfl or PstI were probed with the genomic subclones C or D to
cosidase are apparently derived from the same ancestral gene search for commonly genetically determined polymorphism (Fig.
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*0.4
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Fig. 8. PstI polymorphism detected with genomic probes SI D (a) and SI C
(b)

PstI digested DNA from five individuals were transferred on to
Hybond N membrane and probed with SI C, followed by reprobing
with SI D. The SI phenotypes of the individuals are: 1, SI Cl; 2, SI
C2-1; 3, SI C2-1; 4, SI C2; 5, SI C2-1.

f -6kb

1 2 3 4 5 6

Fig. 9. Northern blot analysis

Poly (A)' (lanes 1 and 2) or total (lanes 3-6) RNA was extracted
from Glc- (lane 1) or Glc+ (lane 2) HT-29 cells, normal human
ileum (lane 3), control Caco-2 cells (lane 6) or Caco-2 cells treated
for 48 h, with monensin (lane 4) or forskolin (lane 5).

8). A polymorphism involving a PstI site was detected with both
probes, but the other enzymes failed to detect common variation.
Three common PstI phenotypes were detected, which could be
attributed to allelic variation at the PstI site which separates
subclone C from D (nt 11 16). In the rarer type I allele (frequency
0.36) this site is absent, resulting in a 3.0 kb fragment which is
detectable by both clones C and D. In the more common allele
(frequency 0.64) the site is present (as in our genomic clone),
giving a 2.6 kb band detectable with subclone C and a 0.4 kb
band detectable with subclone D. Parents of 34 families from the
CEPH (Centre d'Etude du Polymorphisme Humain) series were

typed and 16 families, comprising 207 individuals, were tested for
linkage purposes. SI was shown to be closely linked to a number
of anonymous DNA markers on chromosome 3 [43a].

Northern blot analysis of SI mRNA
As described previously [13-15], Northern blot analysis of

RNA extracted from normal human ileum and from differenti-
ated Caco-2 cells shows high levels of a single hybridizing species
of 6 kb (Fig. 9). The same 6 kb mRNA was detected in prepar-
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ations from Caco-2 cells treated with forskolin or monensin
(lanes 4 and 5), but at much lower levels than in the Caco-2
control cells. The 6 kb transcript was also detected at a relatively
low level in the differentiated HT-29 cells cultured in the absence
of glucose (Fig. 9, lane 1). When HT-29 cells were cultured in the
presence of glucose, a condition in which no SI activity can be
found, no SI mRNA was detected (Fig. 9, lane 2).

DISCUSSION

The cDNA sequence of human SI is described in this paper: it
includes the entire coding region (5481 nucleotides), and the
complete 5' and 3' untranslated regions. Of the two potential
polyadenylation signals, the first is not followed by a GT-rich
sequence which has been reported to be a second signal recognized
by the eukaryotic machinery for the maturation of the 3' end
[44,45]. It seems likely that this first AATAAA is used in-
frequently or not at all, since the polyadenylation starts at
position 5947 in all the 3' clones that we have analysed.
The deduced amino acid sequences of the two subunits of

human SI have been compared with those of rabbit SI and the
high level of similarity indicates that the protein structure of
human SI is likely to be the same as that proposed for the rabbit
enzyme [12]. The peptide sequence of human SI precursor
contains 18 putative N-glycosylation sites, 12 of which are
conserved between human and rabbit. The knowledge of the
entire peptide sequence and of the N-glycosylation sites will be
particularly useful for the study of SI deficiency, where the
absence of expression of this enzyme is often associated with a
blockage in its transport and with glycosylation abnormalities
(for review see [1]).
On the basis of the similarity of their amino acid sequences, it

has previously been hypothesized that the SI and human lyso-
somal a-glucosidase genes have evolved from a common ancestor
(12,18,19]. Here we report apparent homology with another a-
glucosidase, glucoamylase 1 from yeast. The active site motif
Trp-lle-Asp-Met-Asn-Glu, as well as the other stretches ofamino
acid sequence which are conserved between the six peptides, are
absent in all the other entries of the SWISS-PROT Databank
(release 17) which includes about 35 sequences of enzymes with
related catalytic function. This indicates that these motifs could
constitute markers for the genes derived from the same ancestor.
By Southern blot studies, we have estimated the size of the

total human SI gene to be at least 55 kb. The SI gene in HT-29
and Caco-2 cells shows the same pattern of EcoRI restriction
fragments as normal human genomic DNA, indicating no major
rearrangement within or around the gene in these tumour cells.
We have isolated and characterized a 14 kb genomic segment

of the 5' end of the human SI gene which contains the first three
exons, the two first introns and the beginning of the third intron.
A genetic polymorphism was detected which involves a PstI site
in the second intron. Analysis of the families agreed with the
previous assignment of the gene to chromosome 3.
The major transcription start site determined by two different

techniques (primer extension and RNAase mapping) was found
to be located only 7 bp upstream of the longest cDNA clone in
the 5' untranslated region (141). Typical consensus sequences,
TATA and CAAT, were seen -29 and - 106 nt respectively
upstream of this major transcription start site. The first exon is
only 62 bp long, and is followed by a 2.5 kb intron which
surprisingly ends exactly at the ATG codon. The presence of this
large intron could possibly explain the weakness of the signals
obtained in the primer extension experiments, since we have
evidence that many of the SI RNA molecules selected by
oligo(dT) from ileum or Caco-2 cells are incompletely spliced
(I. Chantret, G. Chevalier & M. Rousset, unpublished work).
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No sequence similarity in the 5' flanking regions could be
found between the acid a-glucosidase and SI genes. Indeed, the
nucleotide composition of this region is quite different: the a-
glucosidase promoter regions is very GC-rich [43], which is a
characteristic of a house-keeping gene, while that of SI is AT-
rich. Unlike the acid a-glucosidase, which is an ubiquitous
lysosomal enzyme, SI is restricted to the enterocytes of the small
intestine. Very little is known about the sequences involved in the
regulation of expression of intestinal proteins, although experi-
ments with transgenic mice suggest that sequences allowing
correct cellular expression of intestinal fatty acid binding protein
reside within a 277 bp sequence 5' to the first exon [46]. Within
this region of the intestinal fatty acid binding protein gene, and
also repeated upstream in the 5' flanking region, resides a
conserved sequence (TGAACTTTGAACTT) [41] which has also
been identified in other genes expressed in the intestine (retinol
binding protein and apolipoprotein A) [41,42]. It is therefore of
some interest that this sequence is found within the first intron of
the human SI gene. In this intron there is also a putative binding
site for C/EBP, a protein which appears to have a role in
terminal differentiation in a number of tissues [47].

In addition to searching for regulatory sequences involved in
tissue specificity, further studies will be required to elucidate the
mechanisms responsible for the catabolic glucose repression of
SI in Caco-2 and HT-29 cells (Fig. 9). The significance of such
regulation in vivo is suggested by results which show decreased SI
expression in diabetic rats [48]. A number of other genes are also
repressed by glucose, including yeast invertase [49] (which also
hydrolyses sucrose), yeast glucoamylase [20] (which seems to
derive from the same ancestral gene as SI (see Fig. 2), yeast
alcohol dehydrogenase II [50] and the human glucose-regulated
proteins (GRP) [51]. In the cases of the yeast invertase and
alcohol dehydrogenase and the human GRP proteins, glucose-
sensitive 5' regulatory elements and consensus binding sequences
have been identified [52-54]. We were unable to find either of
these consensus binding sequences in the 5' region of the human
SI gene. However, it is noteworthy that the GRP consensus
sequence was also not found in the (glucose transporter 1) gene
GLUTI, which is co-repressed with GRP by glucose [55].

In most of the studies described in this paper, the two human
colon carcinoma cell lines Caco-2 and HT-29 were examined in
parallel with the normal human small intestine, since chromo-
somal rearrangements are frequent in colorectal carcinomas
[56,57] and tumour cell lines. All the evidence suggests that the SI
gene is unaltered in these cancer cells and that the SI RNA is
processed in the same way as in the human small intestine. This
lends support to the suitability of these cells as a model for future
studies designed to identify the regulatory elements of the human
SI gene.
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