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MINI REVIEW

Expression cloning of glycosyltransferases

Minoru Fukuda1, Marti F.A.Bierhuizen2 and Jun
Nakayama3

Cloning of cDNAs encoding glycosyltransferases enters into
a new era because of the advent of expression cloning for
glycosyltransferases. This mini-review summarizes a short
historical view on the development of this method and surveys various improvements over the original method. This
review also emphasizes the advantages of those recently
developed improvements with a brief description on their
background. Finally, the review provides some prospects
based on these developments in the methodology. It is expected that increasing numbers of newly cloned glycosyltransferases will become critical tools for understanding
the roles of carbohydrates.
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Introduction
Carbohydrates are not primary products of gene expression but
are sequentially synthesized by glycosyltransferases. In order
to understand the roles of carbohydrates and the regulatory
mechanisms for their synthesis, it is thus essential to isolate
genes (cDNAs) encoding those glycosyltransferases. This has
not been an easy task, since the majority of glycosyltransferases are present in minute amounts. Because the Golgi apparatus is such an efficient subcellular functional unit, only a
relatively small number of molecules are necessary to perform
each reaction for the vast number of molecules that go through
the Golgi complex. Such a low abundance of glycosyltransferases makes it harder to isolate a glycosyltransferase with
enough quantity to derive the amino acid sequence. Because of
this low abundance, only relatively abundant glycosyltransferases such as B-galactosyltransferase were cloned in the early
stages of studies (Narimatsu et al, 1986; Shaper et al, 1986;
Masri et al, 1988). For a while, only a-2,6-sialyltransferase
was cloned among sialyltransferases (Weinstein et al, 1987),
because the other sialyltransferases are present in a much lower
abundance (Wen et al, 1992).
This situation was dramatically changed after expression
cloning was introduced to the field of glycobiology by John
Lowe's group (Larsen et al., 1989). It is now possible to clone
a cDNA encoding a glycosyltransferase without the isolation of
an enzyme, so long as a suitable reagent(s) recognizing a spe© Oxford University Press

Expression cloning—early development and
basic techniques
Expression cloning of a desired gene was originally developed
by Seed and Aruffo in 1987. Before this development, Berg
and his colleagues constructed a vector that enabled the expression of a gene in mammalian cells (Mulligan and Berg,
1980). Moreover, it was established that the SV40 and polyoma virus large T antigens bind to the replication origin of the
SV40 and polyoma virus; therefore, plasmids containing those
replication origins are replicated more than several hundredfold in those cells (Francke and Eckhart, 1973; Gluzman,
1981). Such an enormous multiplication of plasmids can be
achieved in mammalian cells into which plasmids are introduced. Such amplified expression enables isolation of a cDNA,
even when it is present in minute amounts. Seed and Aruffo
thus constructed a pCDM8 vector (Figure 1) that contained the
replication origins for both the SV40 and polyoma virus (Seed
and Aruffo, 1987; Aruffo and Seed, 1987). As a resistant
marker, the vector contained supF suppressor tRNA that suppresses amber mutations in ampicillin and tetracycline resistant
genes in the presence of P3 episome (Little et al, 1983). By
using this vector, Seed's group has cloned many cDNAs that
encode cell surface proteins. The basic procedure of expression
cloning is as follows.
By using antibody specific to an antigen to be cloned, those
cells that were transfected with a cDNA expression library are
enriched by their reaction to the specific antibody. From those
cells expressing a desired antigen, plasmids can be isolated
using the Hirt procedure, which was originally developed for
the isolation of viral DNA from infected mammalian cells
(Hirt, 1967). Recovered plasmids are then divided into pools of
plasmids, and each pool is tested for its capability to express
the antigen. Once a particular pool of plasmids is identified to
direct the expression of die desired gene, plasmids in that pool
will be divided again into subpools containing a smaller number of plasmids. Each subpool is then tested for its ability to
direct the expression of die desired gene. Further narrowing
down of the plasmid pool eventually results in the isolation of
a cDNA encoding the desired antigen. For the enrichment of
transfected cells that express a desired antigen, the transfected
cells are incubated first with the primary antibody recognizing
683
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cific carbohydrate is provided. It is not an exaggeration to state
that the introduction of expression cloning revolutionized the
cloning strategy of glycosyltransferases. In this article, I describe a short historical aspect in the development of the technology for expression cloning of glycosyltransferases, and
summarize the most improved methods, describing prospects
in this field. For comprehensive surveys of glycosyltransferases cloned, readers are encouraged to read other reviews
(Schachter, 1994; Field and Wainwright, 1995; HarduinLepers et al, 1995).
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the antigen, and then overlaid on bacterial dishes coated with a
secondary antibody ('panning') (Wysocki and Sato, 1978).
From those cells attached to dishes, plasmids are recovered by
the Hirt procedure. This method is very powerful in the majority of expression cloning. However, cell sorting by fluorescence-activated cell sorters (FACS) is now replacing the panning procedure, because of powerful cell sorters now available.
Expression cloning of glycosyltransferases—basic protocol
In order to isolate cDNAs encoding glycosyltransferases, the
protocol for expression cloning needs to be slightly modified.
Here I describe an example that utilized a specific antibody to
Lex, GalBI->4(Fucal->3)GlcNAcB->R, to clone an a-1,3fucosyltransferase (Kukowska-Latallo et al., 1990).
For successful cloning of this enzyme, the following conditions need to be met. First, the recipient cells to which a cDNA
library is introduced must lack carbohydrate products that are
synthesized by a desired gene. Second, the recipient cells, however, need to express a precursor carbohydrate, that is,
GalBl->4GlcNAc|31->R in the case for the cloning of a-1,3fucosyltransferase. Third, the recipient cells need to express
polyoma or SV40 large T antigen that enables introduced plasmids to replicate. For expression of a-l,3-fucosyltransferase,
COS-1 cells met all these requirements. After transfection of a
cDNA library constructed from A431 human epidermoid carcinoma cell line, the transfected cells were selected by antiSSEA-1 antibody (Solter and Knowles, 1978), which reacts
with Lex structure. A431 cells were chosen for the source of
mRNAs because they express different kinds of blood group
antigens (Childs et al., 1984). Plasmids were isolated from the
transfected COS-1 cells which were attached to plates coated
with the secondary antibody (panning). These enriched plasmids were again introduced to COS-1 cells and enrichment of
COS-1 cells with anti-SSEA-1 antibody was repeated. After
684

Recipient cells expressing a carrier glycoprotein and
polyoma large T antigen
Our laboratory has been studying the biosynthesis of O-glycans in leukocytes and discovered that the structures of Oglycans are characteristic to different cell lineages and different maturation stages of a given cell lineage. In particular,
(9-glycans attached to leukosialin, a mucin-like glycoprotein in T-lymphocytes, change dramatically during T-cell
activation; resting T cells express tetrasaccharides
NeuNAca2->3GalBl->3 (NeuNAca2->6) GalNAc while
activated T cells express hexasaccharides NeuNAc
a2->3GalB1 ->3 (NeuNAcct2->3GalB1 ->4GlcNAcB 1 -»6)
GalNAc (Piller et al., 1988). This conversion is due to the new
expression of GalBl->3GalNAc (GlcNAc->GalNAc) (3-1,6N-acetylglucosaminyltransferase, core 2 GnT. Increased expression of core 2 GnT can be also observed in immunodeficiencies such as the Wiskott-Aldrich syndrome (Higgins et al.,
1991; Piller et ai, 1991), AIDS, and leukemia (Brockhausen,
1991; Saitoh et al., 1991). Since O-glycans attached to leukosialin play roles such as adhesion of thymocytes to thymus
epithelium (Baum et al., 1995), we decided to clone core 2
GnT by expression cloning.
Initially, we used COS-1 cells as recipient cells since almost no core 2 GnT activity was detected in this cell line. By
using T305 antibody as a selection marker, we isolated a
cDNA that directs the expression of T305 antigen on COS-1
cells. However, the nucleotide sequence of the cloned cDNA
indicated that we actually cloned cDNA encoding leukosialin (Bierhuizen et al., 1992, 1994). From these early stages
of the study, we learned three things. First, expression cloning
is working in our hands. Second, COS-1 cells contain a small
amount of core 2 GnT, although it may be difficult to detect. Third and most importantly, T305 preferentially binds
to the hexasaccharides attached to leukosialin. This property
of T305 antibody is similar to that of anti-M and -N antibodies which recognize both the peptide sequence of glycophorins and their attached oligosaccharides (Sadler et al.,
1987). Because of these findings, we chose Chinese hamster ovary (CHO) cells as recipient cells since CHO cells
were shown to contain GalBl —>3GalNAc structure, but
lack the hexasaccharide NeuNAca2—»3GalBl->3
(NeuNAca2->3GalBl->4GlcNAcBl->6) GalNAc (Sasaki et
al., 1987) (see Figure 2). CHO cells, however, do not express
large T antigens that multiply plasmids. Since amplification of

Downloaded from https://academic.oup.com/glycob/article-abstract/6/7/683/647613 by guest on 15 January 2019

Fig. 1. Schematic structure of pCDM8. pCDM8 is based on
enhancer-promoter sequences of the human cytomeglovirus (CMV) and
contains both SV40 and polyoma virus ongins. SupF suppresser tRNA
allows its replication in Escherichia coli strains that carry the P3 episome
(for example, MC1061/P3), which allows the bacteria to grow in the
presence of ampicillin and tetracycline. (Based on Seed and Aruffo, 1987.)
This figure is taken from the Invitrogen catalog with permission

the third enrichment, plasmids were isolated from the transfected COS-1 cells that were enriched for SSEA-1 antigen, the
plasmids were divided into pools of smaller numbers of plasmids ('sibling selection'), and eventually a single plasmid directing SSEA-1 expression was cloned. The cloned enzyme,
named fucosyltransferase HI, transfers a fucose residue to both
GalBl->4GlcNAc and Galpl->3GlcNAc forming L e \
GalBl->4(Fuc a l - > 3 ) GlcNAc and Le a , GalBl->3
(Fucal-»4) GlcNAc. This dual specificity confirmed the previous discovery that the Lea enzyme also transfers a fucose to
GalBl->4GlcNAc acceptor (Prieels et ai, 1981). This cloning
had great significance since it resulted in the isolation of various a-l,3-fucosyltransferases, including fucosyltransferase
VII, that form the E-selectin ligand sialyl Lex in leukocytes
(Natsuka et ai., 1994). This cloning was possible by crosshybridization because all of these fucosyltransferases are
highly homologous to each other.

Expression cloning of glycosyltransferases
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Fig. 2. Schematic representation of core 2 biosynthesis. Core 2 GnT adds
P-l,6-linked N-acetylglucosamine to GalNAc in GalfJl—>3GalNAc, core 1
structure. Following the addition of B-l,4-linked galactose and ot-2,3-linked
sialic acids, core 2-based hexasaccharide is formed The hexasaccharides
attached to leukosialin can be recognized by T305 antibody while the
tetrasaccharide, NeuNAc a2->3GalBl->3 (NeuNAca2->6) GiilNAc
attached to leukosialin is not recognized by the same antibody (based on
Bierhuizen el al., 1992, 1994; Maemura and Fukuda, 1992).

plasmids are essential for successful transient expression cloning, we transfected CHO cells with a vector harboring polyoma
large T cDNA (Figure 3). In parallel, we have made two more
vectors, but the vector shown in Figure 3 was found to be the
best. A very similar vector was developed in Dennis's laboratory (Heffernan and Dennis, 1991).
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Fig. 3. Schematic representation of pPSVEl-PyE. Briefly, pPSVEl-PyE was
prepared as follows. pPSVEl was prepared by using pPSG4 DNA (ATCC
no. 37337) and simian virus 40 viral DNA (Bethesda Research
Laboratories). pPyCT-lDNA (ATCC no. 41043) was then digested with
£coRJ///incII to generate the COOH-termina] coding sequences for the
polyoma large T antigen. £coRl site at the 3' end was introduced by
blunt-end ligation of this EcoRlJHincTl polyoma large T fragment with
phosphorylated EcoRl linkers (Stratagene). Plasmid pPSVEl-PyE was then
generated by ligating the COOH-terminal coding sequence for the T antigen
into the unique EcoRl site of plasmid pPSVEl (from Bierhuizen and
Fukuda, 1992).

Transient expression of carrier molecules and large
T antigens
An alternative method to the above described one is to transiently express a carrier molecule and/or large T antigen together with a cDNA library. When plasmids are recovered
from transfected and sorted (or panned) cells, bacteria containing plasmids that are derived from the cDNA library will be
selectively grown in the presence of ampiciHin and tetracycline. This is possible when a cDNA library is constructed in a
vector such as pCDM8 and pcDNAI since these vectors contain supF suppressor tRNA that allows the bacteria to grow in
the presence of ampicillin and tetracycline. Since other vectors
usually have only an ampicillin resistant gene, cDNA harbored
in those vectors will not be rescued.
This method has been used in several studies (Inoue et al.,
1993; Eckhardt et al, 1995; Nakayama et al, 1995). I will
summarize here our strategy for the cloning of polysialyltransferase (PST). Polysialic acid is a developmentally regulated
carbohydrate composed of a linear homopolymer of a-2,8linked sialic acid residues. Polysialic acid (PSA) is mainly
attached to N-CAM and is suggested to regulate the function of
N-CAM. The polysialylated form of N-CAM is abundant in
embryonic brain, while in adult brain, the majority of N-CAM
lacks this unique glycan. The presence of this large negatively
charged carbohydrate modulates the adhesive property of NCAM, and the removal of PSA increases N-CAM-mediated
binding between cells. Due to its presence in tissues undergoing synaptic rearrangement and cell migration, PSA is implicated in reducing N-CAM-mediated adhesion and thus perhaps
allowing neurite outgrowth and cellular mobility (for reviews,
see Edelman et al, 1985; Rutishauser et al, 1988).
Because of our experience in the cloning of core 2 GnT, it
was obvious for us to use recipient cells that express N-CAM.
First, COS-1 cells transfected with N-CAM cDNA were found
to be negative for PSA despite the fact that they expressed
N-CAM. The results enabled us to use COS-1 cells as recipient
cells for cloning of PST. COS-1 cells were thus transiently
cotransfected with pHf}APr-l-neo-N-CAM and a human fetal
685
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The reason behind the construction of the vector shown in
Figure 3 is as follows. The promoter of polyoma large T itself
has a genomic element that prevents the multiplication of polyoma large T antigen by feedback mechanisms (Zhu et al.,
1984). Because of this, the polyoma virus promoter was replaced by a SV40 early promoter.
Because T305 binds strongly with the hexasaccharides attached to leukosialin, we transfected CHO cells with both vectors that harbor leukosialin and polyoma large T antigen, resulting in CHO-Py*leu cells. By using these CHO cells which
stably express leukosialin and polyoma large T antigen, the
cDNA encoding core 2 GnT was cloned (Bierhuizen et al,
1992).
It was also shown that CHO cells lack large I antigen,
Gaipi^4GlcNAc31->3 (Gaipi^4GlcNAc(31->6)Gal|31->R
(Sasaki et al., 1987; Smith et al, 1990). The conversion of i to
I antigen is due to the appearance of another f$-l,6-Nacetylglucosaminyltransferase, IGnT. By using this CHOPy*leu cell line and human anti-I antiserum, a cDNA encoding
IGnT was cloned (Bierhuizen et al., 1993). Although the expression of leukosialin was not necessary, the CHO-Py«leu cell
Line prepared had high efficient expression of polyoma large T,
which made the cells suitable for expression cloning.
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Cotransfection into COS-1

I
I

Sorting PSA positive cells by FACS after 48 hrs culture

Plasmid rescue by Hlrt method and
transformation of MC1061/P3 by electroporation

I
I

Selection of colonies on ampicllin and tetracycline plates

Plasmids preparation for transfection study
Fig. 4. Strategy for cloning of a cDNA encoding polysialyltransferase Two
different vectors are used for cloning cDNA encoding polysialyltransferase.
PST. Plasmid harboring N-CAM cDNA contains only ampicillin resistant
gene. In contrast, plasmids harboring a human fetal brain cDNA library
contain SupF that allows those bacteria containing the plasmids to be
rescued after ampicillin and tetracycline treatment (based on Nakayama el
al.. 1995).
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Although we have not tested many other cell lines, it is possible that this SV40 large T antigen may be capable of replicating vectors in various mammalian cells.
If that is the case, it may not be necessary to restrict the
usage of SV40 and polyoma large T antigens to monkey or
human cells and rodent cells, respectively. Further studies are
necessary to determine whether or not the efficiency of polyoma and SV40 large T antigens in replicating plasmids depends on cell types where these antigens are expressed.
Cloning of a cDNA that encodes a desired
glycosyltransferase using recipient cells expressing the
same gene
During the expression cloning of GT3 synthase, we faced the
problem that the recipient cells used for transient expression
cloning expressed GT3 when the GD3 synthase was introduced
to express the precursor glycolipid GD3. COS-1 cells lack
GD3 synthase but a greater proportion of the transfected
COS-1 cells, COS-1-GD3 express GT3 as well (Nakayama et
al, 19%). After cell sorting using anti-GT3 antibody (M6703),
those cells expressing a minimum amount of GT3 were used as
recipient cells for expression cloning. Plasmids were rescued
from those COS-1 cells that were positive for GT3 staining
using M6703 antibody.
When COS-1*GD3 cells were transiently transfected with a
mixture of the above isolated plasmids, it was not possible with
immunofluorescent staining to distinguish the cells that newly
became GT3-positive from the cells that were endogenously
GT3-positive. This failure was thought to be due to the high
background expression of GT3 in COS-1*GD3 cells. In order
to overcome this problem, the plasmid DNAs were transfected
into HeLa cells that express a small amount of GD3 but no
detectable amount of GT3. By using HeLa cells as indicator
cells, it was possible to isolate a cDNA that encodes GT3
synthase (Nakayama et al, 1996). Surprisingly, GT3 synthase
was found to be identical to GD3 synthase (Haraguchi et al,
1994; Nara et al, 1994; Sasaki et al, 1994b), therefore named
GD3/GT3 synthase. It was no wonder that C0S-l«GD3 cells
also expressed GT3. It was also demonstrated that the cloned
enzyme can synthesize GT3 much less efficiently than GD3,
and only those cells expressing abundant GD3/GT3 synthase
synthesize GT3 (Nakayama et al, 1996).
This cloning taught us that a cDNA can be cloned even
though the majority of recipient cells express the gene that
encodes the desired protein. This success was probably due to
two factors. First, only those transfected cells expressing substantial amounts of the antigen were collected for the source of
the isolated plasmids. By setting up the sorting region where
almost none of the COS-1*GD3 cells were present, only those
cells that newly became positive were presumably isolated.
Second, as long as indicator cells are available, a plasmid
directing the expression of a desired gene can be isolated. This
application should be expanded further by incorporating the
SV40 large T antigen system shown above, when enriched
plasmids are introduced into testing (indicator) cells.
Stable expression cloning using the Epstein-Barr
virus system.
As an alternative to large T antigen-mediated replication of
plasmids, the replication of the Epstein-Barr virus can be obtained by the nuclear antigen (EBNA-1) of the Epstein-Barr
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brain cDNA library constructed in pcDNAI. After transfection,
PSA-positive COS-1 cells were isolated by fluorescenceactivated cell sorting (FACStar, Becton Dickinson) using antibody 735 (Frosch et al, 1985). Plasmid DNA was isolated
from the sorted cells using the Hirt procedure (Figure 4). Sibling selection of isolated plasmids resulted in the isolation of a
single plasmid that directs the expression of PSA in COS-1 and
HeLa cells (Nakayama et al, 1995). During the early stages of
this cloning, it was not possible to detect the expression of PSA
despite the fact that the tested pool of plasmids contained PST
unless N-CAM was expressed as well. When the cloned cDNA
was introduced into COS-1 or HeLa cells, however, those
transfected cells expressed PSA in the absence of N-CAM
(Nakayama and Fukuda, 1996). It is thus evident that N-CAM
is necessary for obtaining a detectable amount of PSA expression, when only a small amount of PST is expressed in transfected cells. It was thus critical to coexpress N-CAM to clone
the enzyme.
Another critical development took place in expressing a
large T antigen. After the studies on the expression of polyoma
large T antigen was published, a vector for the expression of
SV40 large T antigen was reported for transient expression
cloning of cDNAs (de Chasseval and de Villartay, 1991). We
have used this SV40 large T antigen vector in our laboratory
and found that this particular vector, similar to that for polyoma large T antigen (see Figure 2), actually amplifies vectors
such as pcDNAI, pcDNA3, and pCDM8 even in CHO cells.

Expression cloning of glycosyltransferases

quences was prepared and screened for the presence of Alupositive clones. Among two groups of A/w-positive clones, one
group with an insert of -6.3 kb was found to confer a-1,3fucosyltransferase. After using various restriction enzymes,
DNA fragments were tested for the expression of a-1,3fucosyltransferase, yielding a single genomic fragment that directs the expression of ct-l,3-fucosylated structure on the cell
surface (Kumar et al., 1991).
Theoretically, this method should be useful for many studies
to isolate a genomic DNA that encodes a desired gene. However, the transient expression cloning or stable episomal expression cloning is much less laborious and also does not require additional factors such as the fortuitous presence of an
Alu repeat. It is thus likely that these two new methods will
entirely replace the classical genomic gene transfer method.
Prospects
As shown above, we now have many methods to clone a cDNA
encoding a glycosyltransferase. However, three recently developed methods will be expected to play the most significant
roles. First, it is essential to have suitable recipient cells for
expression cloning. Occasionally, this has been a limiting factor since such cells may not be available in those cell lines so
far established. In order to overcome this problem, mutant cell
lines can be generated by using mutagens followed by selection
using the antibodies detecting a desired product. To this cell
line a cDNA library can be introduced together with a vector
encoding polyoma large T or SV40 large T antigen. Since these
large T antigens apparently replicate plasmids containing the
replication origin in a wide variety of cells, a large number of
mammalian cells can be used for recipient cells. In fact, hamster PST was cloned using a CHO mutant cell line that was
generated exactly as described above. After complementation
of those mutant cells, one particular cell line was found to be
defective in PST, but not for other activities necessary for
polysialic acid formation. By transfecting a CHO cDNA library and the vector encoding polyoma large T antigen (Bierhuizen and Fukuda, 1992) into this CHO mutant cell line, this
defect was corrected and CHO cells expressing polysialic acid
were sorted. From those sorted cells, a plasmid, which encodes
the hamster PST, was eventually isolated (Eckhardt et al.,
1995). By a similar approach, hyaluronan synthase and ceramide glucosyltransferase were cloned using respective mutant
cells which were generated for this purpose (Ichikawa et al.,
1996; Itano and Kimata, 1996). I believe that this type of
expression cloning will become important.
The second critical method is the use of COS-1 or CHO-Py
cells as recipient cells, but the plasmids isolated will be tested
by other cells that express the precursor but not the product.
This was successfully employed during the cloning of GT3
synthase as shown above (Nakayama et al., 1996). This
method also has an advantage in that the recipient cells do not
need to lack the product structure for which the enzyme is
sought.
The third critical method is to utilize stable episomal replication such as the Epstein-Barr virus system. In this system,
continuous expression of introduced genes, which are episomal, provides an advantage that repeated selection of high
expressors can be selected after only one transfection. So long
as this episomal replication does not selectively amplify those
vectors that contain only the replication origin, this method is
extremely useful, as already shown (Sasaki et ai, 1993,
687
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virus. EBNA-1 binds to the replication origin of this virus and
thus replicates a plasmid containing the replication origin
(Margolskee et al., 1988). In general, recipient cells for expression cloning are those that were stably transformed by the
Epstein-Barr virus.
A great advantage in this system is that plasmids containing
the replication origin of the Epstein—Barr virus can be replicated stably in an episomal state. Thus, the transfected cells can
be continuously cultured for a long time and yet plasmids can
be isolated from those transfected cells by the Hirt procedure.
Because of this property, stably transfected cells can be subjected to cell sorting by FACS and those sorted cells can be
cultured and again subjected to cell sorting. Since plasmids
introduced into the recipient cells will not be lost after culturing for at least a few months, the enrichment of a plasmid that
encodes a desired gene is possible after a continuous culture.
Isolation of plasmids after each cell sorting can be thus
avoided.
Sasaki et al. (1993) utilized this advantage in cloning
ST3GalIV transferase using the lectin-resistant property of
transfected cells. Transfected Namalwa KJM-1 were incubated
with RCA l20 , which binds to Gal£1^4GlcNAc, for 4-5 weeks
in 96 wells. Plasmids isolated from those cells were tested to
determine if they direct the resistance to RCA,2o- By sibling
selection, a single plasmid harboring a-2,3-sialyltransferase
that adds ct-2,3-linked sialic acid to Galf$l—>4GlcNAc and
Gaipi—>3GlcNAc was cloned. In separate studies, the transfected Namalwa KJM-1 cells were sorted in FACS using antisialyl Lex. By enriching the transfected cells expressing sialyl
L e \ fucosyltransferase VII that is responsible for sialyl Lex
formation in leukocytes was cloned (Sasaki et ai, 1994a).
Similarly, repeated cell sorting of transfected Namalwa KJM-1
cells using anti-GD3 antibody led into the isolation of
NeuNAca2->3Gal|31 ->4Glc-Cer (NeuNAcct2->8NeuNAc)
a-2,8-sialyltransferase (GD3 synthase) (Sasaki et al., 1994b).
In these studies, B lymphocytes that have been transformed
by the Epstein—Barr virus were used as recipient cells. Alternatively, cotransfection of a cDNA library and a vector encoding EBNA-1 should be feasible. If the expression of EBNA-1
in those transfected cells replicates the vector well, such cells
can be used as recipient cells.
As an alternative and more traditional method, genomic
fragments are introduced to recipient cells, and genomic fragments that direct the expression of a desired gene can be rescued. For this cloning, recipient cells need to have a mutation^) that makes the gene inactive. Because CHO cells have
a vast array of mutants that contain inactive glycosyltransferases or other carbohydrate processing enzymes (Stanley,
1984), these CHO cells are suited to clone these enzymes. For
example, CHO cells were transfected with genomic DNA of
HL-60 cells that contain ot-l,3-fucosyltransferase. Stable transfectants were then cloned by limiting dilution, and those clones
expressing Lex antigen were selected. Those cell lines were
also found to contain an Alu repeat sequence, which yielded 7.5
kb £c<?RI fragment that hybridized to an Alu probe. Alu repeat
sequences are genomic sequences of -300 bp and inserted in
human genome at high frequency (Jelinek et ai, 1980). Because this sequence is unique to human genomes, the presence
of human genomic sequences in CHO genomes can be detected
by hybridization of an Alu specific sequence to the total cellular genome sequences. Genomic DNA in the cloned CHO
cells was digested by EcoRl, and DNAs of -6—8 kb in size
were isolated. A genomic library from those genomic se-
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1994a,b). Although the recipient cells for this type of cloning
appeared to restrict to those cells transformed by the EpsteinBarr virus, it is worth attempting to use nontransformed cells
but stably expressing EBNA-1 as recipient cells.
Lastly, the most important new development took place in
the usage of a functional assay in expression cloning. The first
example of this was carried out by Goelz et al. (1990). In this
study, a monoclonal antibody C2E5 was developed that inhibits
the adhesion of HL-60 cells to E-selectin. This antibody was
thus thought to bind to a ligand for E-selectin. By using the
antibody C2E5, a cDNA that directs the expression of C2E5
antigen was cloned. The results indicate that this cDNA encodes fucosyltransferase IV. Since fucosyltransferase IV produces almost exclusively Lex structure and a small amount of
VEM-2 structure (Sueyoshi et al., 1994), these results suggest
that Lex may also support E-selectin-mediated adhesion. Although it has not been supported by others, it was also reported
that Lex structure is a ligand for P-selectin (Larsen et al., 1990).
More recently, the adhesion of transfected COS-1 cells to
endometrial adenocarcinoma SNG-M cells was utilized to enrich plasmids encoding an adhesion molecule that apparently
allows the attachment of trophoblasts to the endometrial epithelium. After the introduction of a cDNA library derived from
trophoblastic teratocarcinoma, HT-H cells into COS-1 cells,
single suspension cells of the transfected COS-1 cells were
overlaid to a fixed monolayer of SNG-M cells. Plasmid DNAs
were recovered from the twice-adhered COS-1 cells and subjected to the second round of screening. Plasmids obtained
thereafter were then subjected to sibling selection, resulting in
isolation of two cDNAs encoding trophinin and tastin. These
two cDNAs need to be expressed together for efficient adhesion (Fukuda et al., 1995). This study, carried out by Michiko
Fukuda's laboratory, is monumental in that a functional assay
was used to enrich plasmids encoding a desired gene. The work
also provided an extraordinary finding that two independent,
but mutually supportive genes can be cloned by expression
cloning at the same time.
Just several years ago, only a handful of genes for glycosyltransferases had been isolated. The advent of expression
cloning and its continuous improvement in methods will likely
provide us with a possibility that all glycosyltransferases will
be cloned in foreseeable years. We are thus entering an exciting era where we can obtain all necessary cDNAs that encode
glycosyltransferases. Such success will undoubtedly enhance
our understanding of the biological functions of carbohydrates.
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