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Construction of a human glycogene library and
comprehensive functional analysis

Hisashi Narimatsu

Glycogene Function Team, Research Center for Glycoscience, National Institute of Advanced Industrial Science and Technology
(AIST), Tsukuba, Ibaraki, 305-8568, Japan

Eighteen years have passed after the first mammalian glycosyltransferase was cloned. At the beginning of April, 2001, 110
genes for human glycosyltransferases, including modifying enzymes for carbohydrate chains such as sulfotransferases,
had been cloned and analyzed. We started the Glycogene Project (GG project) in April 2001, a comprehensive study on
human glycogenes with the aid of bioinformatic technology. The term glycogene includes the genes for glycosyltrans-
ferases, sulfotransferases adding sulfate to carbohydrates and sugar-nucleotide transporters, etc. Firstly, as many novel
genes, which are the candidates for glycogenes, as possible were searched using bioinformatic technology in databases.
They were then cloned and expressed in various expression systems to detect the activity for carbohydrate synthesis.
Their substrate specificity was determined using various acceptors.
Published in 2004.
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Introduction

Human genome analysis has almost been completed, and pro-
teome analysis, that is, comprehensive functional analysis of
proteins, is underway in research laboratories throughout the
world as a post-genomic strategy. However, in many cases,
proteins undergo posttranslational modifications such as phos-
phorylation and glycosylation. Since these modifications confer
various functions on proteins as biosubstances, the considera-
tion of protein functions should include posttranslational mod-
ifications. A vast amount of information on the sites and func-
tions of phosphorylation has accumulated. Despite the estimate
that 50% or more of proteins undergo glycosylation, research on
glycosylation has been delayed by the extreme difficulty in the
analysis of sugar chains due to their diversity and complexity.

The genes involved in the addition of the sugar portions of
glycoconjugates are generically named glycogenes, which in-
clude the genes for (1) glycosyltransferases, (2) glycolytic en-
zymes, (3) sugar nucleotide synthetases, (4) sugar nucleotide
transporters, and, in a broader sense, sugar chain-recognizing
molecules such as (5) lectins and (6) sugar-chain receptors for
the synthesized sugar chains to fulfill functions. One gene is
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involved in the synthesis of the protein moiety of a glycopro-
tein, whereas dozens of genes are involved in the synthesis of
its sugar chain moiety. Thus, a single glycoprotein is the joint
product of dozens of genes. Comprehensive identification and
functional analyses of glycogenes are expected to dramatically
advance: (1) the elucidation of the functions of sugar chains as
bioactive substances including carrier molecules, (2) the elu-
cidation of control mechanisms of carrier molecules by sugar
chains, (3) the development of analytical techniques for sugar
chain structures, and (4) the development of automated synthe-
sis techniques for sugar chains. Under the project “construction
of a glycogene library”, we have been performing a compre-
hensive search for glycogenes in the human genome and cDNA
databases utilizing bioinformatics, particularly glycosyltrans-
ferase genes playing central roles in sugar chain biosynthesis,
and have been analyzing their functions. This paper reviews the
current status of glycogene cloning and functional analysis, and
assesses the future prospects for sugar chain research.

Search of novel glycosyltransferases using bioinformatics

More than 160 human glycosyltransferases including sulfo-
transferases have been cloned to date, and the number of cloned
enzymes is increasing, and may reach 200 within one year. This
is mainly because of the expansion of the genome database.
Since glycosyltransferases are not necessarily expressed in suf-
ficient amounts, they were frequently not registered in the EST
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or cDNA database. However, since the primary sequence anal-
ysis of the human genome has been completed, gene search is
now possible from the database. In addition, the improved ac-
curacy of gene prediction software has also contributed to the
acceleration of the discovery of glycosyltransferases.

In the project “Construction of a human glycogene library
and comprehensive functional analysis” (the GG project) sup-
ported by the New Energy and Industrial Technology Develop-
ment Organization (NEDO) of the Ministry of Economy, Trade
and Industry (METI) of Japan, we constructed a system for
predicting novel glycosyltransferase genes from the primary
sequence characteristics shared by glycosyltransferases. This
system has functions such as an automated BLAST search, au-
tomatic removal of known sequences, assembly of EST search
results (EST sequence hits are assembled with Phrap to elimi-
nate duplicate hits for better search efficiency), and prediction of
gene regions in genome sequence search results (in the genome
sequence search, gene regions are predicted with GENSCAN,
and the amino acid sequence for the entire ORF is obtained),
in combination with the below described program to identify
glycosyltransferases. The general characteristics of glycosyl-
transferases are as follows: (1) The N -terminus is short and
within the cytoplasm; (2) The trans-Golgi membrane region (a
sequence of approximately 18–20 residues rich in hydropho-
bic amino acids) is in the vicinity of the amino terminus; (3)
This region is followed by the stem domain that is rich in pro-
line (an amino acid forming a no high-order structure) and in
the O-glycan-linked amino acid residues serine and threonine;
(4) The C-terminus is followed by an approximately 300–400-
residue catalytic site; (5) The catalytic site contains DxD or
DxH, an amino acid sequence necessary for binding divalent
cations [1–4]. In addition to these characteristics, several motif
regions were set up for every existing gene family using MEME
[5], then a program was designed to assess six items including
whether the motif regions are present, and has been used to
determine possible glycosyltransferases. However, since this
system is only capable of detecting genes with some degree
of homology to the existing ones, we are in the process of ex-
panding its functions, such as the incorporation of software
capable of comparing high-order structures. These systems are
sufficiently applicable to the analysis of not only glycosyltrans-
ferase genes but also various other genes including lectin genes
[4].

Current status of glycogene research

Since the first mammalian glycosyltransferase gene was cloned
by two groups independently [6,7], more than 160 human gly-
cosyltransferase genes have been cloned to date, mostly by
Japanese researchers [8]. In animals other than humans and
mice, glycogenes have been actively cloned in lower animals
such as fruit flies and nematodes [9,10], in which gene deletion
mutants can be easily produced. The sequence of studies is as
follows: (1) Glycogenes are cloned, and the encoded enzymes

are expressed by various methods; (2) The enzymes are ana-
lyzed for the synthesis of sugar chain structures in vitro or in
vivo. Subsequently, the synthesized sugar chain structures are
examined for their biological functions as follows: (3) Glyco-
genes are transfected into cultured cells, and the functions of the
cells whose sugar chain structures have undergone changes are
analyzed; (4) Transgenic mice are produced for functional anal-
ysis; (5) The genetic basis of human diseases and blood-types
[11] is explored with SNPs analysis of glycogenes identified
by chromosomal mapping of the human genetic diseases and
blood-types; (6) Knockout mice are produced to analyze the
functions of glycogenes in the individual. Mice knocked out in
terms of genes for glycosyltransferases synthesizing the essen-
tial portion of sugar chains are lethal. Deletion of enzymes syn-
thesizing the intermediate portion results in the development
of serious symptoms, and deletion of those for the terminal
portion leads to an apparently normal phenotype. However, a
detailed analysis reveals abnormal phenotypes reflecting indi-
vidual characteristics. Recent advances in the siRNA technique
have enabled knock-down at the cellular level. Although bio-
logical function analysis is in progress in parallel with glyco-
gene cloning as described above, further analyses of sugar chain
structures and functions are required to look at the changes of
entire glycoconjugate molecules.

The characteristics of a few glycosyltransferase gene families
and their substrate specificities are presented below along with
the results of the GG project. For more details, the reader is
referred to our cited publications.

Glycosyltransferase gene family with
β4-glycosyltransferase (β4GT) motif

The β4-galactosyltransferase (β4Gal-T) gene was the first gly-
cosyltransferase cloned [6,7]. β4Gal-T forms a family includ-
ing seven enzymes [12–17], β4Gal-T1 through β4Gal-T7,
which share the same characteristic of transferring galactose
from the sugar donor UDP-Gal to the sugar acceptor via a
β1,4 linkage, but differ in using sugar acceptors such as sugar
chains in glycoproteins, glycolipids, or glycosaminoglycans
(Figure 1). Using the amino acid sequences of this family as
query sequences, we performed database searches and found
eight new members sharing a β4GT motif, GWGXED. The re-
sults of phylogenetic analysis of these gene families are shown
in Figure 1. The results reported by Kitagawa et al. and us
showed that six novel glycosyltransferases were involved in
the synthesis of chondroitin sulfate [18–26]. Chondroitin sul-
fate occurs as a sugar chain of proteoglycans in which dozens
of the disaccharide repeating unit (-GlcAβ1,3GalNAcβ1,4-)
are bound to a serine residue of the core protein via a link-
age tetrasaccharide (GlcAβ1,3Galβ1,3Galβ1,4Xyl). Of these
six enzymes, the catalytic domain containing the β4GT motif,
GWGXED, probably functions in transferring GalNAc from
UDP-GalNAc to the sugar acceptor GlcA via a β1,4 link-
age. Three of them, CSS1, CSS2 and CSS3 in Figure 1, have
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Figure 1. A phylogenetic tree of the human β4-GT family. The references reported are in the middle. The sugar linkage catalyzed
by each enzyme is on the right.

another catalytic domain containing a β3glycosyltransferase
motif (β3GT motif as described later) which catalyzes the trans-
fer of GlcA to GalNAc with a β3-linkage.

In addition, two novel members were found recently and their
substrate specificity was analyzed [27,28]. β4GalNAc-T3 and
-T4 effectively synthesized N ,N ′-diacetyllactosediamine (Lac-
diNAc), GalNAcβ1-4GlcNAc, at non-reducing termini of var-
ious acceptors derived not only from N-glycans, but also from
O-glycans. They were identified to be the enzymes responsi-
ble for the synthesis of the LacdiNAc structure. All members
in Figure 1, the β4-galactosyltransferase gene, the chondroitin
sulfate-synthesizing enzyme gene and the LacdiNAc synthase
families have the amino acid sequence GWGXED in common,
but differ in their sugar donors and acceptors, suggesting that
this motif is the sequence specifying the β1,4 linkage. Many
other β1,4-linked sugar-chain structures have been reported to
occur in the body, but the corresponding glycosyltransferases
remain unknown. We predict that the genes for the glycosyl-
transferases synthesizing them will probably be included in this
gene family.

Glycosyltransferase gene family with
β3-glycosyltransferase (β3GT) motif

The glycosyltransferase gene family with the β3 motif
includes five β3-galactosyltransferases (β3Gal-T), six β3-
N -acetylglucosaminyltransferases (β3Gn-T) and two β3-N -
acetylgalactosaminyltransferases (β3GalNAc-T). The results
of phylogenetic analysis of this gene family are shown in Fig-
ure 2. The glycosyltransferases in this family transfer sugars
via a β1,3 linkage, and conserve three motifs in their amino
acid sequences. Motif 2 contains DxD, and motif 3 is thought
to specify the β1,3 linkage. The first β3Gal-T1 gene was iso-

lated in 1994 by Sasaki et al. by expression cloning [29]. The
enzyme for synthesizing GD1b/GM1/GA1 was first cloned by
Miyazaki et al. by an expression cloning method [30]. This en-
zyme had the β3GT motifs, and was named β3Gal-T4. Later,
the expansion of the genome database led to the report of the
β3Gal-T2 through β3Gal-T4 genes [31,32]. Later on, the speci-
ficity of β3Gal-T3 was precisely analyzed, and corrected to be
β3GalNAc-T1 which synthesizes globoside (Gb4) [33]. By a
cloning technique using degenerate primers corresponding to
the β3GT motifs, we isolated and reported the β3Gal-T5 gene
that synthesizes type I sugar-chain antigens including the CA-
19-9 antigen (sialyl Lewis a; sLea) [34]. β3Gal-T5 also syn-
thesizes a stage-specific embryonic antigen-3 (SSEA-3) [35].
β3Gal-T5 was found to be expressed specifically in the gas-
trointestinal tract, and to be very important in the expression
of the above-described antigens in gastrointestinal cancer cells
[34]. Interestingly, transcriptional regulation of the β3Gal-T5
gene is controlled by the intestinal homeoproteins, i.e. mem-
bers of caudal-related homeobox protein (Cdx) and hepatocyte
nuclear factor (HNF) families [36]. In addition, β3Gal-T6 was
reported to synthesize the linkage region in proteoglycan sugar
chains [37].

Zhou et al. reported β3Gn-T1 which exerts a GlcNAc-
transfer to Gal with a β3-linkage [38]. Thereafter, we reported
three members of β3Gn-Ts, i.e. β3Gn-T2, -T3 and -T4 [39].
After our publication, Zhou et al. corrected the sequence of
β3Gn-T1 to be identical to that of β3Gn-T2. Therefore, β3Gn-
T1 and -T2 are identical. Of β3Gn-T2 through β3Gn-T4 re-
ported by us, β3Gn-T2 clearly shows stronger activity for the
sugar acceptor polylactosamine structures, suggesting that this
is a polylactosamine-synthesizing enzyme [40]. β3Gn-T3 was
further identified to mainly transfer GlcNAc to the core 1 struc-
ture [41]. We performed an in silico analysis using the database,
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Figure 2. A phylogenetic tree of the human β3-GT family. The references reported are in the middle. The sugar linkage catalyzed
by each enzyme is on the right.

successfully cloned the Lc3Cer-synthesizing enzyme gene,
β3Gn-T5 [40], and the O-liked sugar-chain core 3-synthesizing
enzyme gene, β3Gn-T6 [42], and reported their substrate speci-
ficities. β3Gn-T6 is restrictively localized in the epithelia of
the stomach and colon [42], in which the major form of O-
glycans is the core 3 structure. Very recently, β3Gn-T7 was
identified as being responsible for the synthesis of keratan sul-
fate [43]. A novel enzyme, named β3GalNAc-T2, was found by
in silico cloning and characterized [44]. β3GalNAc-T2 trans-
fers GalNAc to GlcNAc with a β3-linkage on the termini of N-
and O-glycans. Although the GalNAcβ1-3GlcNAcβ1-R struc-
ture has not been reported in humans and other mammals, it
must exist where the enzyme is expressed. Interestingly, the
β3GalNAc-T2 transcripts were most highly expressed in the
germ cells of testis in a stage specific manner [44]. This may
be involved in the maturation of sperm.

Polypeptide N-acetylgalactosaminyltransferase gene
family

Polypeptide N -acetylgalactosaminyltransferase (pp-GalNAc-
T) is a group of glycosyltransferases transferring GalNAc
to serine or threonine residues in O-glycans through an α-
linkage. At the present time, 15 members of this family have
been published (Figure 3) [45–58]. pp-GalNAc-T5 is not listed
in Figure 3, because its activity has not been demonstrated.
We cloned five of these genes, pp-GalNAc-T10, -T12, -T13,
-T14 and -T15, and analyzed their functions [53,55–58]. The
sequences of this enzyme family are characterized by the pres-
ence of conserved motifs called the GT1 and Gal/GalNAc-T
motifs, and have homology throughout the entire lengths, un-
like the β1,3 and β1,4 glycosyltransferase families. Thus, it is
easy to find homologous members in the databases. Besides

Figure 3. A phylogenetic tree of the human pp-GalNAc-T family.
The references reported are on the right.

15 members published, an additional four or five members can
be found in the databases. Most pp-GalNAc-T enzymes have a
lectin-like domain in the C-terminal portion, suggesting that it
influences the enzyme substrate specificity. Fourteen kinds of
pp-GalNAc-T differ in relative activities determined with dif-
ferent polypeptide-chain sequences; however, few studies have
analyzed which polypeptide chains are used as acceptor sub-
strates by the respective enzymes. Thus, the identification of
sugar acceptor proteins of pp-GalNAc-T awaits further study.
An example of such analyses is the case of multiple O-linked
sugar chains in the hinge region of IgA-1. Based on the tissue
distribution of expression of the pp-GalNAc-T family and the
differences in their relative activity determined with the hinge
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region peptide, we reported that pp-GalNAc-T2 transfers N -
acetylgalactosamine to the IgA-1 hinge region [59].

Other glycogenes characterized in the GG project

A β1,6-N -acetylglucosaminyltransferase, GnT-IX, that is ho-
mologous to GnT-V, was cloned and characterized by In-
amori et al. [60,61]. This was cloned almost at the same time
by the others [62]. GnT-IX is expressed specifically in the
brain and catalyzes the transfer of GlcNAc to the 6-OH po-
sition of the mannose residue of GlcNAcβ1,2-Manalpha on
both the α1,3- and α1,6-linked mannose arms in the core
structure of N-glycan. This enzyme also transfers GlcNAc to
GlcNAcβ1,2Manα in O-mannosyl glycan as a β1,6-linkage.

Two novel β-1,6-N -acetylglucosaminyltransferases (IGnT),
which are homologous to IGnT1, have been cloned, analyzed
and named IGnT2 and IGnT3 [63]. They showed differential
expression in tissues, and only IGnT-3 was expressed in retic-
ulocytes and determined the human Ii blood group.

An enzyme homologous to the core 1 synthase [64] has been
cloned and characterized [65]. We named this gene C1Gal-T2
because of the following results. By the transfection experi-
ments with the cells lacking the core 1 synthase activity, the
cell homogenates expressing C1Gal-T2 apparently contained
the core 1 synthesizing activity. However, Ju et al. reported that
C1Gal-T2 is not a enzyme, but a molecular chaperonethat helps
the folding of C1Gal-T1 [66].

Heparan sulfate D-glucosaminyl 3-O-sulfotransferases
(3-OSTs) catalyze the transfer of sulfate from 3′-
phosphoadenosine 5′-phosphosulfate (PAPS) to position
3 of the glucosamine residue of heparan sulfate and heparin. A
sixth member of the human 3-OST family, named 3-OST-5,
was characterized in the GG project [67]. Recombinant 3-
OST-5 only exhibited sulfotransferase activity toward heparan
sulfate and heparin. 3-OST-5 can synthesize a tetrasulfated
disaccharide unit. To our knowledge, this is the first report to
describe the enzymatic formation of this novel structure.

Two glycogenes encoding sugar-nucleotide transporters have
been cloned and analyzed [68,69]. In the reference 68, we
demonstrated the activity of PAPS transporter for the first time.

Current status of research on glycosyltransferases
and their functional analysis

Glycosyltransferases are membrane proteins localized in the
rough endoplasmic reticulum and Golgi apparatus. About half
of the proteins synthesized in ribosomes successively undergo
several steps of glycosylation by glycosyltransferases in the
rough endoplasmic reticulum and Golgi apparatus cisternae,
and become biologically active mature proteins. Glycosylation
by glycosyltransferases requires sugar-donor substrates (sugar
nucleotides), sugar-acceptor substrates and, in many cases, di-
valent cations. Sugar chains vary in structure and length accord-
ing to tissue (cell) type, developmental stage, differentiation,

and malignant transformation, resulting in sugar chains of het-
erogeneous structures on the same carrier molecule. This com-
plexity of sugar chain synthesis is produced by a close control of
the expression of a large number of enzymes and the substrate
specificities of enzymes themselves. However, in vitro activity
and substrate specificity may not reflect the actual synthesis of
sugar chains in vivo. Frequently, glycosyltransferases specifi-
cally recognize the protein and lipid portions, or sugar chains
in sugar acceptor substrates. If such a complex of substrate
specificity is involved, it is almost impossible to characterize
it with in vitro experiments. The more complex the acceptor
sugar-chains or glycoconjugates, the less possible their organic
chemical synthesis, necessitating the purification of substrates
from biological materials. However, this is difficult to perform
and, moreover, yields are very low. On the other hand, rapid
advances in the cloning of glycogenes have enabled the mod-
ification or conversion of the sugar-chain portions of glyco-
proteins; however, at this time, it is far from a total synthesis.
Sugar-chain structures that can be enzymatically synthesized
are limited. Even if they can be synthesized, the problem of
low yields remains. In addition, it is not easy to analyze what
sugar-chain structures are added to what amino acids in pro-
teins by current sugar-chain analysis techniques. Under these
circumstances, an extremely laborious procedure is needed to
clarify the details of sugar-chain biosynthesis by a group of
glycogenes. In addition, recent studies have reported that more
than one glycosyltransferase form complexes and transfer sug-
ars, and have suggested the presence of a molecular chaperone
[66]. In such a case, attention to only one glycosyltransferase
may not allow the detection of enzyme activity.

The substrate specificities of glycosyltransferases are usually
first analyzed in vitro, but there is no guarantee that substrate
specificities in vitro reflect those in vivo. Therefore, glycosyl-
transferase genes are transfected into cultured cell lines to ex-
press these enzymes at the same levels as those in vivo and
structural changes in sugar chains should be analyzed. Sugar-
chain structural analysis in knockout mice or human natural
variants is another approach. However, the methods of iden-
tifying sugar-chain structures are highly laborious and time-
consuming. Moreover, the number of sugar-chain structures
resulting from a complex combination of many groups of gly-
cosyltransferases is enormous, making it impossible to analyze
all of them at present. Despite the piling up of many such prob-
lems, sugar chain science is a fascinating area of research to be
advanced over a long period.

Conclusion

At present, sugar-chain engineering has been given the status
of one of the key techniques of biotechnology in Japan. There
is an urgent need for the development of technology in the
three areas of sugar-chain, i.e. synthesis, structure analysis, and
function analysis to advance sugar-chain research. All of these
must be developed hand in hand, and the lack of any one of them
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becomes an obstacle. Therefore, delineation of glycogenes with
an emphasis on glycosyltransferases is a beginning. In an era
when gene cloning and functional analysis have advanced, we
have no doubt about that new research on sugar chains will be
started with the advances in next-generation technologies.
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