
Glycoconjugate Journal 19, 197–210, 2003
C© 2003 Kluwer Academic Publishers. Manufactured in The Netherlands.

Cloning and sequencing of nineteen transcript
isoforms of the human α2,3-sialyltransferase gene,
ST3Gal III; its genomic organisation and expression
in human tissues
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The recruitment of human peripheral blood leukocytes (PBL) to sites of infection and inflammation requires the surface
expression of Sialyl Lewis x glycoconjugates (SLex) on white blood cells and their interaction with E- and P-selectins on
activated endothelial cells. E-selectin has additionally been shown to interact with the sialyl Lewis a (SLea) epitope. Human
ST3Gal III codes for an α2,3-sialyltransferase involved in the biosynthesis of both SLea and SLex epitopes, although the
latter with a lower efficiency. We have cloned and sequenced human ST3Gal III gene transcripts from human peripheral
blood leukocytes, covering the coding region of this gene. Within our clones we isolated 19 different transcripts with a
wide variety of deletions from 45 to 896 nucleotides, and insertions of 26 to 173 nucleotides. Among the insertions we
identified two new exons (E3, E6). In order to map and characterise the ST3Gal III gene we used the GenBank database
and “computer-cloned” and characterised the genomic organisation of the ST3Gal III gene. The coding sequences of the
ST3Gal III gene stretch over a gene sequence of approximately 223 Kb comprised of 15 exons. RT-PCR and laser-induced
fluorescent capillary electrophoresis (LIF-CE) were used to examine the expression of this gene in twenty-one human
tissues, which showed a highly specific tissue expression pattern. Neural and muscular tissues showed the most complex
patterns and were distinctly different from all other tissues examined.
Published in 2003.
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ST3Gal III type B1+32 (AF425864); ST3Gal III type B4+173 (AF425865); ST3Gal III type B5+26 (AF425866); ST3Gal III type
B5+173 (AF425867); ST3Gal III type E1 (AF425868); ST3Gal III type E3+32 (AF425869); LIF-CE, laser induced fluorescent
capillary electrophoresis; PBL, peripheral blood leukocytes.

Introduction

Cell surface glycoproteins have been shown to have key func-
tions in intercellular adhesion mechanisms. The recruitment

∗To whom correspondence should be addressed: Göran Larson,
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of human peripheral blood leukocytes (PBL) to sites of infec-
tion and inflammation requires the surface expression of Sialyl
Lewis x glycoconjugates (SLex) on the white blood cells and
of E- and P-selectins on the activated endothelial cells [1–3].
It is also known that E-selectin binds the Sialyl Lewis a (SLea)
epitope [2,4]. Endothelial tumors especially, colon carcinomas
and pancreatic carcinomas, often express SLea and the inter-
action between SLea and E-selectin is considered important
for the metastatic properties of these carcinoma cells [5]. This
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is not only of diagnostic and prognostic importance but may
also be of therapeutic interest, as recently reported in a 10 year
follow-up study from Japan [6] where colon carcinoma patients
were treated with cimetidine in parallel to standard chemother-
apeutics. In this study there was a highly significant prolonged
survival time for patients additionally treated with cimetidine
and the effects were most pronounced for patients carrying tu-
mors with high expression of SLex and SLea epitopes. The
pharmacological mechanism of cimetidine in cancer treatment,
possibly mediated by a down regulation of E-selectin expres-
sion on endothelial cells, was commented on in an editorial [7].

Sialyltransferases catalyse the transfer of sialic acid from
CMP-sialic acid to the terminal position of carbohydrates
on glycoproteins and glycolipids. Analysis of the protein se-
quences of sialyltransferases reveals, as for most glycosyltrans-
ferases, a topological feature characteristic for type 2 transmem-
brane proteins with a short N-terminal cytoplasmic tail, a hy-
drophobic signal-anchor sequence that spans the membrane, a
lumenal stem region and a large catalytic domain that resides in
the lumen of the Golgi [8]. All sialyltransferases cloned to date
contain two conserved sialylmotifs in the catalytic part of the
enzyme. A large sialylmotif of approximately 48 amino acids
is termed the “L(large)-sialylmotif” and a smaller sequence
of about 23 amino acids towards the C-terminal is termed the
“S(short)-sialylmotif”. The L-motifs participate in the bind-
ing of the donor substrate, CMP-Neu5Ac, and the S-motifs
participate in the binding of both the donor and the acceptor
substrates [9–11]. Each of the two motifs contains an invariant
cysteine residue present in all sialyltransferases cloned [10,12].
The conserved cysteine residues participate in a disulfide link-
age between the two motifs and are critical for conformation
and activity of the enzymes. Additionally a very short sequence,
the “VS-motif”, further down towards the C-terminal compris-
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Figure 1. Biosynthesis of lacto series sialylated and non sialylated Lea and Lex antigens. Relevant sialyl- and fucosyltransferases
are indicated for each step.

ing only 3-5 amino acids has been identified as a conserved
sequence although its importance for enzymatic activity has
not yet been published [13].

The human α2,3-sialyltransferase genes ST3Gal IV and
ST3Gal VI, located on chromosome 11 [14] and 3 [NCBI, Gen-
Bank]] respectively, code for enzymes that catalyse the transfer
of sialic acid to the type 2 precursor (Galβ1, 4GlcNAc) [15,16]
and are critical for the biosynthesis of SLex. Human ST3Gal
III is located on chromosome 1 [14] and acts preferentially on
the type 1 precursor (Galβ1,3GlcNAc) and is thus the major
candidate responsible for the biosynthesis of SLea [17]. In vitro
studies of ST3Gal III showed an additional catalytic activity
towards type 2 precursors, but with lower efficiency [17]. It
is well established that in the biosynthesis of SLea the type
1 precursor has to be sialylated prior to fucosylation by an
α1,4-fucosyltransferase (Fuc-TIII) which thus transfers fucose
from GDP-fucose to the sialylated type 1 precursor (Figure 1).
Fuc-TIII also acts on non sialylated type 1 precursor forming
Lea [18,19]. Thus, there is a possible competition for the type
1 precursor between the α2,3-sialyltransferase and the α1,4-
fucosyltransferase in the Golgi. In the biosynthesis of SLex an
α1,3-fucosyltransferase, Fuc-TVII, transfers fucose to the sia-
lylated type 2 precursor. In granulocytes Fuc-TVII can only
transfer fucose to the sialylated and not to the non sialylated
type 2 precursor and is thus in those cells responsible for the
final biosynthesis of SLex [20,21]. In PBL the Fuc-TIV and in
the brain the Fuc-TIX competes with the α2,3-sialyltransferase
for the type 2 precursor to form Lex instead of the sialylated
compound. The localisation, activities and detailed specifici-
ties of those transferases are thus critical for the carbohydrate
epitopes being synthesised in each tissue [22].

Northern blot analysis of ST3Gal III has shown that this
gene is predominantly expressed in skeletal muscle but also
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Table 1. ST3Gal III and GAPDH primers used for cloning and fragment analysis

Primersa Genes Sequences Annealing positionsb

ST III-11s ST3Gal III 5′-TAGGAAATCGTAAATCATGTGAAG-3′ −1 to −24
ST III-11as ST3Gal III 5′-TCAGATGCCACTGCTTAGATCAG-3′ 1313 to 1335
FAM-GAPDH-s GAPDH 5′-6-FAM-AGTCCACTGGCGTCTTCAC-3′ 290 to 311
2-GAPDH-as GAPDH 5′-GCCACAGTTTCCCGGAGG-3′ 589 to 572
GAPDH-as GAPDH 5′-GAGGTCCACCACCCTGTTG-3′ 981 to 963

aFor fragment analysis 6-FAM labelled sense and HEX labelled antisense primers were used.
bNumbers refer to the ST3Gal III A8 isotranscript and to the GAPDH gene (Acc. No NM 002046).

in several other human tissues [23]. In order to characterise all
the candidate α2,3-sialyltransferases necessary for biosynthe-
sis of SLex we have cloned and sequenced human ST3Gal III,
ST3Gal IV and ST3Gal VI gene transcripts from PBL of one
single individual. The ST3Gal IV isotranscripts have already
been published [24]. Our clones have revealed a considerable
heterogeneity in transcript isoforms corresponding to alterna-
tive splicing. Global database studies comparing genomes and
Expressed Sequence Tags (ESTs) have recently shown that an
unexpected high frequency of genes (38 to 42%) occur as al-
ternatively spliced forms in these databases [25,26]. In a recent
report Modrek et al. [25] revealed in a random sample of their
database, that 74% of alternative splices really modified the
protein product, whereas only 22% were alternatively spliced
in the 5′-UTR and only 4% in the 3′-UTR. The most abundant
category of alternatively spliced genes occurred in cell sur-
face proteins/receptors (29%) including membrane anchored
receptors, integral membrane proteins and proteins involved in
cell surface adhesion. Twenty-nine per cent of the alternatively
spliced genes encoded functions specific to the immune system
cell surface receptors. Fourteen per cent of alternatively spliced
genes showed tissue specificity for the minor isoforms. Within
our clones from ST3Gal III gene, we have isolated 19 differ-
ent transcripts with a wide variety of deletions from 45 to 896
nucleotides, and insertions of 26 to 173 nucleotides. Among
the insertions we identified two exons not described before.
In order to map and characterise the expression pattern of the
various isotranscripts of ST3Gal III in human tissues, we have
utilized the technique of RT-PCR and laser-induced fluorescent
capillary electrophoresis (LIF-CE).

Materials and methods

“Computer-cloning” of human ST3Gal III gene

The human ST3Gal III mRNA sequences with Acc. no.
L23768 [17] and Acc. no. E08204 were used to search the
human genome database at the National Center for Biotechno-
logy Information (NCBI, http://www.ncbi.nlm.nih.gov/) using
BLAST human genome search (http://www.ncbi.nlm.nih.
gov/genome/seq/page.cgi?F=HsBlast.html&&ORG=Hs). The
BLAST results were analysed and aligned using the Lasergene

software package (DNASTAR Inc., Madison, WI). ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) was used for
analysis of the open reading frames (ORFs).

Cloning and sequencing of ST3Gal III transcripts

Total RNA was prepared from blood samples (5 ml of EDTA
anticoagulated blood) of one single individual using the Qi-
agen RNeasy midikit (Qiagen Ltd, UK). cDNA was synthe-
sized using Promega Reverse transcription system with poly
dT-primers (Promega Corp. Madison, USA). Primers were de-
signed to cover the coding region of the ST3Gal III gene [17]
using the human ST3Gal III sequence with Acc. no. E08204
(Sasaki K. et al. unpublished). All primers (Table 1) were
purchased from Scandinavian Gene Synthesis AB (Köping,
Sweden).

In the PCR reaction for ST3Gal III the final concentrations
were 1.0 µM of STIII-11s and STIII-11as, 150 µM dNTP
(Amersham Pharmacia Biotech AB, Uppsala, Sweden), 1.5 mM
MgCl2, 50 mM KCl, 10 mM Trizma base and 1 unit of Taq DNA
polymerase (Roche Diagnostics GmbH, Mannheim, Germany).
Ten µl of cDNA was used as template. The PCR-program was
run at 85◦C 10 min, 95◦C 15 sec, 60◦C 15 sec, 68◦C 3 min for
30 cycles and finally 68◦C for 10 min.

The amplified fragments were purified on Agarose gel
(GIBCO BRL, Life Technologies, Paisley, Scotland) and re-
covered using GenElute Minus EtBr Spin Columns (Sigma,
St Louis, MO, USA). Fragments were ligated into the pTAg
cloning vector pCR2.1 and transformed into INVαF′ One Shot
competent cells (Invitrogene BV, Groningen, the Netherlands).
All selected clones were sequenced in both directions using
Big Dye Terminator kit on Applied Biosystems 377 DNA se-
quencers and ABI PRISM 310 instrument (P-E Applied Biosys-
tems, Foster City, CA). Sequence analyses and alignments were
performed using the Lasergene software package (DNASTAR
Inc., Madison, WI, USA).

PCR and RT-PCR amplification with fluorescent primers

Total RNA-samples from a panel of tissues were purchased
from Clontech (Cat no K4005-Z, Clontech, Palo Alto, CA,
USA). The panel contained human RNA samples from placenta,
foetal brain, foetal liver, adrenal gland, lung, testis, skeletal
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muscle, brain, spleen, liver, uterus, thymus, salivary gland, tra-
chea, heart, kidney, bone marrow, spinal cord, prostate and
colon. Total RNA from peripheral blood leukocytes was pre-
pared as described above.

Sense primers for all the ST3Gal III transcripts were labelled
in the 5′-end with the fluorescent dye 6-carboxyfluorescein (6-
FAM) without any other change in the primers used for cloning.
The antisense primers were similarly labelled with the hex-
achlorinated analogue to 6-FAM (HEX) (Scandinavian Gene
Synthesis AB) (Table 1). The glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) gene (Acc. no. NM 002046) transcript
was used as an external positive control, with a 6-FAM labelled
GAPDH sense primer and an unlabelled antisense primer, giv-
ing rise to a fragment of 692bp. About 0.1 µg RNA was used
in the RT-step and 10 µl of the transcribed cDNA was further
used as template. In the PCR reaction the final concentrations
were 600 nM of FAM-STIII-11s and HEX-STIII-11as, 1.0 mM
MgCl2, 50 mM KCl, 10 mM Trizma base and 1 unit of Taq DNA
polymerase (Roche Diagnostics GmbH, Mannheim, Germany).
In the PCR reaction for GAPDH the final concentrations were
40 nM of FAM-GAPDH-s and GAPDH-as, 1.0 mM MgCl2,
50 mM KCl, 10 mM Trizma base and 1 unit of Taq DNA poly-
merase. The standard PCR-program was 85◦C 10 min, 95◦C
15 sec, 60◦C 15 sec, and 68◦C 3 min for 30 cycles.

Laser induced fluorescent capillary electrophoresis

Electrophoretic analyses were performed on an ABI PRISM
310 instrument equipped with ABI PRISM GeneScan Analysis
Software package (P-E Applied Biosystems). One µl of the
amplified products was mixed with 0.5 µl TAMRA-labelled
GS-2500 size standard (P-E Applied Biosystems) and 12 µl of
distilled water. The amplified GAPDH fragment was diluted
1:20 in distilled water and mixed with the size marker as above.
A 1 ml Hamilton syringe and a 47 cm × 50 µm capillary with

Table 2. ST3Gal III exon and intron splice junctions and corresponding position in the genome

Splice junction sequence

Intron
Intron
length (bp) Exon : Intron Intron : Exon

Position on human
genomic clone (nt)

Human genomic clone
Acc. no.

E1/E2 28 537 CCGCTGTG: gtaagggc ttttct ag:GTCATTTA 98 477 – 69 941 AC005193
E2/E3 No intron GGACTCCA: :GTAAGTAT No intron AC005193
E3/E4 55 679 TGTTGCAG: gtcagtta ggttgc ag: ATTCAGTG 69 748 – 14 071 AC005193
E4/E5 22 754 AGGCTCAG: gtaccaac tttttc ag:AGTATGAT 14 022 – 84 684 AC005193/AC004950
E5/E6 9 823 TCTAAACT: gtgagtag ctttgc ag:CTCACCGA 84 636 – 74 813 AC004950
E6/E7 13 337 CTGCCCAG: gtgagtct tcccat ag:GCCTGCTG 74 651 – 61 315 AC004950
E7/E8 56 051 TTCCCCCG: gtaagtgc tattcc ag:GTTCTCCA 61 219 – 5 169 AC004950
E8/E9 3 758 AGGTCAAG: gtatgttg gtctgc ag:ACAATCTG 5 073 – 1 316 AC004950
E9/E10 869 TTGGACAG: gtgagcca cccctc ag:CCTCCGCT 1 251 – 383 AC004950
E10/E11 278 GTGGTGAG: gtgagctc ctctgt ag:ACTGAATT 286 – 190 554 AC004950/AC005038
E11/E12 20 129 AGAGAGTG: gtaagctc gtccac ag:AGTGCATC 190 366 – 170 238 AC005038
E12/E13 230 GCCGGGGG: gtgagata tcttct ag:AACATCCC 170 089 – 169 860 AC005038
E13/E14 9 229 TCAAAGAG: gttcgggg cctttc ag:TCCTGGAC 169 712 – 160 484 AC005038
E14/E15 50 GCATCTGA: gtgggccc agcagc ag:CCAGCACC 160 392 – 160 343 AC005038

3% GeneScan polymer and 1X Genetic Analyser Buffer with
EDTA were used (P-E Applied Biosystems). The injection time
was set at 5 sec at 15 kV and electrophoreses were run at 42◦C
at 2 kV with 90 min detection time using virtual filter set C,
which records the fluorescent light intensities in four windows
centred around 530, 542, 567 and 590 nm. Filter set C was used
to provide maximal separation of the different dyes and to keep
a low signal to noise ratio.

Results

“Computer-cloning” of the human ST3Gal III gene

The BLAST search revealed three human genomic clones
containing ST3Gal III homologous sequences; AC005193,
AC004950 and AC005038, all located on the (−)-strand of the
human chromosome 1. These three clones overlapped with 200
bases. According to these clones, the ST3Gal III gene is a gene
with a length of approximately 223 Kb. We identified 13 exons
when comparing the two human cDNA sequences (Acc. no.
L23768 and Acc. no. E08204) with the three genomic clones.
The intron-exon junctions showed perfect agreement with the
GT-AG consensus sequence [27,28]. The exon-intron splice
junction sequences and the corresponding locations on the hu-
man clones are presented in Table 2. In Table 3 the exon lengths
and corresponding cDNA nucleotides and protein amino acid
numbers are shown. The cDNA sequences revealed two sepa-
rate stop-codons localized at nt 1126–1128 and nt 1556–1558
for clone L23768 and E08204 respectively. In the sequences of
E08204 the three nucleotides corresponding to the stop-codon
of the sequence of L23768 was lost, possibly spliced off, and the
sequence continued without disrupting the open reading frame.
Since our anti sense primer STIII-11as included, at the 3′- end,
the stop codon for the sequence L23768, we cannot exclude the
presence of such an isoform in the tissues examined.
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Table 3. ST3Gal III gene exons and corresponding cDNA
nucleotides and protein amino acid numbers

Exons Exon lengths cDNA nucleotides Amino acids
(no.) (bp) (position no.)a (position no.)a

1 121 −151 – (−30) Noncoding
2 148 −29 – 118 1 – 39
3 45 119 – 163 40 – 54
4 48 164 – 211 55 – 70
5 43 212 – 254 71 – 85
6 162 255 – 416 86 – 139
7 93 417 – 509 140 – 170
8 95 510 – 604 171 – 201
9 64 605 – 668 202 – 223

10 96 669 – 764 224 – 255
11 187 765 – 951 256 – 317
12 147 952 – 1098 318 – 366
13 147 1099 – 1245 367 – 415
14 90 1246 – 1335 416 – 444
15 884 1336 – 2219 Noncoding

aThe ST3Gal III isotranscripts A8 (Acc. no. AF425853), being the
longest transcript not showing any exon losses, is used throughout this
manuscript as the basis for all numbering of nucleotides and potential
amino acids.

Characterisation of 19 ST3Gal III transcripts from
human peripheral blood leukocytes

Within our clones we isolated 19 different cDNA transcripts
covering the coding region of the human ST3Gal III gene from
exon 2 to exon 14. We found a wide variety of deletions from
45 to 896 nucleotides, and insertions of 26 to 173 nucleotides
(Figure 2, Table 4). The deletions were identifiable as partial
or complete losses of one or several exons. The structural con-
sequences of these alternative splices are illustrated for the po-
tential proteins in Figure 3. The amino acid sequence of the
putative protein corresponding to the A8 isotranscript is illus-
trated in Figure 4. Seven of the 19 isotranscripts (A1, A8, B1,
B3, B8, C1, C8) code for proteins with identical N-terminals,
transmembrane regions and C-terminal catalytic regions with
the L- and S-sialylmotifs intact but with differences only in the
stem regions. One of the isotranscripts (B1−90) codes for a
protein similar to B1 but with a loss of 30 amino acids of exon
12 in the catalytic region. Another isotranscripts (B4) codes for
an intact protein having specifically lost both exons 12 and 13
and thus the S-sialylmotif. Three of the isotranscripts (A7, B7,
C7) code for proteins with the N-terminals and the transmem-
brane regions unaffected and with relatively intact stem regions
but with no catalytic domains at all. Two isotranscripts (E1, E3)
code for proteins having the N-terminal and transmembrane re-
gions intact but show losses of not only the catalytic domain
but also the typical stem region of the original enzyme.

Among the insertions we identified two different kinds. One
is exemplified by the two sequences of 45 nt and 162 nt, be-
tween nt 118–119 and nt 254–255 in the coding sequence of

the published ST3Gal III gene [17]. These insertions did not
disrupt the open reading-frame (ORF) of the transcripts, fol-
lowed the GT-AG rule for splicing of intron sequences and thus
we considered these insertions as novel exons (E3 and E6) of
this gene. The other kind of insertions, containing 26, 32 or
173 nt, all disrupted the ORF and resulted in truncated mem-
brane proteins (Figure 3). The insertions of 26 and 173 nt, but
not the insertion of 32 nt, followed the GT-AG rule for splic-
ing of intron sequences. Among these potential proteins there
were two transcripts, in which the ORF analysis suggested an
alternative ORF (orf 2); B4+173 and E1. The orf 2 of B4+173
suggested a soluble protein, lacking the transmembrane part as
well as the S-motif of the sialyltransferase, and thus probably
lacking enzymatic activity. The orf 2 of the E1-transcript, on
the other hand, coded for a soluble protein with conserved L-
and S-sialylmotifs. However, this sequence did not follow the
Kozak’s consensus sequence for translation [29].

Nomenclature for ST3Gal III transcripts

As seen in Figure 2 there are some persistent features for the
transcripts. All transcripts contain exons 2, 8 and 14 but most
other exons are inconsistently expressed. (Exons 2 and 14 con-
tain the sequences of our cloning primers). The 45 nt of exon
3, the 48 nt of exon 4 and finally the 43 nt of exon 5 made us
classify the transcripts into five major isoforms (ST3Gal III-A
to -E). ST3Gal III-A includes both exon 3 and exon 4. ST3Gal
III-B lacks exon 3 but contains exon 4 and corresponds to the
previously published sequence of ST3Gal III [17]. ST3Gal III-C
lacks both exons 3 and 4. ST3Gal III-D includes exon 3 but lacks
exon 4. ST3Gal III-E finally lacks all exons 3, 4 and 5. Within
each isoform we identified a variety of transcripts, which forced
us to propose a more detailed nomenclature for the ST3Gal III
transcripts (Figure 2, Table 4). Thus, apart from the noted dif-
ferences in exons 3, 4 and 5 the A1, B1, C1, and E1 transcripts
all lack exon 6 but contains exon 2, 7, 8, 9, 10, 11, 12, 13 and 14.
Similarly, besides the differences corresponding to the isoform
features the A7, B7 and C7 all lack exon 9 to 13 and the A8,
B8 and C8 transcripts all contain exon 6. Remaining ST3Gal
III isotranscripts have so far only been isolated as one or two
of the five main isoform (A–E).

LIF-CE resolves 17 of 19 ST3Gal III isotranscripts

All our isolated and sequenced clones were analyzed with
LIF-CE to determine the elution times and software estimated
sizes for each fluorescence labelled isotranscript. The results
are shown in Table 5. The fragments, all covering the coding
sequences, varied in size from 439 bp to 1335 bp which re-
sulted in elution times between 65 and 84 min under the condi-
tions used. The software generally overestimated the fragment
size by a mean of 4.1% (min 1.7%, max 7.7%, SD 1.8%) de-
pending on amplified fragments, on electrophoretic intervals
as well as different fluorochrome labeling of amplified frag-
ments and reference size markers. The elution times and thus
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Figure 2. Illustration of 16 of 19 cloned ST3Gal III transcripts and their relation to the ST3Gal III gene. Coding sequences are shown
as grey boxes and L- and S-motifs are shown as bars below the gene sequence. Transcripts with insertions of intron nucleotides
(26, 32 or 173 nt long) have been omitted. Exact lengths of introns and exons are given in Tables 2 and 3.

estimated sizes were however very stable for each fragment
with a total variation (CV%) of 0.02% [24]. Figure 5 illustrates
the electrophoretic mobilities of fluorescence double-labelled
fragments of all the 19 isotranscripts cloned and covers all frag-
ments and reference markers in one run. Most isotranscripts are
well resolved from each other but in some cases fragments of
different isotranscripts are partially or completely overlapping.
Thus, D2+26 and B5+26 and B1−90 and B3, which differ
by only 3 bp respectively, do not separate under the conditions
used. Other fragments, such as B1−90 and E1 which differ
only by 1 bp, show a tendency to separate illustrating that not
only size but also nucleotide composition and sequence and

thus conformation is of importance for separation under these
non-denaturating conditions.

ST3Gal III isotranscripts show a tissue specific expression

The different human tissues analysed by LIF-CE showed a no-
ticeable difference in ST3Gal III expression. Not only did the
pattern of isotranscripts vary between tissues but also the rela-
tive amounts described as percentages of GAPDH expression.
Only 7 of the 19 splice variants encode for proteins with the
catalytic domains completely intact and probably represent ac-
tive enzymes. Only 2 of those (B1 and C1) were detected in
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Table 4. ST3Gal III isotranscript names, splice losses, insertions and potential protein lengths

Deletions

Isoform Isotranscript Identities of deletions lengths (nt)

Insertions
lengths
(nt)c

cDNA
fragment
lengths (nt)

Potential
protein
lengths (aa)

A A1 E6 162 1173 390
A7 E6, E9, E10, E11, E12, E13, 803 532 170
A8a None 1335 444

B B1 E3, E6 207 1128 375
B1−90 E3, E6 and 90 nt of E12 297 1038 345
B1+32 E3, E6 207 32 1160 189
B3 E3, E6, E7 300 1035 344
B4 E3, E6, E12, E13 501 834 277
B4+173 E3, E6, E12, E13 501 173 1007 115
B5b E3, E6, E11, E12, E13 688 647 202
B5+26 E3, E6, E11, E12, E13 688 26 673 186
B5+173 E3, E6, E11, E12, E13 688 173 821 121
B7 E3, E6, E9, E10, E11, E12, E13 848 487 155
B8 E3 45 1290 429

C C1 E3, E4, E6 255 1080 359
C7 E3, E4, E6, E9, E10, E11, E12,E13 896 439 139
C8 E3, E4 93 1242 413

D D2b E4, E6, E11, E12 691 644 201
D2+26 E4, E6, E11, E12 691 26 670 185

E E1 E3, E4, E5, E6 298 1037 43
E3b E3, E4, E5, E6, E7 391 944 74
E3+32 E3, E4, E5, E6, E7 391 32 976 74

aTranscript A8 is considered the full length cDNA against which all transcripts are compared.
bTranscripts B5, D2 and E3 were not cloned in this study but are included for comparison.
c Insertion of 26 nt corresponds to an intron sequence (nt 261-286) on the human genomic clone AC004950, insertion of 32 nt to an
intron sequence (nt 190556-190587) on the human genomic clone AC005038, and insertion of 173 nt corresponds to an intron sequence
(nt 20058-20230) on the human genomic clone AC004950.

most of the tissues analysed. The other 5 variants with the cat-
alytic domain intact (A1, A8, B3, B8, C1 and C8) were poorly
expressed or not detectable with the RT-PCR and LIF-CE tech-
nique. In fact, 8 of the 19 isotranscripts cloned from PBL were
not detected at all in any of the other tissues. Two splice variants
(B7 and C7), which encode for proteins completely lacking the
catalytic domain but containing the N-terminal, the transmem-
brane region and the putative stem region of the intact enzyme,
were strongly expressed in neural tissues. These truncated pro-
teins may have some function but are highly unlikely to express
enzymatic activities.

Thus, ST3Gal III B1 and C1 isoforms dominated quantita-
tively in most tissues. The highest relative expressions of B1
were found in uterus (80%), skeletal muscle (72%) and adrenal
glands (69%) and the lowest in kidney and colon where no
ST3Gal III isoforms were detected at all (Table 6). Tissues re-
lated to muscles showed a general pattern with a dominance
of B1 isoform and expression of B4 and B1+32 isotranscripts
but no C7 and B7 isotranscripts (Figure 6). The B4 isotran-
script showed a very tissue specific expression with the high-
est amounts in skeletal muscle (11%), uterus (8%) and adult
brain (8%) and no expression at all in 14 other tissues. B1+32,
which codes for a truncated protein, was expressed in 13 tis-

sues (Table 6). The C1 form had its highest expression in uterus
(15%), skeletal muscle (13%) and foetal brain (12%). Foetal
brain showed the most complex pattern of expression with 8
isotranscripts identified and a dominance of the C7 and B7 iso-
forms (38% and 33% respectively) (Table 6). A7 isotranscript
was detected only in foetal brain. In fetal brain 5 additional tran-
scripts were detected around 650 bp (Figure 6), which we now
have cloned and found to be ST3Gal III isotranscripts (data
not shown). Adult brain and spinal cord expressed a pattern
similar to foetal brain with high amounts of B7 and C7 isotran-
scripts. The isotranscripts B4+173, B5+173, B1−90/B3, E1,
C8, A8 or E3+32 were below detection level in all tissues un-
der the standard conditions used. B8 isotranscript was detected
only in skeletal muscle, comprising less than 1% of GAPDH
expression.

Discussion

In order to characterise all the candidate α2,3-sialyltransferases
involved in the biosynthesis of SLex, the minimal structural re-
quirement for E-, P- and L-selectin ligands, we have now cloned
and sequenced the transcripts covering the coding region of hu-
man ST3Gal III gene from PBL of one single individual. This
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Figure 3. Schematic illustration of 21 potential proteins obtained from 19 cloned ST3Gal III transcripts after ORF analysis. The
N-terminal is marked NH2- , the transmembrane region (TM region) is marked as a striped grey bar, the L- and S- sialylmotifs are
marked as grey bars and the C-terminal as COOH. Striped white bars indicate altered amino acid sequences. Insertions of intron
sequences are indicated at Y signs at the relevant positions.

sialyltransferase is specifically responsible for the sialylation
of the type 1 precursor, necessary for the final biosynthesis of
SLea, an epitope known to interact with E-selectin and to be
of importance in the diagnosis and possibly future treatment
of gastrointestinal carcinomas in man [6,7]. We have earlier
published data for ST3Gal IV transcripts in human PBL [24].

Within our ST3Gal III clones we identified 19 different tran-
scripts with deletions as well as insertions. To understand the
relationship between the different transcripts, we aligned the
ST3Gal III transcripts with sequences found in the human
genome database. As a result of this alignment, we identified

the exon-intron junction sequences of published data [17]. From
this we could conclude that all of our transcripts, except the two
including the insertion of 32 nt, resulted from alternative splices
according to the GT-AG consensus rule for splicing [28,30].
Among our clones we found two novel insertions of 45 nt and
162 nt, which did not disrupt the reading frame for translation.
Judged from the positions of these sequences in the human ge-
nomic clones we concluded them to be exon 3 and exon 6,
respectively. Additionally, we found transcripts with a deletion
of 48 bp corresponding to exon 4 and to nucleotides 119 to
166 of the published sequence and nucleotides 164–211 in our
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Figure 4. Amino acid of the putative protein corresponding to the nucleotide sequence of the ST3Gal III A8 isotranscript.

revised sequence. Burger et al. used a transcript with a similar
deletion obtained from Jurkat cells, when generating an anti-
body against the human ST3Gal III enzyme. Although these
authors did not describe the 48 nt sequence in detail it was prob-
ably the same deletion as we have seen in human leukocytes,
ST3Gal III C1 [31].

Interestingly, only 7 of the 19 splice variants, that we have
identified, code for proteins, which probably represent active
enzymes. These proteins have the catalytic domains completely
intact including the L-, S- and VS-motifs and differ only in
the putative stem region. Of those 7 variants only 2 (B1 and
C1) were highly expressed in most tissues, the other 5 being
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Table 5. Capillary electrophoretic data of fluorescence labelled
amplified fragments from 19 clones of ST3Gal III isotranscripts

Fragment Estimated Elution time
Isotranscript a size (bp) size (bp)b (min)b

C7 439 472 64.54
B7 487 516 65.96
A7 532 573 67.62
D2+26 670 702 71.38
B5+26 673 702 71.38
B5+173 821 844 74.96
B4 834 853 75.15
E3+32 976 993 77.75
B4+173 1007 1040 78.52
B3 1035 1062 78.85
B1−90 1038 1063 78.87
E1 1037 1076 79.07
C1 1080 1119 79.70
B1 1128 1162 80.30
B1+32 1160 1187 80.64
A1 1173 1209 80.93
C8 1242 1316 82.24
B8 1290 1359 82.73
A8 1335 1413 83.30

aOrdered after elution times.
bRefers to elution times of Figure 4.

scarcely expressed or not detectable using the RT-PCR LIF-CE
technique. The remaining splice variants are unlikely to ex-
press enzymatic activities but may have other, as yet unknown,
biological functions.

The common differences in the ST3Gal III A, B, C and D iso-
transcripts, which we report here, correspond to 15 amino acids

Figure 5. A typical electrophoregram of a mixture of labelled
fragments obtained from the 19 ST3Gal III transcript clones to-
gether with appropriate size markers analyzed by LIF-CE. Iden-
tities of amplified fragments are given on top of each peak and
size markers are given as bp lengths below reference peaks.
Sizes and elution times of labelled fragments are given in Table
5 and electrophoretic conditions are described in the methods
section.

(exon 3) and 16 amino acids (exon 4) which are found within the
putative stem region of the α2,3-sialyltransferase. This part of
the enzyme is considered of relevance for the localisation and re-
tention within the Golgi system [8,32]. A recent report has con-
firmed that the cytoplasmic, transmembrane and stem regions
of glycosyltransferases also specifies their functional localisa-
tion and stability within the Golgi [33]. De Vries et al. showed
that recombinant Fuc-TIII α1,3/1,4-fucosyltransferase changes
its acceptor specificity toward glycoproteins when truncated in
the transmembrane and stem regions [34]. The differences in
the stem region of enzymes coded for by ST3Gal III isoforms A,
B and C reported here may contribute to the same phenomena.

Thus, the 7 enzymatic isoforms, which would result from
translation of our cloned ST3Gal III isotranscripts (A1, A8, B1,
B3, B8, C1 and C8), with identical and intact N-terminals, trans-
membrane regions and catalytic domains and which differ only
in the stem regions might be located differently and have differ-
ent functionality within the Golgi. The B1−90 isotranscript is
unique in its loss of 90 nucleotides resulting in a potential pro-
tein with 30 amino acids less in the catalytic region. Whether
this protein is enzymatically active remains to be shown.

Translated to protein isotranscript B4 would result in a pep-
tide that specifically lacks the S-sialylmotif. It has been shown
that L-motifs participates in the binding of the donor substrate
CMP-NeuAc and the S-motif participates in binding of both
the donor and acceptor substrates [9–11]. Datta et al. recently
showed that the conserved cysteine residues of L- and S- motif
participates in disulfide linkage between the both motifs and
is important for proper conformation and activity of ST6Gal I.
They also showed that the full-length mutant proteins, with sub-
stitutions of the conserved cysteines to alanine or serine in the
L- and S-motifs, were retained in the endoplasmic reticulum,
probably due to improper folding of the proteins [12]. Whether
the ST3Gal III B4 protein, lacking the S-sialylmotif, is found in
Golgi or is retained and degraded in the endoplasmic reticulum
remains to be shown.

Three of our ST3Gal III isotranscripts (A7, B7, C7) would
code for proteins that have lost their catalytic domains but are
otherwise intact. The ST3Gal III E isotranscripts have lost exon
5, which would lead to an almost immediate truncation of the
protein chains after the transmembrane part but prior to the
stem region. Whether these proteins will be produced, cor-
rectly folded and leave the endoplasmic reticulum and finally
localise to the Golgi and if so what functions they have there is a
completely open question. SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptors) proteins have
been identified as essential constituents of the Golgi system
[35] and it would, at least in theory, be economical for the cell
to use alternative splicing mechanisms to produce from one
single gene proteins with quite different but maybe cooperative
functions within this complex system of membrane proteins.

The five isotranscripts we identified with insertions of 26,
32 or 173 nt would, if translated, lead to production of trun-
cated membrane proteins due to a shift in the ORF. We
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Table 6. Expression of ST3Gal III isotranscript relative to GAPDH (100%) in twenty-one human tissues

Foetal Skeletal Adrenal
Isotranscript brain Brain Spinal cord Uterus muscle Heart gland PBL Spleen Testis Placenta

A1 – – – 3 – – 1 – – – –
B1 20 21 12 80 72 22 69 52 38 35 30
C1 12 3 2 15 13 5 10 8 3 4 6
E1 – – – – – – – – – – –
B1+32 – 2 5 9 3 1 10 5 3 1 2
B3/B1−90 – – – – – – – – – – –
B4 4 8 – 8 11 2 2 – – – –
B4+173 – – – – – – – – – – –
B5+26/D2+26 6 3 – 4 1 – – – – – –
B5+173 – – – – – – – – – – –
E3+32 – – – – – – – – – – –
A7 1 – – – – – – – – – –
B7 33 17 9 10 – – 1 – – – –
C7 38 10 4 – – – – – – – –
A8 – – – – – – – – – – –
B8 – – – – <1 – – – – – –
C8 – – – – – – – – – – –

Isotranscript Foetal liver Thymus Salivary gland Prostate Trachea Liver Lung Bone marrow Kidney Colon

A1 – – – – – – – – – –
B1 32 18 23 11 6 11 7 6 – –
C1 5 2 – – 1 – – – – –
E1 – – – – – – – – – –
B1+32 2 4 3 – – – – – – –
B3/B1−90 – – – – – – – – – –
B4 – – – 1 – – – – – –
B4+173 – – – – – – – – – –
B5+26/D2+26 – – – – – – – – – –
B5+173 – – – – – – – – – –
E3+32 – – – – – – – – – –
A7 – – – – – – – – – –
B7 – – – – – – – – – –
C7 – – – – – – – – – –
A8 – – – – – – – – – –
B8 – – – – – – – – – –
C8 – – – – – – – – – –

believe these transcripts were obtained from pre mRNA since
our preparative RNA technique would not exclude such struc-
tures and thus they would not become translated to proteins.
Some of the isotranscripts with such insertions showed a very
tissue specific expression, which might be a reflection of slower
turnover of the gene products in those tissues.

The occurrence of alternative splicing of sialyltransferases
has been reported before both for α2,3-sialyltransferases as
well as for α2,6-sialyltransferases [14–16,36–38] although not
specifically for the ST3Gal III gene. ST3Gal IV has been shown
to have alternatively spliced forms, both in the 5′-UTR (A1,
A2, B1, B2, B3 and BX) [14,15,36] and within the coding
region [24]. In 1999, Kapitonov reported three alternative
spliced forms of ST3Gal V; AFS 600, AFS 400 and AFS 800

[39]. AFS 600 was the only one that showed any enzymatic
activity and was also homologous to the published ST3Gal V
sequence [40]. When Okajima et al. cloned human ST3Gal VI,
they reported a smear of bands on the Northern blot, which they
presumed to be alternatively spliced forms of ST3Gal VI [16].
Recently a type 1 and type 2 isoform of ST3Gal VI has been
reported, which differ in the 5′-UTR of the transcripts [38]. In
fact, we have in our laboratory cloned and sequenced from hu-
man PBL 6 different isotranscripts from ST3Gal VI which differ
within the coding region by deletions of 64, 325, 421 and 574
nucleotides. However, according to the ORF analysis, all the
potential proteins seem to be non-functional enzymes, lacking
both L- and S-sialylmotifs (data not shown). We also recently
identified two completely homologous ESTs from the GenBank
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Figure 6. Comparisons of electrophoretic separations of amplified ST3Gal III transcripts obtained from skeletal muscle and foetal
brain using commercial size markers on A). Agarose slab-gel electrophoresis and B) LIF-CE . Dominating transcripts are indicated
on top of each peak in B. We recently identified the weak additional peaks between the markers at 554 and 845 bp as ST3Gal III
isotranscripts.

database corresponding to yet another ST3Gal VI transcript
(Acc. No. XM 002931, AF119391). The ORF analysis of those
sequences revealed an alternative start codon 159 nucleotides
up-streams to the published sequence, which would result in a
52 amino acids larger protein. The ORF analysis of the ST3Gal
III transcripts described in this paper showed that translated to
proteins, the isotranscripts may code for both membrane bound
and soluble sialyltransferases as well as for membrane bound
proteins lacking one or both of the two conserved L- and S-
sialylmotifs (Figure 3).

In order to investigate if the 19 isotranscripts we had cloned
were specific for human PBL, we used RT-PCR and LIF-CE
and examined a panel of human tissues. Northern blot anal-
yses have earlier been used to show that the human ST3Gal
III gene has a tissue specific expression with a dominating ex-
pression in skeletal muscle but also expression in several other
human tissues [23]. Northern blot gives rough qualitative infor-
mation on mRNA sizes, gives relative abundance of transcript
levels and gives information on alternatively spliced variants
from one single gene. However, the technique exhibit relatively
low resolution and sensitivity (∼106 copies of mRNAs). As
illustrated in Figure 6, the relatively small size differences in
our transcript sizes do not resolve well on agarose gel. The
RT-PCR LIF-CE technique, as we used it, gives the possibil-

ity to separate and identify 17 of the 19 isotranscripts of the
ST3Gal III gene (Figure 5) as well as to estimate the relative
expression of these isotranscripts in many tissues in one run
(Table 6). The method also makes it possible to detect even
very low amounts of transcripts (in theory only one copy).
However, using the Northern blot technique and commercial
human tissues RNA blots Kitagawa and Paulson [23] detected
expression of ST3Gal III in human colon not detected in our
study.

The expression study of the 19 ST3Gal III isotranscripts re-
vealed a highly tissue-specific pattern. ST3Gal III B1, the dom-
inating isotranscript, was found in all tissues except kidney
and colon where we didn’t detect any ST3Gal III at all. The
highest expression and most complex patterns of isotranscripts
(Table 6) were found in muscle tissues, in tissues related to the
nervous system and in adrenal glands. B7 and C7 isotranscripts
were almost exclusively expressed in nervous tissues, uterus
being the only exception. Notable differences in the expression
patterns of ST3Gal III isotranscripts in foetal brain versus adult
brain were the relative decreases of C1, C7 and B7 isotranscripts
with B1 remaining essentially at the same level. However, these
expression data has to be verified in future studies including tis-
sues from many more selected individuals in order to draw more
specific conclusions.
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Our data has revealed an unknown complexity and expression
profile of the ST3Gal III gene in human tissues. The complex-
ity, which mainly results from alternative splicing mechanisms
within the coding region of the gene, adds to the complexity that
may involve also the 5′- and 3′-UTR of this gene. The biologi-
cal significance and localization of ST3Gal III enzyme/protein
isoforms suggested from these data will be the subject of our
future studies.
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