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GM3-synthase, also known as sialyltransferase I (ST-I), catalyzes the transfer of a sialic acid residue from CMP-sialic acid
onto lactosylceramide to form ganglioside GM3. In order to clone this enzyme, as well as other sialyltransferases, we
developed an approach that we termed combinatorial PCR. In this approach, degenerate primers were designed on the basis
of conserved sequence motifs of the ST3 family of sialyltransferases (STs). The nucleotide sequence of the primers was
varied to cover all amino acid variations occurring in each motif. In addition, in some primers the sequence was varied to
cover possible homologous substitutions that are absent in the available motifs. A panel of cDNA from 12 mouse and 8
human tissues was used to enable cloning of tissue- and stage-specific sialyltransferases. Using this approach, the
fragments of 11 new putative sialyltransferases were isolated and sequenced so far. Analysis of the expression pattern of
a particular sialyltransferase across the panel of cDNA from the different tissues provided information about the tissue
specificity of ST expression. We chose two new ubiquitously expressed human and mouse STs to clone full-length copies
and to assay for GM3-synthase activity. One of the STs, which exhibited the highest homology to ST3 Gal III, showed activity
toward lactosylceramide (LacCer) and was termed ST3 Gal V according to the suggested nomenclature [1]. The other
ubiquitously expressed sialyltransferase was termed ST3Gal VI. All isolated sialyltransferases were screened for alterna-
tively spliced forms (ASF). Such forms were found for both human ST3Gal V and ST3Gal VI in human fetal brain cDNA library.
The detailed cloning strategy, functional assay, and full length cDNA and protein sequences of GM3 synthase (ST3Gal V, or
ST-I) are presented.
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Abbreviations: ST, sialyltransferase; ST-I, CMP-NeuAc:lactosylceramide a2-3 sialyltransferase; ST3, a family of sialyltrans-
ferases that transfers a sialic acid residue from CMP-sialic acid to the third carbon of a sugar acceptor molecule, forming
an a2-3 bond; LacCer, lactosylceramide or Gal b1-4Glcb1-19Cer; Gg3, GalNAc b1-4Galb1-4Glcb1-19Cer; GM3, NeuAc a2-3Galb1-
4Glcb1-19Cer; GM1, Gal b1-3GalNAc b1-4Gal(3-2aNeuAc) b1-4Glcb1-19Cer; GD1a, NeuAc a2-3Galb1-3GalNAc b1-4Gal(3-2a
NeuAc) b1-4Glcb1-19Cer; ASF, alternatively spliced form.

Introduction

GM3 synthase (sialyltransferase I, or ST-I) is the enzyme
involved in the last step of GM3 biosynthesis. It catalyzes
the transfer of a sialic acid moiety from CMP-sialic acid
onto lactosylceramide, forming an a2–3 linkage. GM3 is a
common precursor for nearly all of the naturally occurring
gangliosides. GM3 and the products of GM3 metabolism
have important functions in normal organism development

as well as in pathogenesis. They have been implicated in
modulation of cellular growth [2,3], proliferation, differen-
tiation [4–8], and apoptosis [9]. The modulatory role of
GM3 and its metabolites, such as lyso-GM3 and
deNAcGM3, in signal transduction [10] has been shown to
be mediated through growth factor- or hormone receptor-
associated cytoplasmic protein kinases [11–15], protein ty-
rosine phosphatase [16], protein kinase C (PKC)
[14,17–19], phospholipase C (PLC) d1 [20], and Ca21 -AT-
Pase [21]. In addition, a close association of transducer
proteins (c-Src, Ras, FAK, Rho A, H-Ras) and neurotro-
phic factors such as prosaposin [22] with GM3 in the cell
surface microdomains has been reported, suggesting a
functional association [23]. GM3 has also been reported to
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interact with other glycosphingolipids, such as LacCer and
Gg3, to provide adhesion of melanoma cells onto endothe-
lial cells [24,25] and function as a fusion co-factor for HIV-1
and HIV-2 [26,27]. For these reasons, interest is mounting
in the cloning of cDNAs that code for glycosyltansferases
and glycosidases involved in ganglioside metabolism. With
the availability of these cDNAs, it becomes possible to
investigate the mechanisms underlying the expression of
gangliosides in normal and abnormal cellular development.

In general, three approaches are used for the cloning of
the cDNA coding for a specific sialyltransferase: (a) pro-
tein purification followed by protein sequencing and
cDNA library screening [28,29], (b) expression cloning
[30,31], and (c) direct cDNA cloning with degenerate
primers designed based on the most conserved area of
homology between family members [32–34]. In this report,
we improved the direct cDNA cloning approach by utiliz-
ing (1) degenerate primers designed to accommodate the
variations in the entire conserved pattern (similar amino
acid sequences present in different family members) as
well as possible homologous substitutions and then utiliz-
ing different combinations of these primers in PCR; (2) a
panel of cDNA libraries as a template, which assures com-
plete representation of differentially expressed and tissue-
specific sialyltransferases; (3) a pooled cDNA library as a
template in the 96-well thermoplate, which assures ampli-
fication of cDNA for low-abundance sialyltransferases
with less than perfect homology with the primers; (4)
polyacrylamide gel with an alternative cross-linker to as-
sure complete separation of PCR products that differ only
a few bases in length; (5) a step-down PCR protocol and
PCR with nested primers to increase the specificity of the
reaction; (6) the primers for a new sialylmotif, which we
termed STP (sialylmotif petit) and which is probably im-
plicated in the recognition of the nucleotide portion of
CMP- sialic acid (see below). With this improved approach
for  the molecular cloning of sialyltransferases, we  have
cloned fragments of 11 new putative ST3 sialyltransferases.
In addition, 8 new full-length cDNAs for sialyltransferases
have been isolated and sequenced [35] and one has been
enzymatically characterized. Here we illustrate the isola-
tion and characterization of mouse and human GM3-syn-
thases (ST-I, ST3Gal V) and sialyltransferases ST3Gal VI
by this approach. A preliminary account of this work has
appeared [35].

Materials and Methods
Materials

The NG108-15 cell line, a hybrid of murine neuroblastoma
and rat glioma cells, was kindly provided by Dr. Robert
Ledeen (New Jersey School of Medicine, Newark, NJ). P19
embryonal carcinoma cell line was purchased from ATCC
(ATCC #CRL 1825, ATCC, Manassas, VA). The human

fetal glioma cell line, N-370 FG, was kindly provided by Dr.
Toshio Ariga (Medical College of Virginia,Richmond,VA).
Dulbecco’s modified Eagle’s medium (DMEM) was ob-
tained from GibcoBRL (Grand Island, NY). Tissue culture
dishes were from Falcon/Becton Dickinson Co. (Franklin
Lakes, NJ, USA) and high-performance thin-layer chroma-
tographic (HPTLC) plates were from Merck (Darmstadt,
Germany). Mouse  multiple tissue  cDNA  (MTC™) panel
(#K1423-1) and human fetal MTC™panel (#K1425-1) were
purchased from Clontech (Clontech Laboratories, Inc.,
Palo Alto, CA). SuperScript™human fetal brain (#10662-
013) and mouse 15.5 day embryo (#10667-012) plasmid
cDNA library were purchased from Life Technologies
(Gaithersburg, MD). All other chemicals were of analytical
grade or higher, and solvents were freshly redistilled before
use.

Primers

In ST cloning, in addition to the well-known STL and STS
motifs (Fig. 1), we took advantage of a newly characterized
STP motif [35], located between STS and C-terminus,
36–51 amino acid residues from the C-terminus of the pro-
tein and 7–14 amino acid residues away from STS motif.
The STP motif has the following sequence (H,C,R)(Y,H)
(Y,W,F)(D,E,H,Y) (Fig. 1). The conserved motifs for ST3
sialyltransferases along with amino acid variations used in
the primer design are shown in Fig. 1A and Table 1. Based
on homology analysis, we subdivided the ST families [1]
into 7 subfamilies [35] to facilitate primer design. In this
classification, the ST3 family was divided into 2 subfamilies:
4 and 5. Forward primers 1F (a–d) were designed based on
a portion of the STL motif, with variations to accommodate
all of its amino acid substitutions, and possible homologous
substitutions such as K↔R, known for other STs, V↔I, and
V↔A [35]. In the amino acid sequences for the design of
forward primers 2F(a, b), G was substituted for S, and the
second G residue substituted for H according to the vari-
ations in the motif. Combinations of these substitutions
were used in the design of the primers 2F(c, d). In the
sequence for the 3F primers, S was substituted for N ac-
cording to the pattern for family 4 of ST3. A broader range
of substitutions, L↔M and V↔T, was used in other experi-
ments. In the amino acid sequence for the primers 4F, F↔T
and S↔G substitutions were used according to the motif,
and their combinations  were  used in  the  design  of  the
primers 4Fd and 4Fe. A↔Y substitutions were used in the
design of 1R primers according to the motif and their com-
bination was used in other experiments. N↔H and Y↔F
substitutions were  used according to the  motif for ST3
family in the design of 2Ra and 2Rb primers. Additional
Y↔L and A↔(Y/F) substitutions were used in other ex-
periments. For the primers designed based on the STP mo-
tif, Y↔W↔F and D↔E substitutions   were used   in
different combinations (Fig. 1, Table 1).
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To assure amplification of cDNA for all ST family mem-
bers, different combinations of forward and reverse prim-
ers were used in the combinatorial PCR approach along
with a panel of mouse and human cDNAs as templates.
Using a panel of cDNAs as a template provided additional
information about tissue- and stage-specific expression of
the particular ST.

Library amplification

A set of 12 96-well flat-bottom tissue culture plates were
inoculated at a density of 2,000 clones/well with mouse or
human SuperScript cDNA plasmid libraries in 0.3 ml of
Terrific Broth (TB) containing ampicillin (100 lg/ml) and
carbenicillin (50 lg/ml). The library was amplified for 24 hr
at 30 8C, and 20 ll aliquots from each well of a particular
row were combined into one well of a master plate so that
row A of the first plate became well 1A of a master plate,
row B became 1B, and so forth. Aliquots of 0.75 ml of TB
media with the antibiotics in 1.2-ml cluster tubes (Costar
Corp., Cambridge, MA) were inoculated with 20 ll of the
combined pools of the master plate, and cells were col-
lected by centrifugation at 1,600 g for 5 min. Plasmid DNA
was isolated following the standard alkaline lysis procedure

with 70 ll of solubilization, denaturing, and neutralization
buffer, and then precipitated with 150 ll of isopropanol in
96-well U-shape tissue culture plates (Coster Corp., Cam-
bridge, MA). Following centrifugation at 1,600 g, the result-
ing DNA pellet was redissolved in 150 ll of water.

cDNA synthesis

Isolation of mRNA from human N-370 FG, HeLa, or dif-
ferentiated mouse P19 cells was achieved by using PolyA-
Tract® system III (Promega, Madison, WI). The sample
was reverse-transcribed using 10 pmol of STP-R (a,b,c,d,e)
primers (separately or as a mixture) and SuperScript™re-
verse transcriptase.

PCR

For PCR with cDNA panels as a template (12 reactions for
the mouse or 8 for the human panel, multiplied by the
number of different primer combinations in the primary
PCR reaction), 1 nmol of each primer, 100 ll of 10X Taq
polymerase buffer [final concentration: 20 mM Tris sulfate,
3.5 mM MgSO4, 16 mM (NH4)2SO4, and 150 lg/ml of BSA,
which was omitted if silver staining was used],20 ll of 10 mM

Figure 1. A: Position of the PCR primers used in this work along the amino acid sequence of the conserved ST3 domains. ST3Gal I to ST3Gal IV,
all known ST3 sialyltransferases. M - Mouse, H - Human, a - very close isoforms, R - Rat, P - Pig, and Ch - Chicken sequences. The number in front
of the ST indicates belonging to a subfamily of sialyltransferases. F - forward primer, R - reverse primer, STL - large sialylmotif, STS - small sialylmotif
(only the last 13 amino acid residues are shown), STP - petit sialylmotif, number indicates the position of amino acid residue. B: Variations in the
motifs considered in the primer design. Amino acid residues shown in bold were used in combinatorial PCR in this study. Underlined amino acid
residues indicate variations in the motif outside the ST3 family. Amino acid residues shown in small letters indicate variations known for only one ST.
The lowest variability was found in amino acid sequence for 1F, 2F, 1R and STP motif. C: motifs in the new, ubiquitously expressed members of ST3
family isolated in this study. The conserved amino acid residues are shown in bold, and the unique amino acid residues not found in any other STs
are underlined.
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dNTP mix, 10 U of Taq polymerase, and 0.5 ll of the tem-
plate were combined and brought with water to the final
volume of 1 ml. Aliquotes of 10 ll of this mix were trans-
ferred into each of the 96 wells of a Thermowell plate (07-
200-248, Fisher Scientific, Pittsburgh, PA), combined with
0.5 ll of a template DNA, and overlaid with mineral oil.
Following initial denaturation at 958 for 1 min, the reaction
was allowed to proceed for 43 cycles at 95 8C for 20 sec,62 8C
for 30 sec, and 68 8C for 45 sec. During the first seven cycles,
the annealing temperature was decreased 1 8C per cycle.
When the annealing temperature reached 54 8C, the reac-
tion was allowed to proceed for an additional 35 cycles. The
final extension was performed at 72 8C for 10 min. An ali-
quot of 0.5 ll of the primary PCR reaction mixture was
reamplified with the internal set of primers following the
same PCR profile.The volume per reaction in the secondary
PCR was increased to 20 ll, and all the components of the
reaction mixture were increased correspondingly. For the

PCR with a pooled cDNA library, the same reaction mixture
was used with 1 ll of the template and the same PCR profile
with a starting annealing temperature of 65 8C and a final
annealing temperature of 59 8C for the last 35 cycles. The
higher annealing temperature was necessary to decrease
nonspecific priming on the vector itself. In primary PCR
with STP primers the starting and final annealing tempera-
tures were decreased by 4 8C. The PCR products were sepa-
rated by agarose or, if reamplification was necessary, by
polyacrylamide gel electrophoresis. In order to verify the
specificity of PCR,Southern hybridization analysis was per-
formed with the random primer-labeled fragments spanning
the amplified areas of several known sialyltransferases.

Sequencing

The sequencing reaction was performed using a BigDye™

dye-terminators sequencing kit (Applied Biosystems, Inc.)

Table 1. List of primers

Name Amino acid seq. Primer Degeneracy

1Fa CRRCVVVG TG(C/T)CG(C/G)CG(C/G)TG(T/C)GT(G/C/T)GT(G/C/T)GT(G/C/T)GG 432
1Fb CRRCIIVG TG(C/T)CG(C/G)CG(C/G)TG(T/C)AT(C/T)AT(C/T)GT(G/C/T)GG 192
1Fc CKRCVVVG TG(C/T)AA(A/G)CG(C/G)TG(T/C)GT(G/C/T)GT(G/C/T)GT(G/C/T)GG 432
1Fd CKKCVVVG TG(C/T)AA(A/G)AA(A/G)TG(C/T)GT(G/C/T)GT(G/C/T)GT(G/C/T)GG 432
1Fe CRRCAVVG TG(C/T)CG(C/G)CG(C/G)TG(T/C)GCNGT(G/C/T)GT(G/C/T)GG 576
2Fa VVVGNGG GT(G/C/T)GT(G/C/T)GT(G/C/T)GGNAA(T/C)GGNGG 864
2Fb VVVGNGH GT(G/C/T)GT(G/C/T)GT(G/C/T)GGNAA(T/C)GGNCA 864
2Fc VVVGNSG GT(G/C/T)GT(G/C/T)GT(G/C/T)GGNAA(T/C)(T/A)(C/G)NGG 3456
2Fd VVVGNSH GT(G/C/T)GT(G/C/T)GT(G/C/T)GGNAA(T/C)(T/A)(C/G)NCA 3456
3Fa RLNSAPV AG(G/A)(T/C)TGAA(T/C)(T/A)(C/G)NGCNCCNGT 2048
3Fb RLNNAPV AG(G/A)(T/C)TGAA(T/C)A(T/C)GCNCCNGT 256
4Fa TYPEGA ACNTA(C/T)CCNGA(G/A)GGNGC 256
4Fc FYPESA TT(T/C)TA(C/T)CCNGA(G/A)(A/T)(G/C)NGC 512
4Fd TYPESA ACNTA(C/T)CCNGA(G/A)(A/T)(G/C)NGC 1024
4Fe FYPEGA TT(T/C)TA(C/T)CCNGA(G/A)GGNGC 128
4Fb RLFYPES (C/A)GNCTNTT(C/T)TA(C/T)CCNGA(G/A)(T/A)C 2048
1Ra rev. AGFGYD (A/G)TC(A/G)TANCC(A/G)AANCCNGC 512
1Rb rev. YGFGAD (G/A)TCNGCNCC(G/A)AANCC(A/G)TA 512
2Ra rev. RILNP(F/Y) (A/G)(A/T)ANGG(A/G)TTNA(A/G)NATNC 4096
2Rb rev IY(H/N)PAF (A/G)AANGCNGG(A/G)T(T/G)(A/G)TA(T/G/A)AT 768
STP-Ra rev. HYYDx NNNNNN(A/G)TC(A/G)TA(A/G)TA(A/G)TG
STP-Rb rev. HYYEx NNNNNN(T/C)TC(A/G)TA(A/G)TA(A/G)TG
STP-Rc rev. HYWEx NNNNNN(T/C)TCCCA(A/G)TA(A/G)TG
STP-Rd rev. HYWDx NNNNNN(A/G)TCCCA(A/G)TA(A/G)TG
STP-Re rev. HYFDx NNNNNN(A/G)TC(A/G)AA(A/G)TA(A/G)TG
ST3-III N/A F: ATCATCGTGGGCAATGGAG 1
Human R: CCTGGATGAAATATGGGTTGAG Tm 5 58
ST3-V N/A F 619: TATTGGAAGCGGAGGAATACTG 1
ASF R 1253: CTTTCACCACTCCCTCTTTGAC Tm 5 58

F - forward, R - reverse, rev. - amino acid sequence was used to design reverse primers, seq. - sequence, Degeneracy - degree of degeneracy
(number of possible combinations). NNNNNN - six random nucleotides were included in the STP primer sequence when it was used in primary PCR
reaction, but were omitted when it was used in the cDNA synthesis. Tm - annealing temperature used in PCR. M - Mouse, H - Human.
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following the manufacturer’s instructions with the follow-
ing modifications: volumes of the reagents used were de-
creased so that 0.5 lg of plasmid DNA in 1 ll of water were
combined with 1.5 ll of terminators mix and 5 pmol of the
sequencing primer in 1 ll of water. Products of the se-
quencing reaction were separated on an ABI PRISM™377
analyzer.

Library screening

Gene-specific primers were synthesized using the sequenc-
ing information, and a second round of screening was then
performed using the DNA sample from the primary plates
as a template. Since each well of the master plate corre-
sponds to a single row on a particular primary plate, an
aliquot of bacterial suspension from each well of the posi-
tive rows  (the row  corresponding  to the  well from the
master plate that produced a positive signal in the first
round of PCR) was analyzed in the second round of PCR.
Bacterial cells from the positive well of the primary plate
were plated on a Nylon filter at the density of 10,000 colo-
nies/150 mm plate. A replica filter was then prepared. Fol-
lowing denaturation at 70 8C in 0.5 M NaOH for 10 min
with subsequent neutralization in 1 M Tris-HCl, pH 7.0, the
replica filter was hybridized with 1 3 106 cpm/ml of hy-
bridization buffer (50 mM Tris-HCl, pH 7.0 at 60 8C, 1 M
NaCl, 1% SDS, 10% dextran sulfate MW 400,000, and 100
lg/ml denatured shredded salmon sperm DNA) for 4 h,
washed four times in 1% SDS, 1X SSC buffer at 60 8C and
exposed to an X-ray film for 10 to 30 min. Plasmid DNA
from the positive clones was further sequenced. The primer
design for the primer walking was assisted by the Prime
program (Genetic Computer  Group, Madison, WI) and
EST database analysis.

Cell culture and transfection

NG108-15 cells were propagated in DMEM, supplemented
with 10% fetal calf serum in a humidified atmosphere at
5% CO2. Cells were transfected with pFLAG-CMV-5 ST-I
vectors following a lipofectamine transfection protocol
(Life Technologies, Gaithersburg, MD) and harvested fol-
lowing 48 hours of incubation. pCMV-Sport 2 plasmid con-
taining ST-I cDNA with N-terminal deletion was used as a
control.

Enzyme assay

Transfected cells corresponding to a cell mass equivalent to
10 mg of protein were solubilized with 100 ll of enzyme
assay buffer (25 mM sodium cacodylate, pH 6.5, 10 mM
MgCl2, 0.3% Triton CF-54) for 30 min at 4 8C. Any insol-
uble material was removed by centrifugation at 14,000 g for
5 min, and aliquots of 20 ll corresponding to approximately
150 lg of solubilized protein were taken from the super-
natant for determination of enzyme activity. The aliquots

were added to 80 ll of enzyme assay buffer supplemented
with 40 nmoles of CMP-N-[14C]acetylneuraminic acid (0.2
lCi) and 20 nmoles of an acceptor glycolipid (GM1, GD1a,
GM3, or LacCer). After incubation for 2 h at 37 8C, the
incubation mixture was supplemented with 400 ll of water
and 500 ll of CHCl3/CH3OH/H2O (8:4:3 by volume) for
Folch-extraction of the assay product [14C]-GM3 and then
subjected to gel chromatography on Sephadex G-50 as de-
scribed elsewhere [36]. The incorporated radioactivity was
determined by liquid scintillation counting of the Sephadex
G-50 eluate or by HPTLC of the Folch extract in
CHCl3/CH3OH/0.2% aq. CaCl2 (50:45:10 by volume),
followed by autoradiography of the developed chromato-
gram. Blank assays were performed with the heat-inacti-
vated enzyme.

Results and Discussion

In this paper we describe an approach that we developed
for homology-based PCR cloning. In this approach, protein
sequences of all homologous members of an enzyme family
(ST in this paper) were aligned, and amino acid motifs were
generated based on the conserved areas of homology. For-
ward and reverse degenerate primers were designed so that
most variations of amino acid residues and potential con-
served substitutions were included in the motif. All possible
combinations of forward and reverse primers were then
used in the PCR with a panel of cDNAs from different
tissues and different organisms (mouse and human in this
paper), thus providing amplification of tissue-specific and
developmentally regulated enzymes efficiently.

For cloning of GM3-synthase, an aliquot of each cDNA
panel was amplified by a primary PCR with the following
combinations of primers (Table 1): 1Fa-1Ra, 1Fb-1Ra, 1Fc-
1Ra, 1Fd-1Ra, 1Fe-1Ra; 1F(a,b,c,d,e)-1Rb; followed by the
secondary PCR with 2Fa-2Ra, 2Fb-2Ra, 2Fa-2Rb, 2Fb-2Rb;
3F(a,b)-2R(a,b); 4F(a,b)-2R(a,b). The primary PCR with
2F(a,b)-1R(a,b) combinations of primers was followed by
the secondary PCR with 3F(a,b)-2R(a,b) and 4F(a,b)-
2R(a,b) combinations of primers. The primary PCR with
3F(a,b)-1R(a,b) combinations of primers was followed by
the secondary PCR with 4F(a,b)-2R(a,b) combinations of
primers. The position of amino acid residues used for the
design of primers is shown in Figure 1. Results of the PCR
with 1Fa-1Ra combinations of primers followed by 2Fa-2Ra
are shown in Fig. 2A, (lanes 1a–12a), followed by 3Fa-2Ra
(Fig. 2A, lanes 1b–12b), and by 4Fa - 2Ra (Fig. 3A, lanes
1a–12a). Results of the PCR with 2Fa - 1Ra combination of
primers followed by 3Fa - 2Ra are shown in Fig. 2A (lanes
1c–12c) and followed by 4Fa - 2Ra (Fig. 3A, lanes 1b–12b).
Results of PCR with 3Fa - 1Ra combinations of primers
followed by 4Fa - 2Ra are shown in Fig. 3A (lanes 1c–12c).
Southern hybridization analysis with the fragment of 4ST3
Gal IV cDNA was performed to verify the specificity of
PCR, i.e., fragments of known sialyltransferases could be
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amplified in combinatorial PCR as well (Figs. 2B and 3B).
Gel-purified PCR products were cloned and sequenced.
Since we employed mouse and human panels, it was possible
to isolate both mouse and human copies of a particular ST.
Mouse and human sialyltransferases were considered func-
tionally identical if the percentage of homology in the cod-
ing region was higher then 80% on a cDNA level. If neither
mouse nor human homolog was found, we designed degen-
erate primers based on a specific amino acid sequence in the
STL or STS rather than on an entire motif, and we re-
screened the pooled cDNA library by PCR. In addition,

standard library screening was performed with either a
mouse or a human counterpart as a probe. Based on the
sequence of PCR products, gene-specific primers were de-
signed, and the pooled cDNA library was screened again.
Positive pools were plated and screened with PCR product
as a probe to isolate full-length cDNA.

In order to compensate for possible underamplification
of homologous STs due to the lower degree of homology
with the designed primers, pooled human fetal brain and
mouse total embryo cDNA plasmid libraries with a pool
size of 2,000 independent colonies were screened. This pool

Figure 2. A: Agarose gel electrophoresis of the PCR products with mouse cDNA panel as a template and the following combinations of primers:
1Fa-1Ra followed by 2Fa-2Ra is shown in (lanes 1a–12a); followed by 3Fa-2Ra (lanes 1b–12b). Results of the PCR with the 2Fa-1Ra combination
of primers followed by 3Fa-2Ra (lanes 1c–12c). Lane 1: heart; lane 2: brain; lane 3: spleen; lane 4: lung; lane 5: liver; lane 6: skeletal muscle; lane
7: kidney; lane 8: testis; lane 9: 7-day embryo; lane 10: 11-day embryo; lane 11: 15-day embryo; lane 12: 17-day embryo. Lane M: k Ava II DNA size
standard with corresponding size standards indicated on the right margin. B: Southern blot hybridization analysis of the same gel with a fragment of
4ST3 Gal IV cDNA. The corresponding size of the PCR products is indicated on the right margin.
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size provided representation of no more than one sialyl-
transferase in most of the pools, thus assuring adequate and
specific amplification when the template exhibited sub-op-
timal homology to the primers (compare lanes 2F and 2G
in Fig. 4).

The expression pattern across the panel of tissues pro-
vided information about the tissue-specificity of the par-
ticular ST expression.  Since GM3 is synthesized in all
tissues, we cloned two different STs that are ubiquitously
expressed  in mouse and  human tissues. Owing to their
closer homology to ST3 Gal III sialyltransferase, one of
these STs was termed ST3Gal V and the other one termed
ST3Gal VI because it showed a higher homology to
ST3Gal IV.

The human copy of ST3Gal V has three alternatively
spliced forms (ASFs) that could be detected using primers
F 619 and R 1253 (Table 1). According to the size of PCR
products amplified using these primers, the ASFs were

termed ASF 800, with a PCR product of 792 bp (total
length, 3494 bp, GenBank # AF119417); ASF 600, with a
PCR product of 634 bp (full length, 2288 bp, GenBank #
AF119415); and ASF 400, with a PCR product of 454 bp
(total length, 2415 bp, GenBank # AF119418). The mouse
GM3-synthase was deposited with GenBank accession #
AF119416. Two ASFs were found for the human ST3Gal VI
(GenBank # AF119391). Mouse ST3Gal VI was deposited
in the GenBank with accession number AF119390. To date,
no ASFs were found for the mouse counterparts. Human
ASFs of ST3Gal V and VI were used to assay for the
GM3-synthase and GD1a-synthase activity using LacCer
and GM1 as substrates, respectively (Fig. 5). Of all three
alternatively spliced forms of ST3Gal V and two forms of
ST3Gal VI, only ASF 600 of ST3Gal V revealed GM3-syn-
thase activity. The complete nucleotide and the corre-
sponding amino acid sequence of this ASF, together with
the sites of alternative splicing, are shown in Fig. 6. Among

Figure 3. A: Agarose gel electrophoresis of the PCR products with mouse cDNA panel as a template and the following combinations of primers:
1Fa-1Ra followed by 4Fa-2Ra (lanes 1a–12a), 2Fa-1Ra combination of primers followed by 4Fa-2Ra (lanes 1b–12b) and 3Fa-1Ra combination of
primers followed by 4Fa - 2Ra (lanes 1c–12c). Lane 1: heart; lane 2: brain; lane 3: spleen; lane 4: lung; lane 5: liver; lane 6: skeletal muscle; lane 7:
kidney; lane 8: testis; lane 9: 7-day embryo; lane 10: 11-day embryo; lane 11: 15-day embryo; lane 12: 17-day embryo. Lane M: k Ava II DNA size
standard with the corresponding size standards indicated on the right margin. B: Southern blot hybridization analysis of the same gel with a fragment
of 4ST3 Gal IV cDNA. The corresponding size of the PCR products is shown on the right margin.
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all ASFs of ST3Gal V, ASF 600 had the highest homology
with mouse ST3Gal V and with other STs. ASF 600 of
ST3Gal V contained three conserved in-frame potential
initiation codons. The amino acid sequence that starts from
the third initiation codon had the highest homology with
other STs and was sufficient for expression of functional
activity. Therefore, numbering of amino acid residues along
the protein sequence starts with M of the third reading
frame (Fig. 6). Human GM3-synthase contains 362 amino
acid residues and the mouse analogue has 359 amino acid
residues. The degree of similarity between the two enzymes
is 90.5% and the degree of identity is 86.4% at the amino
acid  level  and 84.7% at the cDNA level in the coding
region, starting with ORF 3. This degree of similarity corre-
sponds to the average similarity of 85% expected for iden-
tical mouse and human genes. The similarity in the 59
untranslated region drops to 81% and in the 39 untrans-
lated region drops to 54%. The hydrophobicity plot of hu-
man and mouse GM3-synthase is shown in Fig. 7. It reveals
an N-terminal transmembrane domain common to all
mammalian STs and a predicted type II transmembrane
topology [37–39]. The human 4ST3Gal V has a calculated
molecular mass of 41.74 KD and a pI of 8.74 and the mouse

enzyme has a calculated molecular mass of 41.24 KD and a
pI of 7.50. Human and mouse ST3Gal V have conserved
STL, STS, and STP motifs common to other STs, as well as
an ST3 motif common to all ST3 STs. Each ST3Gal V
contains three potential N-glycosylation sites that are con-
served for the mouse and human enzymes, five conserved
potential casein kinase II phosphorylation sites, two con-
served potential cAMP/cGMP-dependent protein kinase
phosphorylation sites, as well as several non-conserved
phosphorylation sites [40–42]. Mouse ST3Gal V has a
(GT)27 repetitive  element in the 39 untranslated region
(Fig. 6).

Since GM3-synthase is the first entry sialyltransferase
that gates the biosynthesis of all complex gangliosides, its
cloning opens the possibility of investigating the regulatory
mechanisms for ganglioside biosynthesis at the molecular
biological level. After we reported cloning and sequencing
of ST3Gal V and ST3Gal VI (GM3-synthase) from mouse
and human [35], one group reported the sequence of hu-
man GM3-synthase, which is identical to ours at the amino
acid level [43] and another group presented the sequence
of mouse GM3-synthase [44], which shows several differ-
ences from the one reported in this paper. All the differ-

Figure 4. Agarose gel electrophoresis of the products of PCR with pooled human fetal brain cDNA library as a template. Each lane corresponds to
the individual well of a master 96-well plate, where individual rows of primary plates of 2,000 cfu/well were combined, thus bringing the complexity
of a library to 24,000 cfu/well. Lanes 1A–2H - PCR products of the wells from columns 1 and 2 of a master plate as a template. M - k Ava II DNA
size standard with the corresponding size standards indicated on the right margin.
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ences are shown in Figure 6. The reason for the discrepancy
is not known.

The functional role of the sialylmotifs is still obscure.
Most interestingly, we identified an STP motif which has
the general structure (H,C,R)(Y,H)(Y,W.F)(D,E,H,Y) [35]
(Fig. 1). This motif consists of four amino acid residues and
is present in all known vertebrate sialyltransferases charac-
terized so far. We speculate that it may play a role in inter-
action with the cytosine moiety which is common to the
donor nucleotide, CMP-sialic acid. Computer modeling re-
vealed interaction of aromatic ring of Y/F/W residues with
cytosine, electrostatic interaction between amino acids H
or C and oxygen from cytosine or phosphate group, and
electrostatic interaction between D/E or Q residue and
amino group of the cytosine moiety. The correctness of this
model must await confirmation by site specific mutagenesis
and/or by X-ray crystallization of the enzymes or NMR
nuclear Overhauser experiments.

As a result of our combinatorial PCR approach, we have
isolated 11 fragments of new sialyltransferases and cloned
8 full-length cDNAs. Work is in progress for the determina-
tion of substrate specificity of other ASFs of ST3Gal V,
ST3Gal VI and the other sialyltransferases that we have
cloned. Recently we have identified common domain struc-
tures of a number of glycosyltransferase families [45]. Us-
ing the conserved pattern of these domains and
combinatorial PCR approach we were able to clone frag-
ments of two new inverting glycosyltransferases and two
new retaining glycosyltransferases, which proves that this
approach can be used for cloning of the members of other
homologous families (unpublished).
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Figure 5. Autoradiogram of a TLC plate with separated products of enzyme assay. The corresponding markers are indicated on the left margin.
Lanes KA and 1A–4A: products of the enzyme assay with LacCer as a substrate. Lanes KB and 1B–4B: products of the enzyme assay with GM1 as
a substrate. Lane 1: human 4ST3Gal VI; lane 2: human 4ST3Gal V alternatively spliced form (ASF) 800; lane 3: human 4ST3Gal V ASF 400; lane
4: human 4ST3Gal V ASF 600. K: control for the endogenous enzyme activity of untransfected cells. The heavy GM1 and GD1a bands in all lanes
arose from endogenous enzyme activities.
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Figure 6.

346 Kapitonov, Bieberich and Yu



Figure 6. (continued)
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Figure 6. (continued)
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Figure 6. (continued) Nucleotide and amino acid sequence of human (H) and mouse (M) GM3 synthase. Position along nucleotide and amino acid
sequence is indicated on the right and left margin, based on a position along mouse sequence. 1, 2, and 3 - potential in frame initiation codons. The
third M is selected as the first amino acid residue in the protein sequence based on homology with other sialytransferases. STL - large sialylmotif,
STS - small sialylmotif, ST3 - sialylmotif specific for ST3 family of sialyltransferases, STP - petit sialylmotif, probably involved in the recognition of
cytidine portion of CMP-sialic acid. H* - The unique H residue in the place of D/E common to all known animal sialyltransferases. S* - The unique S
residue in the place of N common to all other ST3 sialyltransferases. Non-conservely substituted amino acid residues are shown in capital bold. Stop
- stop codon. The potential N-terminal transmembrane domain is shown in italic. The potential polyadenylation signal is shown in underlined italic.
(GT)n family of repeats is shown in bold (gt)27. NG indicates the potential N-glycosylation sites. ScP or TcP - indicates the potential cAMP and
cGMP-dependent protein kinase phosphorylation sites. SCK or TCK - indicates the potential casein kinase II phosphorylation sites (only sites
conserved between mouse and human are shown). SC or TC - potential sites of phosphorylation by protein kinase with the same substrate specificity
as protein kinase C. ScP,C - serine residue that can be potentially phosphorylated by both cAMP or cGMP - dependent protein kinases and by protein
kinases with the same substrate specificity as protein kinase C. ↕ followed by the number indicates places of alternative splicing sites. The nucleotide
sequence of the primers used for the detection of the alternatively spliced forms (ASF) is shown in bold italic. Boxed amino acid residues indicate
differences with GM3-synthases published by another group [44].
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Figure 7. Hydrophobicity plot of mouse (grey line) and human (black line) GM3-synthase. The dotted line indicates N-terminal transmembrane
domain common to all STs.
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