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Abstract Profiling of carbohydrate structures on cell
membranes has been difficult to perform because of the
complexity and the variations of such structures on cell
surface glycans. This study presents a novel method for
rapid profiling of cell surface glycans for terminal N-
acetyllactosamines (Galf31-(3)4GIcNAc-R) that are uncap-
ped, capped with sialic acid as SA-Gal(31-(3)4GlcNAc-R,
or with «l,3galactosyls as the «-gal epitope- Galxl-
3Galf1-(3)4GlcNAc-R. This method includes two enzy-
matic reactions: (1) Terminal sialic acid is removed by
neuraminidase, and (2) «-gal epitopes are synthesized on
the exposed N-acetyllactosamines by «1,3galactosyltrans-
ferase. Existing and de novo synthesized «-gal epitopes on
cells are quantified by a modification of radioimmunoassay
designated as “ELISA inhibition assay,” which measures
binding of the monoclonal anti-Gal antibody M86 to «-gal
epitopes. This binding is proportional to the number of cell
surface o-gal epitopes. The amount of free M86 antibody
molecules remaining in the solution is determined by
ELISA using synthetic «-gal epitopes linked to albumin
as solid phase antigen. The number of «-gal epitopes on
cells is estimated by comparing binding curves of M86
incubated with the assayed cells, at various concentrations
of the cells, with the binding of M86 to rabbit red cells
expressing 2x10° «-gal epitopes/cell. We could demon-
strate large variations in the number of sialic acid capped N-
acetyllactosamines, «-gal epitopes and uncapped N-acetyl-
lactosamines on different mammalian red blood cells, and
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on nucleated cells originating from a given tissue in various
species. This method may be useful for rapid identification
of changes in glycosylation patterns in cells subjected to
various treatments, or in various states of differentiation.
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Introduction

Terminal carbohydrate structures (epitopes) on mammalian
cell surface glycans have been found to vary during
embryogenesis, cellular activation, differentiation, onco-
genesis and inflammation [1-8]. Because of the complexity
of the various cell surface carbohydrate epitopes, the in-
formation on these structures is limited, in comparison to
the information on carbohydrate chains of purified glyco-
lipids and glycoproteins [1-8]. Precise structure of carbo-
hydrate chains on purified glycans can be analyzed by
hydrolysis and isolation of oligosaccharides, and subse-
quent analysis of each monosaccharide composition by a
variety of techniques including: high performance liquid
chromatography (HPLC), gas—liquid chromatography
(GLC), GLC-mass spectrometry (GLC-MS), and nuclear
magnetic resonance (NMR) [3, 8]. These methods require
the use of special instruments, are labor intensive and can
be performed only with highly purified glycans. Because of
these difficulties, many studies on cell surface carbohydrate
epitopes include only staining with lectins, which provide
mostly qualitative information on expression or absence of
carbohydrate epitopes. In the present study we describe a
novel method that enables a more precise quantitative
profiling of carbohydrate epitopes that are common on

@ Springer



664

Glycoconj J (2006) 23:663-674

mammalian cells, including: uncapped N-acetyllactosamines
(Galf1-(3)4GlcNAc-R), N-acetyllactosamines capped with
sialic acid (SA-Galf31-(3)4GlcNAc-R), or capped with ter-
minal «1,3galactosyl units (Galx1-3Galp 1-(3)4GlcNAc-R),
designated «-gal epitopes. Although the quantitative pro-
filing of these carbohydrate epitopes is not analytical, but
provides only a rough estimate of the number of epitopes
per cell, this method may be useful in studies in which
glycoconjugate analysis and cell biology interface with
each other.

N-acetyllactosamine is a major component of N-linked
carbohydrate chains, some O-linked carbohydrate chains
and on glycolipids of the cell membrane. Whereas N-
acetyllactosamines are mostly type II chains (Galf31-
4GlcNAc-R), they are also found as type I chains
(Galf31-3GIcNAc-R), which in humans are usually restrict-
ed to epithelia of the gastrointestinal and reproductive tracts
[8]. A large proportion of N-acetyllactosamines on cell
surface glycans are capped with sialic acid which is
negatively charged, thus generating repulsion forces (zeta
[C] potential) that prevent nonspecific binding of various
molecules to cells. Another very common carbohydrate
epitope is the «-gal epitope which is abundantly expressed
on cells of non-primate mammals, prosimians and New
World monkeys [9—12]. In contrast, human, apes and Old
World monkeys do not express «-gal epitopes, because of
evolutionary inactivation of the «l,3galactosyltransferase
gene [9, 10, 12—14]. This gene encodes the glycosyltrans-
ferase that synthesizes «-gal epitopes [10, 13-21]. Humans,
apes and Old World monkeys produce large amounts of the
anti-Gal antibody that binds to «-gal epitopes on both type
I and type II carbohydrate chains [8, 19, 22-24]. The
binding of anti-Gal to «-gal epitopes expressed on
carbohydrate chains of pig endothelial cells is considered
to be a major cause for rapid rejection of pig organs in
human [25-28].

We have developed a method for effective synthesis of
«-gal epitopes on human tumor cells in order to increase
their immunogenicity as autologous tumor vaccines [29—
33]. For this purpose, sialic acid is removed by Vibrio
cholerae neuraminidase, and «-gal epitopes are synthesized
by recombinant «1,3galactosyltransferase on de-sialylated
N-acetyllactosamines. The de novo synthesized «-gal epi-
topes readily bind the natural anti-Gal antibody which
targets the vaccinating tumor cells to antigen presenting
cells, thereby increasing the immunogenicity of these cells
[29-33]. The number of de novo synthesized «-gal epitopes
could be estimated by the ELISA inhibition assay
(“Experimental procedures”), in which the binding of the
monoclonal anti-Gal antibody M86 to x-gal epitopes on the
processed tumor cells is measured at different concentra-
tions of the assayed cells. Comparison of M86 binding to
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that observed with control cells expressing a known number
of o-gal epitopes, enables determination of the number of
«-gal epitopes on various cells [32, 34].

In the present study we combine the enzymatic synthesis
of «-gal epitopes with the ELISA inhibition assay, for
profiling some of the most common carbohydrate epitopes
on various cells. ELISA inhibition assay performed on
untreated cells quantifies the number of «-gal epitopes
naturally expressed on cells. Since uncapped N-acetyllac-
tosamine on type I and type II carbohydrate chains is the
specific acceptor for «1,3galactosyltransferase [16-21, 24],
ELISA inhibition assay with cells that were subjected to
«-gal epitope synthesis by this enzyme, determines the sum
of uncapped N-acetyllactosamine epitopes and that of
naturally expressed oc-gal epitopes on cells. By subtracting
the number of naturally expressed o-gal epitopes, it is
possible to determine the number of uncapped N-acetyllac-
tosamines. Similarly, the number of sialic acid units on
penultimate N-acetyllactosamines can be inferred from
quantification of «-gal epitopes on neuraminidase treated
cells that are further incubated with «1,3galactosyltransfer-
ase and UDP-Gal. Thus, we could quantify the number of
«-gal epitopes, N-acetyllactosamines and sialic acid on N-
acetyllactosamines, by performing a combination of ELISA
inhibition assays on untreated cells, cells incubated with
«l,3galactosyltransferase, and cells incubated with both
neuraminidase and with «1,3galactosyltransferase, respec-
tively. This analysis demonstrated a wide heterogeneity in
carbohydrate profile on red blood cells and on nucleated
cells originating from the same tissue but from different
species.

Experimental procedures
Materials

Recombinant «1,3galactosyltransferase was produced in
the Pichia pastoris expression system of the marmoset
(New World monkey) «l,3galactosyltransferase gene [31].
Neuraminidase from V. cholerae was purchased from
Sigma (St. Louis, MO). UDP-Gal was a generous gift from
Neose Pharmaceuticals (Horsham, PA). Synthetic o-gal
epitopes linked to BSA (Galxl1-3Galf31-4GIcNAc-BSA,
«-gal BSA) were purchased from Dextra Laboratories
(Reading, UK). Human anti-Gal was isolated from human
AB sera by affinity chromatography on columns with
synthetic «-gal epitopes (Chembiomed, Edmonton, Canada)
as previously described [23, 24]. The mouse monoclonal
anti-Gal antibody M86 was obtained in tissue culture
medium of the hybridoma cells secreting this antibody, as
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we previously described [34]. Rabbit anti-human IgG
conjugated with horseradish peroxidase (HRP) was pur-
chased from Dako (Denmark). Goat HRP-conjugated anti-
mouse IgM was purchased from Accurate Chemical &
Scientific (Westbury, NY). FITC-conjugated Bandeiraea
(Griffonia) simplicifolia 1B, (BS lectin) was purchased
from Sigma.

Cells

Red blood cells were obtained from various species via the
animal facility or from vendors including Hemostat (Dixon,
CA) and Colorado Serum Company (Denver, CO). To
avoid the lysis of red blood cells, blood samples were fixed
for 2 h with 0.5% glutaraldehyde, washed and the re-
maining reactive aldehyde groups were blocked with 0.1 M
glycine. Human myeloid leukemia cell line K562 and
human B lymphoma cell line Raji were cultured in RPMI
medium supplemented with 10% fetal bovine serum (FBS).
All other cells listed below were cultured in Dulbecco’s
Modification of Eagle’s medium (DMEM) supplemented
with 10% FBS, including: human melanoma cell line HTB-
70, human cervical adenocarcinoma cell line HeLLa, human
pancreatic carcinoma cell line Panc-1, human kidney cell
line HEK293, pig kidney cell line PK15, monkey kidney
cell line COS-1, dog kidney cell line MDCK (Madin-Darby
canine cells), bovine kidney cell line MDBK (Madin-Darby
bovine cells), mouse melanoma cell lines B16 and B16—
BL6, mouse fibroblast cell line NIH3T3 and human
fibroblasts grown from foreskin. Cells were harvested with
PBS containing 1 mM EDTA, and subjected to the profiling
assays.

Synthesis of «-gal epitopes on cells

Synthesis of «-gal epitopes on cells was performed as
previously described [29-32]. Briefly, 250x10° fixed red
blood cells/ml, or unfixed 10x10° nucleated cells were
suspended in enzyme buffer comprised of saline (0.9%
NaCl) containing 25 mM MES (pH 6.2) and 25 mM
MnCl,. «l,3Galactosyltransferase (30 pg/ml) and UDP-
Gal (1 mM) were added into the cell suspension. Synthesis
of «o-gal epitopes occurred according to the following
reaction:

In cells analyzed for replacement of sialic acid with de
novo synthesized «-gal epitopes, neuraminidase was in-
cluded in the enzyme solution as 1 mU/ml. Cell suspen-
sions were incubated at 37°C for 2 h with gentle rotation.
Subsequently, cells were washed three times and re-
suspended in PBS containing 1% BSA (BSA/PBS), as 1 x
10° red blood cells/ml or as 40x 10° nucleated cells/ml.

ELISA inhibition assay

Quantification of «-gal epitopes on cells was performed by
ELISA inhibition assay, as we previously described [34].
The assayed cells are subjected to serial two fold dilutions
in 100 pl of BSA/PBS, starting with 1x10° cells/ml for red
blood cells and 40x10° cells/ml for nucleated cells. The
cells in each dilution are mixed with equal volume of the
monoclonal anti-Gal M86 at the final dilution of 1:100 of
the antibody. This dilution of M86 is at the slope of the
antibody binding curve to o-gal BSA in ELISA and it
yields an absorbance of ~1.5 O.D., which represents 50%
of maximum binding in ELISA. The assay is performed in
two steps. First, the suspensions of cells with M86 are
incubated at 4°C overnight in microfuge tubes, with
constant gentle rotation. This incubation allows for maxi-
mum binding of the monoclonal anti-Gal antibody to x-gal
epitopes on the assayed cells. Subsequently, the cells and
bound antibody are removed by centrifugation, and 50 pl
aliquots of the supernatants are placed in ELISA wells pre-
coated with 10 pg/ml «-gal BSA. Anti-Gal M86 antibody
binding to the solid phase «-gal BSA is determined by
HRP-conjugated goat anti-mouse IgM and subsequent color
reaction with o-phenylene diamine (OPD) (1 mg/ml,
Sigma). Absorbance is measured at 492 nm. Since the
overnight incubation results in binding of the monoclonal
anti-Gal M86 antibody to cells at a level that is proportional
to the number of «-gal epitopes expressed on the cells, the
amount of M86 remaining in the supernatant is inversely
proportional to the number of «-gal epitopes on cells, i.e.,
the higher the number of «-gal epitopes per cell, the lower
the subsequent binding of anti-Gal M86 to «-gal BSA in
ELISA (ie., increased inhibition of M86 binding). By
comparing the results obtained at each cell concentration
with those of rabbit red blood cells (which express 2x10°
«-gal epitopes/cells [34]), the number of «-gal epitopes per
cell can be determined. Since M86 is an IgM antibody with
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Fig. 1 Synthesis of «-gal epitopes on human tumor cell glyco-
proteins as assayed by Western blots stained with anti-Gal. Western
blots of membrane glycoproteins of various human tumor cells,
prior (original) or post synthesis of x-gal epitopes by neuraminidase
and «l,3galactosyltransferase (a-gal). The «-gal epitopes were
identified by binding of human anti-Gal antibody isolated from
normal blood group AB serum

only part of its ten combining sites bound to o-gal epitopes
on the assayed cells, the remaining free combining sites
may bind to o-gal epitopes in ELISA wells, if the two steps
of this assay were performed simultaneously in the ELISA
wells. Thus, if the analysis would have been performed
simultaneously in one step, the sensitivity of the assay
would have been diminished.

Flow cytometry analysis for expression of x-gal
epitopes on cells

Cells (1x10°) in BSA/PBS are incubated with 10 pg/ml
FITC-BS lectin, which specifically binds to «-gal epitopes
[35], at 4°C for 30 min. Subsequently, cells are washed,
fixed with 1% paraformaldehyde, and analyzed for fluores-

cence in a flow cytometer (Becton Dickinson, San Jose,
CA).

Western blotting

The lysate of 1x10° cells was subjected to SDS-PAGE in a
12% polyacrylamide gel and then analyzed by Western
blotting using human anti-Gal antibody for immunostain-
ing. The protein was transferred to polyvinylidene fluoride
membrane (S&S, Keene, NH) by semi-dry blotting system,
and the membrane was blocked overnight with PBS
containing 3% defatted milk. Membranes were incubated
with 10 pg/ml human anti-Gal, and binding detected by
HRP-anti-human IgG antibodies.
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Results

Synthesis of «-gal epitopes on cells
by «l,3galactosyltransferase

In studies preceding this work, recombinant «1,3galacto-
syltransferase was found capable of synthesizing o-gal
epitopes on both Galf1-3GIcNAc-BSA and Galp1-
4GlcNAc-BSA and the monoclonal anti-Gal M86 antibody
displayed binding to «-gal epitopes as Galol-3Galp1-
3GIlcNAc-BSA and as Galal-3Galf31-4GlcNAc-BSA (not
shown). These observations and previous studies on the
specificity of «l,3galactosyltransferase and of the mono-
clonal anti-Gal antibody M86 [16-21, 24, 34] imply that
the detection of N-acetyllactosamines and of o-gal epitopes
is feasible on both type I and type II carbohydrate chains
expressed on the cell surface membrane. The synthesis of
«-gal epitopes by «1,3galactosyltransferase on cell surface
carbohydrate chains requires the availability of uncapped
N-acetyllactosamines as acceptors. These N-acetyllactos-
amines can be either naturally present in an uncapped form
or exposed after removal of sialic acid by neuraminidase.
Expression of o-gal epitopes on the enzymatically pro-
cessed cells was confirmed by two independent methods:
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Fig. 2 Flow cytometry analysis of «-gal epitope expression on cells
by staining with Bandeiraea simplicifolia 1By (BS lectin). (a) Raji cells
prior to enzymatic treatment, (b) untreated mouse lymphocytes,
(c) Raji cells treated with neuraminidase and o1,3galactosyltransfer-
ase, (d) mouse lymphocytes treated with neuraminidase and «1,3gal-
actosyltransferase
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(1) Western blots stained with human anti-Gal (Fig. 1) and
(2) flow cytometry analysis with B. simplicifolia 1B, (BS
lectin) which binds specifically to «-gal epitopes [35]
(Fig. 2). As expected, human anti-Gal did not bind to any
of the glycoproteins of the human tumor cells separated by
SDS PAGE gel and immunostained in Western blot (Fig. 1),
confirming that these human tumor cells, like normal
human cells, do not express o«-gal epitopes because of the
absence of endogenous «1,3galactosyltransferase activity
[9, 10]. Following the incubation with both neuraminidase
and «l,3galactosyltransferase, de novo synthesized o-gal
epitopes were readily detectable in all cells as multiple
bands representing a wide range of glycoproteins with this
epitope (Fig. 1). This synthesis of «-gal epitopes was
demonstrated on the human myeloid leukemia K562 cells,
lymphoma cells Raji, pancreatic adenocarcinoma cells
Panc-1 and melanoma cells HTB70. The multiple glyco-
proteins stained by anti-Gal in Western blots (Fig. 1)
suggest that N-acetyllactosamines are present on a large
number of different cell surface glycoproteins. Following
the removal of sialic acid by neuraminidase and the ex-
posure of the penultimate N-acetyllactosamines, the carbo-
hydrate chains on these glycoproteins are subjected to
synthesis of «-gal epitopes by the recombinant «1,3gal-
actosyltransferase. Because of the very large number of
glycoproteins that express «-gal epitopes following the
enzymatic treatment, some of the blot sections give the
impression of a “smear” where many glycoproteins binding
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Fig. 3 Kinetic studies on synthesis of «-gal epitopes on human red

blood cells as measured by the ELISA Inhibition Assay. (a) Analysis
of «-gal epitope synthesis with ol,3galactosyltransferase at the
following concentrations of the enzyme: open circle 0.3 pg/ml; open
triangle 1 pg/ml; open diamond 3 pg/ml; open square 10 pg/ml; filled
circle 30 pg/ml. Neuraminidase concentration was 1 mU/ml. Note
that similar numbers of «-gal epitopes are synthesized with 10 and

anti-Gal are close to each other.

The synthesis of a-gal epitopes was further confirmed by
flow cytometry analysis following the staining with BS
lectin (Fig. 2). One example is the human Raji B lymphoma
cell line. As other human cells, Raji cells lack o-gal
epitopes and therefore, do not bind BS lectin (Fig. 2a).
These cells displayed extensive staining by BS lectin
following incubation with neuraminidase and al,3galacto-
syltransferase, (Fig. 2c). Non-primate mammalian cells
such as mouse cells, naturally express a-gal epitopes [10,
36]. These cells display increased numbers of these
epitopes following incubation with neuraminidase and
al,3galactosyltransferase. This is exemplified with mouse
lymphocytes (Fig. 2b and 2d). These lymphocytes express
endogenous a-gal epitopes [34] and thus bind BS lectin
(Fig. 2b). The mean fluorescence intensity, indicating the
binding level of this lectin, increased by eight fold after
these cells were incubated with neuraminidase and
al,3galactosyltransferase (Fig. 2d). This increase in a-gal
epitope expression was the result of a-gal epitope synthesis
on naturally uncapped N-acetyllactosamines and on addi-
tional N-acetyllactosamines that are capped with sialic acid,
which become acceptors to al,3galactosyltransferase fol-
lowing desialylation by neuraminidase.

The optimum concentration of al,3galactosyltransferase (i.
e., concentration allowing for maximum synthesis of a-gal
epitopes) was determined by performing a-gal epitopes
synthesis on human red blood cells at various enzyme
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30 ug/ml of «l1,3galactosyltransferase. (b) Analysis of «-gal epitope
synthesis on human red blood cells after different incubation periods
with 30 pg/ml of «l,3galactosyltransferase and 1 mU/ml of
neuraminidase: open circle 2 min; open triangle 10 min; open
diamond 30 min; open square 60 min; filled circle 120 min. Note
that the maximum number of «-gal epitopes is synthesized within the
first hour of incubation
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concentrations for 2 h and subjecting these cells to the
ELISA inhibition assay (Fig. 3a). As described in
“Experimental procedures,” the extent of inhibition of
anti-Gal M86 binding in the ELISA wells (presented as
percent inhibition) is proportional to the number of a-gal
epitopes expressed on the cells that were incubated
overnight with this antibody. Neuraminidase concentration
in these assays was 1 mU/ml. Whereas incubation of the
red blood cells with 0.3 pg/ml of al,3galactosyltransferase
resulted in no measurable synthesis of a-gal epitopes during
the 2 h incubation period, incubation with a 30 fold higher
concentration (10 pg/ml) reached the maximum o-gal
epitope synthesis. This can be inferred from the finding
that incubation with 30 pg/ml enzyme did not increase the
amount of synthesized a-gal epitopes above the level
observed with 10 pg/ml of the enzyme (Fig. 3a). Based
on these findings we chose the concentration of 30 ug/ml as
the enzyme concentration used in the assays below, in order
to provide a level of al,3galactosyltransferase activity,
sufficient to run the reaction to completion. The incubation
for 2 h with 30 pg/ml of al,3galactosyltransferase indeed
resulted in maximum synthesis of a-gal epitopes, as no
difference was observed in the amount of a-gal epitopes
synthesized within 2 h incubation period at that enzyme
concentration, in comparison to red blood cells subjected to
the enzyme activity only for 1 h (Fig. 3b). Additional

Fig. 4 Profiling carbohydrate

incubation for a total of 3 h yielded the same amount of a-
gal epitopes as observed in 2 h incubation (not shown).
Similarly, increasing neuraminidase concentration from
I mU/ml to 5 or 10 mU/ml, or increasing UDP-Gal
concentration to >1 mM did not increase the extent of a-
gal epitope synthesis (not shown).

Profiling carbohydrate epitopes on red blood cells

The profile of naturally uncapped N-acetyllactosamine and
those capped with sialic acid, or capped with «1,3galacto-
syls (i.e., «x-gal epitopes) on red blood cells was determined
by performing the synthesis of x-gal epitopes in presence
or absence of neuraminidase and subsequently measuring
«-gal epitope synthesis in the ELISA inhibition assay. The
curves of percent inhibition of M86 binding to x-gal BSA
in ELISA wells were compared with that of percent
inhibition curve measured with rabbit red blood cells.
These red blood cells express ~2x10° «-gal epitopes per
cell [34]. Three ELISA inhibition assays were performed
with each cell type: (1) An assay performed with untreated
cells to measure the natural expression of x-gal epitopes on
the cells; (2) An assay performed with cells incubated with
«1,3galactosyltransferase, enabling the identification of
uncapped N-acetyllactosamines by subtracting the number
of «-gal epitopes on untreated cells from that measured
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with cells incubated with «1,3galactosyltransferase; (3) An
assay performed with cells treated with both neuraminidase
and ol,3galactosyltransferase in which the number of N-
acetyllactosamine capped with sialic was calculated by
subtracting the results obtained with cells treated only with
«l1,3galactosyltransferase (i.e., naturally expressed «-gal
epitopes and oc-gal epitopes synthesized on uncapped N-
acetyllactosamines) from the results with cells incubated
with the two enzymes. The percent inhibition binding
curves measured with rabbit, human, pig and mouse red
blood cells are presented in Fig. 4 and demonstrate the
variations in carbohydrate profile in various species. The
calculated numbers of epitopes on the various cells are
summarized in Table 1.

Rabbit red blood cells

Rabbit red blood cells (Fig. 4a) are unique among mam-
malian red blood cells in that they express relatively large
amounts of o-gal epitopes (2% 10° epitopes/cell [34]) which
are present both on glycolipids [37-39] and glycoproteins.
This number of o-gal epitopes per cell is based on early
studies which measured binding of radiolabeled (iodinated)
B. simplicifolia 1B4 lectin (specific for «-gal epitopes [35])

and calculation of epitope number per cell by Scatchard
plot analysis [10]. Rabbit red blood cells subjected to
«-gal epitope synthesis by incubation only with «1,3gal-
actosyltransferase, or with neuraminidase and «1,3galacto-
syltransferase displayed no changes in the percent
inhibition curve of M86 binding. This implies that no
uncapped N-acetyllactosamine epitopes, or N-acetyllactos-
amine epitopes capped with sialic acid, were detected by
this analysis. These data imply that most, and possibly all
N-acetyllactosamines on the rabbit red cell membranes are
present as x-gal epitopes.

Human red blood cells

As expected, human red blood cells (Fig. 4b) express no oc-
gal epitopes. This is indicated by the complete lack of M86
binding to these cells (i.e., 0% inhibition) even when the
antibody was incubated overnight with 1x10° human red
blood cells/ml. However, these red blood cells have ~1x
10* naturally uncapped N-acetyllactosamines. This is in-
ferred from the synthesis of «-gal epitope following in-
cubation with «1,3galactosyltransferase, as measured in the
ELISA inhibition assay. The subsequent concentration of
red blood cells yielding 50% inhibition of M86 binding

Table 1 Estimated numbers of
terminal epitopes on N-linked Cells
carbohydrate chains on cell

surface

Number of epitopes (x10%cell)

«-gal epitopes ~ N-acetyllactosamine ~ SA-N-acetyllactosamine

Human RBC

Rabbit RBC

Pig RBC

Dog RBC

Bovine RBC

Goat RBC

Sheep RBC

Horse RBC

Mouse RBC

Chicken RBC

Rabbit Lymphocytes
Mouse Lymphocytes
K562 (human leukemia)
Raji (human lymphoma)

HeLa (human cervical carcinoma)
Panc-1 (human pancreatic carcinoma)

HTB-70 (human melanoma)
BL6 (mouse melanoma)
B16 (mouse melanoma)

PKI15 (pig kid
RBC Red blood cells, SA-N- (pig kidney)

acetyllactosamine N-acetyllac- MDBK (bovm:'s kidney)
tosamine capped with sialic MDCK (dog kidney)

acid COS-1 (monkey kidney)
*The value 0 indicates that the HEK293 (human kidney)
number of epitopes is lower Mouse NIH/3T3 fibroblasts
than the limit of detection Human fibroblast

which is 8,000 per cell.

0? 0.008 0.4
2 0 0
0.016 0 0.12
0.008 0.008 0.8
0.008 0 0.4
0 0 2

0 0 0.16
0 0 <0.008
0 0 0.016
0 0 2
0.8 0.8 1.0
<0.2 0 0.2
0 <0.2 5

0 0.8 12
0 0.3 3.7
0 1.6 7

0 0 27
0 0 4

0 0 10
13 0 40
13 0 27
0.2 0.2 2.8
0 32 10
0 <0.2 1.6
1 1 1.5
0 1.0 20
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was 200 fold higher than that of rabbit red cells inhibiting
50% of MS86 binding (~3x10° cells/ml, displayed in
Fig. 4a). The extent of inhibition by the human red cells
increased by ~50 fold when the assayed red blood cells
were incubated with both neuraminidase and «1,3galacto-
syltransferase, in comparison with those incubated only
with ol,3galactosyltransferase. This implies that the num-
ber of N-acetyllactosamine chains capped with sialic acid is
50 fold higher than that of uncapped N-acetyllactosamines.
This inhibition was five fold lower than that measured with
rabbit red blood cells (50% inhibition at 15x10° human
red cells/ml vs. 50% inhibition at 3 x 10° rabbit red cells/ml),
implying that ~4x 10°N-acetyllactosamines were exposed
by neuraminidase removing sialic acid and served as accep-
tors for ocl,3galactosyltransferase.

Pig red blood cells

These red blood cells (Fig. 4c) express o-gal epitopes at a
level that is 250 fold lower than that on rabbit red blood
cells (i.e., ~1.6x10* x-gal epitopes/cell). The number of
these epitopes did not change after the cells were incubated
with «l,3galactosyltransferase, implying the absence of
uncapped N-acetyllactosamine. However, the number of
«-gal epitopes increased by ~9 fold when these red blood
cells were incubated with both neuraminidase and «1,3gal-
actosyltransferase, implying expression of ~1.2x10° sialic
acid residues/cell capping N-acetyllactosamines (Table 1).

Mouse red blood cells

Whereas various mouse nucleated cells express «-gal
epitopes [10, 36], no such epitopes were detected by the
immuno-enzymatic assay on mouse red blood cells (Fig. 4d).
Similarly, these red blood cells lack free N-acetyllactos-
amine residues. Upon removal of sialic acid by neuramin-
idase, ~1.6x10% «-gal epitopes were synthesized by
«1,3galactosyltransferase on these red blood cells (Fig. 4d;
Table 1).

Red blood cells from various species

Profiling of «-gal epitope expression on other species
revealed low expression of these epitopes on bovine red
blood cells (Table 1), although many «-gal epitopes were
reported to be present on bovine red blood cell glycolipids
[9, 40—42]. The low number of «-gal epitopes detected by
MS86 on the intact red blood cells suggests that most of the
«-gal epitopes on glycolipids may not be accessible to the
monoclonal anti-Gal binding as they may be “buried”
among the longer chains of cell surface glycoproteins.
Interestingly, red blood cells from goat, sheep and horse
express no «-gal epitopes, although these epitopes are
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expressed in significant amounts on nucleated cells in these
species [10, 43]. Horse red blood cells displayed even
lower numbers of sialic acid capped N-acetyllactosamines
than those measured in mice (Table 1). It may be possible
that red blood cells displaying low numbers of the assayed
epitopes (e.g., horse, sheep and goat) also have many N-
acetyllactosamines, however, these carbohydrate chains are
capped with various carbohydrate units that cannot be
removed by V. cholerae neuraminidase.

The only non-mammalian red blood cells assayed were
those of chicken. In accord with previous findings on the
lack of o-gal epitopes in non-mammalian vertebrates [9,
10], chicken red blood cells were found to be devoid of this
epitope (Table 1). These red blood cells also lack uncapped
N-acetyllactosamine residues, as no «-gal epitopes were
synthesized on chicken red blood cells incubated with
«1,3galactosyltransferase and UDP-Gal. However, as many
as 2x10° «-gal epitopes were synthesized on chicken red
blood cells that were de-sialylated by neuraminidase, im-
plying that this is likely to be the number of N-acetyllactos-
amines capped with sialic acid.

Profiling carbohydrate chains on nucleated cells

The profiles of capped or uncapped N-acetyllactosamines
on nucleated cells greatly differ from those on red blood
cells of the same species. One example is that of rabbit red
blood cells and rabbit lymphocytes. The expression of «-
gal epitopes on rabbit lymphocytes is ~60% lower than that
on rabbit red blood cells (0.8 x10° epitopes/lymphocyte vs.
2.0x10° epitopes/red blood cells), although both cells are
from the same hematopoietic origin (Table 1). Moreover,
rabbit red blood cells have no detectable uncapped N-
acetyllactosamines, or sialic acid capped N-acetyllactos-
amines, whereas rabbit lymphocytes were found to express
~0.8x10° uncapped acetyllactosamine residues per cell and
a similar number of N-acetyllactosamines capped with
sialic acid. In contrast to the rabbit lymphocytes, mouse
lymphocytes do not express uncapped N-acetyllactosamine
epitopes. Differences in the profile were observed also with
mouse red blood cells and lymphocytes. Whereas mouse
red blood cells lack o-gal epitopes, such epitopes are
readily detectable on mouse lymphocytes at approximately
1.5%10° epitopes/cell (Table 1).

As expected, human fibroblasts and human tumor cells
do not express «-gal epitopes, since humans lack active
«1,3galactosyltransferase. However, the number of uncap-
ped N-acetyllactosamines varied in the human cells
assayed. Human fibroblasts (grown from foreskin) had
1.0x10° such epitopes per cell (Fig. 5a) and the pancreatic
tumor cell line Panc-1 had as many as 1.6x10° uncapped
N-acetyllactosamine epitopes per cell (Fig. 5b; Table 1).
The K562 human leukemia cells, Raji human lymphoma
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Fig. 5 Examples of carbohydrate chain profiling on human nucleated
cells. (a) Human fibroblasts, (b) human pancreatic cell line Panc-1.
Cells prior to enzymatic treatment (open triangle); cells incubated
with «l,3galactosyltransferase (open square); cells incubated with
neuraminidase and o1,3galactosyltransferase (open circle); rabbit red
blood cells as standard (filled circle)

cells and HeLa human cervical carcinoma cells displayed
<1.0x10° uncapped N-acetyllactosamine epitopes per cell
(Table 1). The number of N-acetyllactosamines capped with
sialic acid on human tumor cells was consistently high.
Based on measuring of de novo synthesis of x-gal epitopes
following desialylation by neuraminidase, human fibro-
blasts displayed the expression of as many as 20 10° sialic
acid capped N-acetyllactosamines per cell (Fig. 5a; Table 1)
and Panc-1 human pancreatic adenocarcinoma cells ex-
pressed 7x 10° epitopes/cell (Fig. 5b; Table 1). Most other
tumor cells displayed sialic acid capped N-acetyllactos-
amines ranging from 2.7x 10° to 27x 10° epitopes/cell, with
the human melanoma cell line HTB-70 displaying the
highest number of such epitopes. Mouse melanoma B16
also expresses a high level of N-acetyllactosamine capped
with sialic acid (10x10° epitopes per cell). Interestingly,
B16-BL6, which is a highly tumorigenic subclone of

mouse B16 melanoma [44] displayed 60% less sialic acid
residues on N-acetyllactosamine residues than the parental
less tumorigenic clone (Table 1).

The great variations in carbohydrate epitope expression
on cells from the same organ, but originating in different
species, are demonstrated in Table 1 and in Fig. 6b, with a
collection of non-malignant kidney cell lines from various
mammals. Pig kidney PK15 cells and bovine kidney
MDBK cells express «-gal epitopes as 13x10° epitopes
per cell, and N-acetyllactosamine capped with sialic acid at
even higher level (40x10° epitopes per cell on PK15 and
27x10° epitopes per cell on MDBK). Both cells did not
display uncapped N-acetyllactosamines (Table 1). In con-
trast, the dog kidney MDCK cells express o-gal epitopes
and N-acetyllactosamine capped with sialic acid at a much
lower level, as 0.2x10° and 2.8x10° epitopes/cell, respec-
tively. However, these cells also express 0.2 x 10® uncapped
N-acetyllactosamines per cell. African green monkey
kidney COS-1 cells express as many as 3.2x 10® uncapped
N-acetyllactosamine/cell, and 1x 10’N-acetyllactosamines
capped with sialic acid. Analysis of these epitopes on
human kidney HEK293 cells revealed a much lower
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Fig. 6 Schematic presentation of carbohydrate profile on red blood
cells and nucleated cells from various species. Ten N-acetyllactos-
amine units linked via carbohydrate chains to the membrane (vertical
line), are either uncapped, capped with sialic acid (S4), or capped by
terminal «1-3galactosyls to form o-gal epitopes (Gal). The profile is
based on the relative proportion of each of these epitopes measured
on: (a) Red blood cells, or (b) Kidney cells, from various species
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expression of both capped and uncapped N-acetyllactos-
amines (Table 1). As expected, monkey and human kidney
cells do not express o-gal epitopes.

Discussion

The present study demonstrates a novel immuno-enzymatic
assay for profiling N-acetyllactosamines on cell surface
glycans. This method does not require the isolation of each
oligosaccharide, but exploits the enzymatic specificity of re-
combinant «l,3galactosyltransferase for synthesis of o-gal
epitopes on N-acetyllactosamines [21, 24, 45, 46]. This
method measures the number of existing, or de novo
synthesized o-gal epitopes on N-acetyllactosamines by an
assay that is based on the high specificity of the monoclonal
anti-Gal antibody M86 to the «-gal epitope [34]. This
method enables the profiling of three types of terminal
carbohydrate structure: «-gal epitopes, uncapped N-acetyl-
lactosamines, and N-acetyllactosamines capped with sialic
acid. This analysis requires two reagents produced in our
lab, the recombinant «l,3galactosyltransferase and the
monoclonal anti-Gal antibody. It should be stressed that
this non-radioactive profiling can be performed also with
other types of epitopes, by the use of a glycosyltransferase
specific for the assayed acceptor and an antibody or lectin
that bind specifically to the epitope synthesized de novo on
the cells assayed.

The immuno-enzymatic assay measuring «-gal epitopes
may not be accurate enough to serve as an analytical tool.
However, the assay provides information on the relative
expression of o-gal epitopes, free N-acetyllactosamine, and
N-acetyllactosamine capped with sialic acid (Fig. 6). The
assay further allows for rough estimation of the number of
these epitopes on the assayed cells (Table 1). By per-
forming this assay with many types of cells, we could
confirm a well established fact that the majority of N-
acetyllactosamines on most cells are capped with sialic acid
(Table 1; Fig. 6). This is implied from the limited synthesis
of «-gal epitopes on cells that were not subjected to de-
sialylation by neuraminidase vs. the much higher synthesis
of this epitope following incubation with both neuramini-
dase and «l,3galactosyltransferase. In addition to their
detection by binding of mouse monoclonal anti-Gal M86,
the de novo synthesized «-gal epitopes on cells incubated
with these two enzymes were readily detectable by the
binding of human anti-Gal antibody in Western blot
analysis (Fig. 1). These Western blots demonstrated the
expression of the carbohydrate chains on multiple glyco-
proteins of different sizes.

Whereas this profiling method was found to be effective
in all nucleated cells assayed, some red blood cells yielded
unexplainable results, such as the very low numbers of
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uncapped N-acetyllactosamines, or of N-acetyllactosamines
capped with sialic acid on mouse, goat or horse red blood
cells. It is possible that this is the result of expression of
other structures that cannot be detected by this method, e.g.,
abundance of Forssman antigen, or sialic acid units that
cannot be cleaved by V. cholerae neuraminidase. Alterna-
tively, it may be possible that cross linking by the
glutaraldehyde fixation in these particular red blood cells
prevents subsequent access of the enzymes and/or of the
antibody to the carbohydrate chains. Additional studies are
required for evaluating this issue. However, in the absence
of fixation, red blood cells are lysed during the washes
subsequent to the enzyme reaction, possibly due to osmotic
shocks, whereas nucleated cells can “adapt” much more
effectively to the various buffers.

Identification of cell surface N-acetyllactosamines, by
using them as acceptors for a glycosyltransferase has been
previously described also by Whiteheart et al. [47, 48] who
used a sialyltransferase-mediated radiolabeling system.
According to that method, radiolabeled CMP-sialic acid is
used as a sugar donor. The present method allows for
profiling which does not require the use of a radioactive
sugar donor and expands the analysis also to «-gal epi-
topes. The profile of cell surface carbohydrate epitopes may
be further expanded by the use of additional enzymes
cleaving terminal carbohydrate units other than sialic acid
and exposing the penultimate N-acetyllactosamines (e.g.,
fucosidase to remove terminal fucosyl in blood group O
carbohydrate chains) which are then subjected to synthesis
of «-gal epitopes.

The analysis of carbohydrate profiles on the many types
of cells demonstrated the wide diversity of carbohydrate
chain expression on cells from various species (Table 1;
Fig. 6). Two extreme examples for such differences are
rabbit and human red blood cells (Fig. 6a). Whereas rabbit
red blood cells were found to express only «-gal epitopes,
>90% of the N-acetyllactosamines on human red blood
cells are capped with sialic acid. With the exception of
rabbit red blood cells, red blood cells from the various
species display no, or very little expression of «-gal epi-
topes, and relatively few uncapped N-acetyllactosamines
(Table 1). It may be possible that the erythropoietic cells in
the rabbit bone marrow are devoid of sialyltransferases
capping N-acetyllactosamines. In contrast, these erythro-
poietic cells have a high «1,3galactosyltransferase activity
[16], ultimately resulting in capping of the cell surface N-
acetyllactosamines with terminal «-galactosyls to form
«-gal epitopes (Fig. 6a).

It was expected that human and chicken red blood cells
lack «o-gal epitopes, as these species are devoid of
«1,3galactosyltransferase activity [9, 10]. However, goat,
sheep, horse and mouse red blood cells were also found to
lack «-gal epitopes, despite the expression of this epitope
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on a variety of nucleated cells in these species, including
lymphocytes produced from the same hematopoietic origin
[10, 34]. The lack of this epitope on red blood cells may be
the result of either diminished «1,3galactosyltransferase
activity in erythropoietic cells in these species, or because
of a much higher effective activity of a competing gly-
cosyltransferase, such as sialyltransferase.

The very low expression of «-gal epitopes on untreated
bovine red blood cells (Table 1) was an unexpected finding
since these red blood cells have «-gal epitopes on neutral
glycolipids and on bi-antennary gangliosides [9, 40-42].
The relatively low binding of the monoclonal anti-Gal M86
antibody to intact bovine red cells raises the possibility that
this antibody binds preferentially to «-gal epitopes on cell
surface glycoproteins and much less, or not at all, to this
epitope on glycolipids. In ELISA assays, this monoclonal
antibody was found to bind equally well to «-gal epitopes
on glycolipids such as ceramide pentahexoside (Galol-
3GalpB1-4GIcNAc1-3Gal31-4Gle-Cer), and on glycopro-
teins [34]. However, since anti-Gal M86 is a large size [gM
immunoglobulin (m.w. 950,000) and since carbohydrate
chains on glycolipids are usually “buried” among the much
larger glycoprotein molecules, it is possible that many of
the «-gal epitopes on glycolipids are not accessible to this
antibody when expressed on cell surface membranes. Based
on these considerations, it is possible that the proposed
method is preferentially profiling cell surface N-acetyllac-
tosamine on glycoproteins, as they may be much more
accessible to enzymatic manipulation and detection by anti-
Gal M86 binding.

The ability of this method to detect differences in car-
bohydrate epitope profiles on cells of same tissue origin, but
from different species, was demonstrated with non-malig-
nant kidney cell lines (Table 1; Fig. 6b). In accord with the
lack of endogenous «l,3galactosyltransferase, human
HEK293 kidney cells and African green monkey COS-1
kidney cells lack x-gal epitopes. Although both cells express
uncapped N-acetyllactosamines and N-acetyllactosamine
capped with sialic acid, the number of these epitopes was
found to be approximately ten times higher in monkey
COS-1 cells than in the human HEK293 cells, despite sim-
ilarity in the size of these cells. The «-gal epitope is abun-
dantly expressed on pig PK15 kidney cells and on bovine
MDBK kidney cells (13x10° per cell in both cell types).
These two types of kidney cells also express a higher num-
ber of N-acetyllactosamine capped with sialic acid (40x 10°
and 27x10° per cells, on pig and bovine cells, respectively).
In contrast, the dog kidney cells MDCK express much lower
numbers of both o-gal epitopes and of N-acetyllactosamines
capped by sialic acid. It may be possible that either there are
fewer glycans on dog kidney cells, or that many of the
carbohydrate chains are capped with other epitopes which
are not detectable by this immuno-enzymatic assay.

Overall, this study demonstrates many variations in N-
acetyllactosamine and in carbohydrates capping it on
mammalian cell glycans. Correlation between functional
changes in cells at different stages of differentiation and the
profile of carbohydrate epitopes, as described in the present
study, may ultimately help to identify specific associations
between pattern of carbohydrate expression and certain
functions in the assayed cells.

Acknowledgments This study was supported by NIH grant
Al45849 and by a grant from the American Heart Association.

References

1. Feizi, T.: Demonstration by monoclonal antibodies that carbohy-
drate structures of glycoproteins and glycolipids are onco-
developmental antigens. Nature 314, 53—57 (1985)

2. Hart, G.W.: Glycosylation. Curr. Opin. Cell Biol. 4, 1017-1023
(1992)

3. Kobata, A.: Structures and functions of the sugar chains of
glycoproteins. Eur. J. Biochem. 209, 483-501 (1992)

4. Varki, A.: Biological roles of oligosaccharides: all of the theories
are correct. Glycobiology 3, 97-130 (1993)

5. Gahmberg, C.G., Tolvanen, M.: Why mammalian cell surface
proteins are glycoproteins. Trends Biochem. Sci. 21, 308-311
(1996)

6. Gagneux, P., Varki, A.: Evolutionary considerations in relating
oligosaccharide diversity to biological function. Glycobiology 9,
747-755 (1999)

7. Hakomori S.: Tumor-associated carbohydrate antigens defining
tumor malignancy: basis for development of anti-cancer vaccines.
Adv. Exp. Med. Biol. 491, 369-402 (2001)

8. Varki, A., Cummings, R., Esko, J., Freeze, H., Hart, G., Marth, J.:
Essentials of Glycobiology. Cold Spring Harbor Laboratory, Cold
Spring Harbor, New York (1999)

9. Galili, U., Clark, M.R., Shohet, S.B., Buehler, J., Macher, B.A.:
Evolutionary relationship between the anti-Gal antibody and the
Galocl—3Gal epitope in primates. Proc. Natl. Acad. Sci. U. S. A.
84, 1369-1373 (1987)

10. Galili, U., Shohet, S.B., Kobrin, E., Stults, C.L., Macher, B.A.:
Man, apes, and Old World monkeys differ from other mammals in
the expression of x-galactosyl epitopes on nucleated cells. J. Biol.
Chem. 263, 17755-17762 (1988)

11. Eckhardt, A.E., Goldstein, 1.J.: Isolation and characterization of
«-galactosyl containing glycopeptides from Ehrlich ascites
tumor cells. Biochemistry 22, 5280-5289 (1983)

12. Cummings, R.D., Kornfeld, S.: The distribution of repeating
[Galf31,4GlcNAcf31,3] sequences in asparagine-linked oligosac-
charides of the mouse lymphoma cell lines BW5147 and PHAR
2.1. J. Biol. Chem. 259, 6253-6260 (1984)

13. Joziasse, D.H., Shaper, J.H., Van den Eijnden, D.H., Van Tunen,
A.J., Shaper, N.L.: Bovine «l-3galactosyltransferase: isolation
and characterization of a cDNA clone. Identification of homolo-
gous sequences in human genomic DNA. J. Biol. Chem. 264,
14290-14297 (1989)

14. Larsen, R.D., Rivera-Marrero, C.A., Emst, L.K., Cummings, R.D.,
Lowe, J.B.: Frameshift and nonsense mutations in a human
genomic sequence homologous to a murine UDP-Galp-D-Gal
(1,4)-D-GIcNAc «(1,3) galactosyltransferase ¢cDNA. J. Biol.
Chem. 265, 7055-7061 (1990)

@ Springer



674

Glycoconj J (2006) 23:663-674

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Galili, U., Swanson, K.: Gene sequences suggest inactivation of
«1,3 galactosyltransferase in catarrhines after the divergence of
apes from monkeys. Proc. Natl. Acad. Sci. U. S. A. 88, 7401—
7404 (1991)

Basu, M., Basu, S.: Enzymatic synthesis of blood group related
pentaglycosyl ceramide by an «-galactosyltransferase. J. Biol.
Chem. 248, 1700-1706 (1973)

Betteridge, A., Watkins, W.M.: Two «-3-D galactosyltransferases
in rabbit stomach mucosa with different acceptor substrate
specificities. Eur. J. Biochem. 132, 29-35 (1983)

Blake, D.D., Goldstein, 1.J.: An «-D-galactosyltransferase in
Ehrlich ascites tumor cells: biosynthesis and characterization of
a trisaccharide (x-D-galacto(1-3)-N-acetyllactosamine). J. Biol.
Chem. 256, 5387-5393 (1981)

Blanken, W.M., Van den Eijnden, D.H.: Biosynthesis of terminal
Gala1-3Gal31-4GlcNAc-R oligosaccharide sequence on glyco-
conjugates: purification and acceptor specificity of a UDP-Gal:
N-acetyllactosamine «1,3galactosyltransferase. J. Biol. Chem.
260, 12972-12934 (1985)

Larsen, R.D., Rajan, V.P., Ruff, M., Kukowska-Latallo, J.,
Cummings, R.D., Lowe, J.B.: Isolation of a ¢cDNA encoding
murine UDP galactose: 3D-galactosyl-1,4-N-acetyl-D-glucosami-
nide «l,3-galactosyltransferase: expression cloning by gene
transfer. Proc. Natl. Acad. Sci. U. S. A. 86, 8227-8231 (1989)
Joziasse, D.H., Shaper, N.L., Salyer, L.S., Van den Eijnden, D.
H., van der Spoel, A.C., Shaper, J.H.: o« 1-3-galactosyltransfer-
ase: the use of recombinant enzyme for the synthesis of o-
galactosylated glycoconjugates. Eur. J. Biochem. 191, 75-83
(1990)

Galili, U., Rachmilewitz, E.A., Peleg, A., Flechner, 1.: A unique
natural human IgG antibody with anti-x-galactosyl specificity.
J. Exp. Med. 160, 1519-1531 (1984)

Galili, U., Macher, B.A., Buehler, J., Shohet, S.B.: Human natural
anti--galactosyl IgG. II. The specific recognition of o(1—3)-
linked galactose residues. J. Exp. Med. 162, 573-582 (1985)
Galili, U., Matta, K.L.: Inhibition of anti-Gal IgG binding to
porcine endothelial cells by synthetic oligosaccharides. Trans-
plantation 62, 256-262 (1996)

Good, A.H., Cooper, D.K., Malcolm, A.J., Ippolito, R.M.,
Koren, E., Neethling, F.A., Ye, Y., Zuhdi, N., Lamontagne, L.R.:
Identification of carbohydrate structures which bind human anti-
porcine antibodies: implication for discordant xenografting in
man. Transplant. Proc. 24, 559-562 (1992)

Galili, U.: Interaction of the natural anti-Gal antibody with o-
galactosyl epitopes: a major obstacle for xenotransplantation in
humans. Immunol. Today 14, 480—-482 (1993)

Sandrin, M.S., Vaughan, H.A., Dabkowski, P.L., McKenzie, I.F.:
Anti-pig IgM antibodies in human serum react predominantly
with Galx1-3Gal epitopes. Proc. Natl. Acad. Sci. U. S. A. 90,
11391-11395 (1993)

Collins, B.H., Cotterell, A.H., McCurry, K.R., Alvarado, C.G.,
Magee, J.C., Parker, W., Platt, J.L.: Cardiac xenografts between
primate species provide evidence of the x-galactosyl determinant
in hyperacute rejection. J. Immunol. 154, 5500-5510 (1995)
LaTemple, D.C., Henion, T.R., Anaraki, F., Galili, U.: Synthesis
of «-galactosyl epitopes by recombinant «1,3galactosyltransfer-
ase for opsonization of human tumor cell vaccines by anti-Gal.
Cancer Res. 56, 3069-3074 (1996)

Galili, U., LaTemple, D.C.: The natural anti-Gal antibody as a
universal augmenter of autologous vaccine immunogenicity.
Immunol. Today 18, 281-285 (1997)

Chen, Z.C., Tanemura, M., Galili, U.: Synthesis of «-gal epitopes
(Galx1-3GalP1-4GIcNAc-R) on human tumor cells by recombi-
nant ocl,3galactosyltransferase produced in Pichia pastoris.
Glycobiology 11, 577-586 (2001)

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Galili, U., Chen, Z.C., Manches, O., Plumas, J., Preisler, H.:
Preparation of autologous leukemia and lymphoma vaccines
expressing «-gal epitopes. J. Hematother. Stem Cell Res. 10,
501-511 (2001)

LaTemple, D.C., Abrams, J.T., Zhang, S.Y., Galili, U.: Increased
immunogenicity of tumor vaccines complexed with anti-Gal:
studies in knock out mice for «l,3galactosyltransferase. Cancer
Res. 59, 3417-3423 (1999)

Galili, U., LaTemple, D.C., Radic, M.Z.: A sensitive assay for
measuring «-gal epitope expression on cells by a monoclonal anti-
Gal antibody. Transplantation 65, 1129-1132 (1998)

Wood, C., Kabat, E.A., Murphy, L.A., Goldstein, 1.J.: Immuno-
chemical studies of the combining sites of the two isolectins, A4
and B4, isolated from Bandeiraea simplicifolia. Arch. Biochem.
Biophys. 198, 1-11 (1979)

Tanemura, M., Maruyama, S., Galili, U.: Differential expression
of a-gal epitopes (Gala1-3GalP 1-4GlcNAc-R) on pig and mouse
organs. Transplantation 69, 187-190 (2000)

Eto, T., Iichikawa, Y., Nishimura, K., Ando, S., Yamakawa, T.:
Chemistry of lipids of the posthemolytic residue or stroma of
erythrocytes. XVI. Occurrence of ceramide pentasaccharide in the
membrane of erythrocytes and reticulocytes in rabbit. J. Biochem.
(Tokyo) 64, 205-213 (1968)

Stellner, K., Saito, H., Hakomori, S.: Determination of amino-
sugar linkage in glycolipids by methylation. Aminosugar linkage
of ceramide pentasaccharides of rabbit erythrocytes and of
Forssman antigen. Arch. Biochem. Biophys. 133, 464-472 (1973)
Egge, H., Kordowicz, M., Peter-Katalinic, J., Hanfland, P.:
Immunochemistry of I/i-active oligo- and polyglycosylceramides
from rabbit erythrocyte membranes. J. Biol. Chem. 260, 4927—
4935 (1985)

Chien, J.L., Li, S.C., Li, Y.T.: Isolation and characterization of a
heptaglycosylceramide from bovine erythrocyte membrane.
J. Lipid Res. 20, 669-673 (1979)

Uemura, K., Yuzawa, M., Taketomi, T.: Characterization of major
glycolipids in bovine erythrocyte membrane. J. Biochem. (Tokyo)
83, 463471 (1978)

Watanabe, K, Hakomori, S.I., Childs, R.A., Feizi, T.: Character-
ization of a blood group I-active ganglioside. Structural require-
ments for I and i specificities. J. Biol. Chem. 254, 3221-3228
(1979)

Oriol, R, Candelier, J.J., Taniguchi, S., Balanzino, L., Peters, L.,
Niekrasz, M., Hammer, C., Cooper, D.K.: Major carbohydrate
epitopes in tissues of domestic and African wild animals of
potential interest for xenotransplantation research. Xenotransplan-
tation 6, 79-89 (1999)

Gorelik, E., Duty, L., Anaraki, F., Galili, U.: Alterations of cell
surface carbohydrates and inhibition of metastatic property of
murine melanomas by «l,3galactosyltransferase gene transfec-
tion. Cancer Res. 55, 41684173 (1995)

Henion, T.R., Macher, B.A., Anaraki, F., Galili, U.: Defining the
minimal size of catalytically active primate o«1,3galactosyltrans-
ferase: structure function studies on the recombinant truncated
enzyme. Glycobiology 4, 193-201 (1994)

Khraltsova, L.S., Sablina, M.A., Melikhova, T.D., Joziasse, D.H.,
Kaltner, H., Gabius, H.J., Bovin N.V.: An enzyme-linked lectin
assay for «l,3-galactosyltransferase. Anal Biochem. 280, 250—
257 (2000)

Whiteheart, S.W., Hart, G.W.: Sialyltransferases as specific cell
surface probes of terminal and penultimate saccharide structures
on living cells. Anal. Biochem. 163, 123—135 (1987)
Whiteheart, S.W., McLenithan, J.C., Hart, G.W.: Surfaces of
murine lymphocyte subsets differ in sialylation states and antigen
distribution of a major N-linked penultimate saccharide structure.
Cell Immunol. 125, 337-353 (1990)



	Profiling terminal N-acetyllactosamines of glycans on mammalian cells by an immuno-enzymatic assay
	Abstract
	Introduction
	Experimental procedures
	Materials
	Cells
	Synthesis of α-gal epitopes on cells
	ELISA inhibition assay
	Flow cytometry analysis for expression of α-gal �epitopes on cells
	Western blotting

	Results
	Synthesis of α-gal epitopes on cells by α1,3galactosyltransferase
	Profiling carbohydrate epitopes on red blood cells
	Rabbit red blood cells
	Human red blood cells
	Pig red blood cells
	Mouse red blood cells
	Red blood cells from various species
	Profiling carbohydrate chains on nucleated cells

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


