PERGAMON

Molecular Immunology 37 (2000) 1047-1056

Molecular
Immunology

www.elsevier.com/locate/molimm

Heterogeneity of O-glycosylation in the hinge region of human
IgAl

Jan Novak **, Milan Tomana °, Mogens Kilian ¢, Lori Coward ¢, Rose Kulhavy ?,
Stephen Barnes ¢¢, Jiri Mestecky *°

& Department of Microbiology, 845 19th St. S., BBRB 734, University of Alabama at Birmingham, Birmingham, AL 35294, USA
® Department of Medicine, Division of Clinical Immunology and Rheumatology, University of Alabama at Birmingham, Birmingham,
AL 35294, USA
¢ Department of Medical Microbiology and Immunology, University of Aarhus, Bartholin Building, DK-8000 Aarhus C, Denmark
4 Mass Spectrometry Shared Facility, University of Alabama at Birmingham, Birmingham, AL 35294, USA
¢ Department of Pharmacology and Toxicology, University of Alabama at Birmingham, Birmingham, AL 35294, USA

Received 28 November 2000; accepted 14 March 2001

Abstract

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry was applied to studies of the
molecular heterogeneity of desialylated human IgA1 hinge region glycopeptides released with two IgAl proteases. Typically, the
hinge region of an al chain contains three to five O-linked glycan chains. Variants of the hinge region peptides released from
IgA1(Kni) myeloma protein carrying 0, 1, 2, or 3 GalNAc residues were observed in the mass spectra as well as the
nonglycosylated peptide. Variable numbers of Gal residues indicated additional heterogeneity in O-glycosylation of IgAl. In the
hinge region preparation from normal human serum IgAl, glycopeptides carrying 2, 3, 4, or 5 GalNAc residues with variable
numbers of Gal residues were detected. In conclusion, our new approach using the site-specific cleavage with two IgA1 proteases
allowed precise and sensitive MALDI-TOF mass spectrometric analysis of O-glycosylation heterogeneity in IgA1 hinge region.

© 2001 Elsevier Science Ltd. All rights reserved.

Keywords: 1gA1; Hinge region; O-linked glycans; IgAl protease; Mass spectrometry

1. Introduction

Human IgA is represented by two structurally and
functionally distinct subclasses, IgAl and IgA2
(Mestecky and Russell, 1986). IgAl differs from IgA2
molecules in the total content of glycans, number and
type of glycan side-chains (two or more N-linked and
three to five O-linked side-chains per heavy chain in
IgAl, and four or more N-linked side-chains per heavy
chain in IgA2 molecules), and carbohydrate composi-
tion (the presence of mannose [Man], galactose [Gal],
N-acetylglucosamine [GIcNAc], fucose [Fuc], and sialic
acid [NeuAc] in both subclasses, and N-acetylgalac-
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tosamine [GalNAc] in IgAl but not IgA2) (Baenziger
and Kornfeld, 1974; Endo et al., 1994; Field et al.,
1989; Tomana et al., 1972, 1976; Torano et al., 1977). A
high degree of heterogeneity with respect to N-linked
glycans has been observed in IgA from healthy individ-
uals as well as in IgA myeloma proteins (Endo et al.,
1994; Field et al., 1989; Tomana et al., 1972, 1976). The
N-glycosylation site in the Ca2 domain of IgAl con-
tains mostly biantennary glycans, while the tailpiece site
contains either triantennary structures (Mattu et al.,
1998) or fully galactosylated and fucosylated bianten-
nary glycans (Tanaka et al., 1998). Over 90% of the
N-linked glycans in IgAl are sialylated.

The human «l heavy chain contains also O-linked
chains attached to the Ser and Thr residues in the hinge
region (Baenziger and Kornfeld, 1974; Mattu et al.,
1998). This segment of the ol chain displays a primary
structure (repeated sequences of Pro, Thr, and Ser
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Fig. 1. Sites of attachment of O-linked glycans (CHO) and the IgAl protease cleavage sites (arrows) in the hinge region of human IgAl. In an
IgAl protein, usually three to five sites per molecule of a chain are glycosylated (Baenziger and Kornfeld, 1974; Field et al., 1989; Mattu et al.,

1998).

residues) unique among all immunoglobulin isotypes
(Baenziger and Kornfeld, 1974; Frangione and Wolfen-
stein-Todel, 1972). Furthermore, IgAl hinge region is
susceptible to site-specific cleavage by IgAl proteases
from bacterial pathogens that frequently colonize mu-
cosal surfaces (Kilian and Russell, 1999; Reinholdt et
al., 1990). O-linked glycan chains in the hinge region of
IgA1l consist of GalNAc with a B1,3 linked Gal, which
may be sialylated (Baenziger and Kornfeld, 1974; Field
et al., 1989). NeuAc can also be attached to GalNAc by
an 02,6 linkage (Field et al., 1989). In normal serum
IgAl, O-glycosylation sites include residues Thr(225),
Thr(228), Ser(230), Ser(232), and Thr(236) (Mattu et
al., 1998) (Fig. 1), however, the Thr(225) and Thr(236)
are not always occupied (Mattu et al., 1998). Monosac-
charide composition of O-linked glycans in the hinge
region of normal human IgAl is variable and the
prevailing forms include Gal-GalNAc disaccharide, and
its mono- and di-sialylated forms (Field et al., 1989;
Mattu et al., 1998) (Fig. 2). A variant represented by
terminal GalNAc appears to be absent from O-glycans
of normal serum IgAl (Mattu et al., 1998).

Contrary to the earlier opinion, a growing body of
evidence indicates that glycan moieties of glycoproteins,
including immunoglobulins play an essential role in
many biological processes and functions (Brockhausen,
1999; Schachter and Jaeken, 1999; Varki, 1993). Gly-
cans profoundly influence the cell-cell interactions as
well as interactions of soluble glycoproteins with corre-
sponding receptors expressed on various cell popula-
tions (Imai et al., 1991; Pahlsson et al., 1995; Priatel et
al., 2000). Glycans on immunoglobulin molecules (spe-
cifically O-linked glycans in IgAl) are involved in the
binding, internalization, and subsequent catabolism by
hepatocytes (Baenziger and Fiete, 1980; Baenziger and
Maynard, 1980; Stockert et al., 1980, 1982; Tomana et
al., 1988a, 1985), N-linked glycans in various IgA are

involved in binding to Fc receptors on phagocytic cells
(Abadeh et al.,, 1997; Chuang and Morrison, 1997
Monteiro et al., 1990, 1995; Nose and Wigzell, 1983;
Tao and Morrison, 1989; Tao et al., 1993), in activation
of complement (Nikolova and Russell, 1995; Nikolova
et al., 1994; Nose and Wigzell, 1983; Tao and Mor-
rison, 1989; Tao et al., 1993; Zhang and Lachmann,
1994) and opsonization of antigens for phagocytosis
(Tao and Morrison, 1989).

Polymorphism in glycosylation of immunoglobulin
molecules has functional and pathologic implications.
For example, differences in IgG galactosylation could
account for the variable interactions with Fcy RIII in
vitro (Hadley et al.,, 1995). These findings reflect a
general phenomenon, glycosylation of IgG may diver-
sify antibody function; antibodies with high levels of
terminal galactose on the N-linked glycans are tailored
for opsonization (Hadley et al., 1995). The possible
physiological function of differential glycosylation is
further supported by observation that glycosylation
pattern of IgG changes during immune response (Ax-
ford, 1997; Murray and Brown, 1988). Polymorphism
of O- and N-linked glycosylation of IgA1l affects clear-
ance from the circulation, removal of immune com-

NeuAc
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Fig. 2. Structure of the largest oligosaccharide chain found in the
hinge region of normal serum IgAl (Baenziger and Kornfeld, 1974;
Field et al., 1989; Mattu et al., 1998).
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plexes, complement activation, and interactions with
bacteria (Baenziger and Kornfeld, 1974; Baenziger and
Fiete, 1980; Basset et al., 1999; Chuang and Morrison,
1997; Grossetete et al., 1998; Mestecky et al., 1995;
Nikolova et al., 1994; Rifai et al., 2000; Wold et al.,
1990, 1994; Zhang and Lachmann, 1994).

Matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry is a technique
of choice for studies of glycoproteins and glycopeptides
(Rahbek-Nielsen et al., 1997, Sutton et al., 1994).
MALDI-TOF mass spectrometry was used for estimat-
ing the number of O-linked oligosaccharides in isolated
tryptic fragments containing serum IgAl hinge region
(Iwase et al., 1996). The same isolation procedure com-
bined with either MALDI-TOF or electrospray ioniza-
tion mass spectrometry detection was recently applied
to the analyses of IgAl hinge glycopeptides in IgA
nephropathy (Hiki et al., 1998; Odani et al., 2000). The
approach required a relatively large amount of IgAl
protein (about 1 mg) for the cleavage and following
purification of the tryptic fragment containing the hinge
region. In this study, the hinge region of I[gA1 myeloma
proteins was analyzed by MALDI-TOF mass spec-
trometry after site-specific cleavage of a small amount
of desialylated IgA1 protein (1-4 pg) with two bacterial
IgA1l proteases, without need for purification of IgAl
fragments. In addition to the low consumption of the
sample, this approach provided mass spectra that read-
ily allowed interpretation of the heterogeneity of glyco-
sylation of the hinge region of IgAl proteins.

2. Materials and methods
2.1. IgA samples

Monoclonal IgAl myeloma proteins were isolated
from serum or plasma of patients with multiple
myeloma as described earlier (Mestecky and Kilian,
1985). Briefly, serum or plasma samples were precipi-
tated with ammonium sulfate (50% saturation); dis-
solved and dialyzed precipitates were fractionated by
ion-exchange chromatography on DEAE-cellulose,
affinity chromatography on Jacalin-agarose (Sigma
Chemical Company, St. Louis, MO, USA) and size-ex-
clusion chromatography on columns of Sephadex G-
200 or Ultrogel AcA22 (Mestecky and Kilian, 1985).
Staphylococcal protein G immobilized on agarose
(Sigma) was used to remove traces of IgG. Serum IgAl
was isolated from a normal healthy donor using Ja-
calin-agarose. Purity of the preparations was deter-
mined by Western blots and immunoelectrophoresis
using polyvalent reagents against IgA, IgG, and human
serum (Biosource Int., Inc., Camarillo, CA). The
molecular forms of the IgAl proteins (polymers and
monomers) were determined by size-exclusion chro-

matography, SDS-polyacrylamide gel electrophoresis,
and by the presence of the J-chain (Mestecky and
Kilian, 1985). To confirm the presence of GalNAc that
is characteristic for O-glycans in IgA1 hinge region, the
monosaccharides from purified IgAl or its Fab frag-
ment were assayed as trifluoroacetates of methyl-gly-
cosides by gas chromatography (Tomana et al., 1984).
The analyses were performed with a Hewlett-Packard
model 5890 gas chromatograph equipped with a 25 m
fused silica (0.22 mm i.d.) OV-1701 WCOT column
(Chrompack, Bridgewater, NJ), electron capture detec-
tor and a HP model 3396 integrator.

2.2. IgA1 proteases

IgAl proteases from Clostridium ramosum AKI18§3,
Haemophilus influenzae HK393, and Neisseria gonor-
rhoeae HF48 (abbreviated by the strain names AK183,
HK393, and HF48, respectively) were purified from
media after growth of the particular microorganism as
described before (Kilian et al., 1996; Reinholdt et al.,
1990). The cleavage sites of individual IgA1l proteases
in the IgA1l heavy chain are shown in Fig. 1. Enzymat-
ically desialylated (Tomana et al., 1997) IgAl protein
(1-4 pg) was incubated overnight in 10 pl phosphate
buffer saline (PBS) buffer (pH 7.4) with 1 pl of the
respective IgA1 protease preparation at 37°C (Kilian et
al., 1980). After cleavage, the sample was reduced with
DTT (5 pl of 2 mg/ml solution, 3 h at room tempera-
ture) and immediately analyzed by MALDI-TOF mass
spectrometry. To release the hinge region, the IgAl
proteins were incubated with two IgAl proteases,
AK183 and HF48; the sample was then reduced with
DTT and desalted using ZipTips C-18 (Millipore, Bed-
ford, MA, US) as recommended by the manufacturer.
The eluted sample was then analyzed by MALDI-TOF
mass spectrometry.

2.3. MALDI-TOF mass spectrometry and sample
preparation

Samples were analyzed in the positive mode on a
Voyager Elite mass spectrometer with delayed extrac-
tion technology (PerSeptive Biosystems, Framingham,
MA). The acceleration voltage was set at 25 kV, and
50—-100 laser shots were summed. Sinapinic acid
(Aldrich, Milwaukee, WI, US) dissolved in acetoni-
trile:0.1% trifluoroacetic acid (1:1, v/v) was used as a
matrix for protein samples. The mass spectrometer was
calibrated with bovine serum albumin (BSA) or horse
skeletal apomyoglobin (Sigma), depending on the ex-
pected sample mass range. Samples were either diluted
1:10 or 1:1 with matrix, and 1 pul was pipetted onto a
smooth plate.

The samples of the released hinge region glycopep-
tides were desalted using ZipTips, then mixed (1:1, v/v)
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Fig. 3. MALDI-TOF MS spectrum of IgAl (Kni) cleaved with the HK393 IgAl protease. The sample was reduced with DTT. L, Fd, and Fc in
the spectrum mark ions originating from light chain, Fd fragment and Fc fragment of o chain, respectively.

with a saturated solution of 2,5-dihydrobenzoic acid in
acetonitrile. Samples were analyzed as stated earlier,
except the acceleration voltage was set at 20 kV, and
the instrument was calibrated using neurotensin and
angiotensin for peptide samples.

3. Results and discussion

A monomeric IgAl myeloma protein (Kni) was di-
gested with three IgA1 proteases cleaving at the N-ter-
minal, middle, and C-terminal parts of the hinge region
(AK183, HK393, and HF48) to generate the respective
Fab fragments for mass spectrometric analyses.
MALDI-TOF mass spectra of the nonreduced samples
contained singly- and doubly-charged molecular ions
(for example, m/z values of 48 590 and 24 346, respec-
tively, for Fab fragment of IgA1l generated with HK393
protease). Site specificity of cleavage by the three IgAl
proteases earlier determined by amino acid sequencing
of the N-termini of the respective Fc fragments was
confirmed by calculating the molecular masses of the
released Fab fragments.

In addition, reduction of the Fab fragments under
the acidic conditions of the matrix solution resulted in
separation of L chains and Fd fragments of ol chains
normally linked by disulfide bonds, thus allowing more
precise determination of molecular masses by MALDI-
TOF mass spectrometry. The IgAl myeloma protein
(Kni) was cleaved with HK393 IgAl protease and
reduced before analysis. The three major singly charged
ions observed in the spectra of the reduced samples
were interpreted as L chain, Fd and Fc fragments of the
al chain (Fig. 3). L chain was detected as an ion with
a mean m/z value of 23 334. The width of the peak with
the average m/z value 29456 corresponding to Fc frag-

ment of the a1 chain indicated considerable heterogene-
ity. This is consistent with the observed heterogeneity
of N-linked oligosaccharide chains present on IgA
proteins (Endo et al., 1994). The Fd fragment displayed
several distinct peaks that corresponded to fragments
differing in O-linked oligosaccharides; mean m/z value
of the major ion was 25 829. Masses of both Fc and Fd
fragments indicated average molecular mass of the ol
chain to be 55283 Da, which was consistent with that
determined by SDS polyacrylamide electrophoresis
(56-59 kDa).

Major glycosylation variants of the Fd fragment of
this monoclonal IgAl protein (not treated with neu-
raminidase) could be interpreted by using the theoreti-
cal molecular masses for the sugar residues found in
O-linked oligosaccharides of human myeloma proteins
(GalNAc 203, Gal 162, NeuAc 291). Four major glyco-
sylation variants of the Fd fragment were observed
(major ion with m/z value 25 829; ions with addition of
GalNAc (theoretical 203 mass units; measured 207);
GalNAc-Gal (theoretical 365 mass units; measured
381); and GalNAc-Gal-NeuAc (theoretical 656 mass
units; measured 652), respectively). These data also
indicated that hinge region glycans in the Fd fragment
of this IgAl myeloma protein were not extensively
sialylated, in agreement with results of other analyses.
When the Fd fragment was further cleaved with AK183
IgAl protease, the enzyme that releases the residual
hinge region, only one major ion for Fd fragment was
observed. This finding confirmed that the heterogeneity
described above originated from a diversity in the gly-
cosylation of the hinge region.

The mass range of the observed ions should allow
determination of the actual mass with an error of about
13—15 mass units considering the average instrument
error of 0.05%. Thus, the assignment of the differences
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in masses to a different glycan composition should not
be theoretically problematic, considering the differences
in masses of Gal and GalNAc (162 and 204 mass units,
respectively). However, the assignment of glycan vari-
ants was complicated due to a heterogeneity of the
samples that could not be readily resolved at the range
of m/z values around 20 000-30 000. It was, therefore,
important to reduce the size of the analyzed ions. We
have made an effort to release hinge region glycopep-
tide from a desialylated IgA1 by using a combination of
two proteases (e.g. IgAl protease and trypsin or two
IgAl proteases). While trypsin generated many frag-
ments and thus increased background and generated
non-hinge region ions in the spectrum, the use of two
IgA1 proteases was more productive. Although the
cleavage of the IgAl protein with two different IgAl
proteases (AK183 and HF48) was verified by both
SDS-PAGE and MALDI-TOF mass spectrometry, we
were not able to detect the hinge glycopeptides in the
mass spectra. However, after desalting the digested
samples on reverse-phase microcolumns (ZipTip, Mil-
lipore), we observed signals of the hinge region gly-
copeptides. In the samples eluted from the
microcolumns, we detected a series of ions with m/z
values of 1562, 1766, 1927, 2131, 2293 and 2497 that
were absent in controls and whose molecular masses
matched those expected for hinge region glycopeptides
(Fig. 4). Additional ions, apparently Na® and K7
adducts, respectively, of the hinge region glycopeptides
were also observed in the spectrum. The nonglycosy-

lated hinge region peptide (calculated average molecu-
lar mass of [M + H]* ion 1561 Da; observed mass 1562
Da) was present, as well as a mixture of glycopeptides
carrying 1, 2, or 3 O-linked glycans. This heterogeneity
was further increased by the presence of variable num-
bers of Gal residues (Table 1). As evident from the Fig.
4 and Table 1, the interpretation of these mass spectra
was more straightforward as compared with the spectra
of Fd fragments.

An open question is the precise localization of the
glycosylated sites in various glycosylation variants. For
example, is the GalNAc residue on the hinge peptide
with single GalNAc attached to a specific Ser/Thr
residue or is the site variable and thus the glycopeptide
is present as a population of peptides with the same
amino acid and monosaccharide composition but dif-
fering in the site of GalNAc attachment? Although the
analyses of Fd fragments cleaved by various IgAl
proteases may be useful in this respect, the relatively
wide width of the signals seemed to limit the extent of
data interpretation. We attempted to use HK393
protease that cleaves the hinge region between IgAl
protease AK183 and HF48 cleavage sites, in combina-
tion with one of the other two proteases at a time. This
approach would provide additional information on lo-
calization of O-glycans. Mass spectra, however, did not
show presence of any ions derived from the hinge
region. It thus appears that further studies and develop-
ment of alternative approaches will be required to
resolve the complex issue of localization of the O-
glycans.
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Fig. 4. Hinge region of desialylated IgA1l (Kni) released by two IgAl proteases (AK183 and HF48). The schemas above the MALDI-TOF MS
spectrum depict the observed glycosylation variants (rectangle, hinge peptide; square, GalNAc; circle, Gal).
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Glycosylation variants of the hinge region glycopeptides released from desialylated IgA1l (Kni) myeloma protein using AK183 and HF48 IgAl

proteases®

Theoretical average mass of [M+H]*

Measured mass of [M+H]*

Glycosylation variant of the hinge peptide (Val222-Pro237)

(Da) (Da)
Number of GalNAc residues Number of Gal residues

1561 1562 0 0
1764 1766 1 0
1926 1927 1 1
2129 2131 2 1
2291 2293 2 2
2495 2497 3 2

@ Theoretical mass of [M+H]" was calculated using average values.
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Fig. 5. Hinge region of desialylated normal serum IgAl released by two IgAl proteases (AK183 and HF48). IgAl was desialylated before the
proteolytic digest. Two ions (m/z 2741 and 3106) were also detected in a control sample not cleaved with IgA1l proteases and do not belong to

the hinge region glycopeptide series (*).

After analysis of the hinge region from the mono-
clonal myeloma IgAl protein, we applied the same
procedure to normal polyclonal serum IgAl. Hinge
region from this IgA1l preparation was released by the
same procedures as described above (e.g. using IgAl
proteases AK183 and HF48). A series of ions ranging
from m/z of 2130-3387 was observed in the spectrum
(Fig. 5). These ions corresponded to hinge region gly-
copeptides with 2, 3, 4, and 5 GalNAc residues and
variable numbers of Gal residues (Table 2). Two ions
(m/z 2741 and 3106), detected also in a control sample
not cleaved with IgA1 proteases, did not belong to the
hinge region glycopeptide series (Fig. 5). In this sample,
nonglycosylated hinge region peptide was not observed,
unlike in a hinge region preparation from IgAl
myeloma protein (Fig. 4, Table 1). Furthermore, the
spectrum of glycosylation variants in the hinge region
preparation from the myeloma IgAl protein was differ-
ent compared with that from normal serum IgAl. The

latter showed variants with more O-linked glycans at-
tached and no nonglycosylated peptide. It is, therefore,
apparent that biosynthesis of O-linked glycans in the
hinge region of IgAl is regulated, both in terms of
number of glycans attached and their composition, and
that the glycosylation pattern can change in a disease
such as multiple myeloma. It is also unclear whether the
IgAl proteins with relatively lower heterogeneity of
O-glycans exhibit correspondingly lower heterogeneity
of N-linked glycans, and vice versa. If so, one would
expect a slower clearance from the circulation (via the
asialoglycoprotein receptor in the liver) of IgAl
proteins with lower number of glycans. It would be of
interest to study this topic of glycosylation polymor-
phism and heterogeneity using antigen-specific IgAl
antibodies.

Deficiencies of some monosaccharides, especially
Gal, have been described in several human diseases
such as rheumatoid arthritis, inflammatory bowel dis-
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ease, Tn syndrome, Sjogren’s syndrome, and IgA
nephropathy (Allen et al., 1999, 1995, 1998; Andre et
al., 1990; Couser, 1999; Dueymes et al., 1995; Hiki et
al., 1995, 1999; Julian et al., 1999; Malhotra et al.,
1995; Mestecky and Tomana, 1997; Mestecky et al.,
1993; Rademacher et al., 1988, 1994; Thurnher et al.,
1992, 1993; Tomana, 1996; Tomana et al., 1997, 1999,
1994, 1988b, 1992; Tsuchiya et al., 1993). Role of
glycans in autoimmune disease was demonstrated using
experimental genetic remodeling of protein glycosyla-
tion. Mice with a mutation inactivating the gene encod-
ing a-mannosidase II (enzyme regulating the hybrid to
complex branching pattern of N-linked glycans) devel-
oped a systemic autoimmune disease similar to human
systemic lupus erythematosus (Chui et al., 2001).
Aberrantly glycosylated glycoproteins display altered
functions, distribution in various body fluids, and de-
creased or increased reactivity with cellular receptors
and other proteins (Baenziger and Fiete, 1980;
Mestecky et al., 1995; Monteiro et al., 1990, 1995;
Nikolova et al., 1994; Nose and Wigzell, 1983; Stock-
ert, 1995; Stockert et al., 1982; Tao and Morrison,
1989; Tomana et al., 1988a, 1985; Wold et al., 1990,
1994). Furthermore, enzymatic removal of the IgA
glycans resulted in activation of the alternative comple-
ment pathway (Nikolova et al., 1994; Russell and
Mansa, 1989; Zhang and Lachmann, 1994). The essen-
tial role of glycans in complement activation was most
dramatically demonstrated on Gal-deficient IgG
(Abadeh et al., 1997; Malhotra et al., 1995), GIcNAc as
a terminal carbohydrate in Gal-deficient IgG binds
mannose-binding lectin, because of the structural ho-
mology of mannose and GIcNAc. Thus, Gal-deficiency
of IgG may lead to complement activation with subse-
quent local inflammatory consequences as seen in the
afflicted joints of rheumatoid arthritis patients.

Table 2

Glycosylation of glycoproteins is mediated by a large
family of enzymes — glycosyltransferases — specific
for individual carbohydrates (Brockhausen, 1999; Fu-
rukawa and Sato, 1999; Schachter and Roseman, 1980).
These enzymes catalyze the transfer of intracellular
monosaccharides (e.g. UDP-Gal for galactosyltrans-
ferase) to a suitable acceptor (e.g. GalNAc or GIcNAc)
on specific glycoproteins. The decreased levels, absence
or structural modification of glycosyltransferases with
aberrant kinetic properties result in reduced or absent
glycosylation by the corresponding monosaccharide.
Functional deficiency of such enzymes is more frequent
than the deletion of an encoding gene. For example, the
functional deficiency of B1,4 galactosyltransferase in
IgG-producing cells appears to be responsible for defi-
ciency of Gal in N-linked side chains of IgG molecules
isolated from sera of patients with rheumatoid arthritis
or inflammatory bowel disease (Axford et al., 1987
Dube et al., 1990; Furukawa et al., 1990; Furukawa
and Sato, 1999; Malhotra et al., 1995; Tomana, 1996;
Tomana et al., 1988b). In a disease called Tn syndrome,
O-glycans are deficient in Gal, resulting in a permanent
mixed-field polyagglutinability (Thurnher et al., 1992).
This defect is caused by permanent repression of a
functional allele for B1,3 galactosyltransferase (Thurn-
her et al., 1993). In IgA nephropathy, a reduced activity
of this enzyme (Allen et al., 1997) is likely responsible
for Gal deficiency of IgAl (Allen et al., 1999, 1995;
Andre et al., 1990; Coppo and Emancipator, 1994; Hiki
et al., 1995, 1999; Mestecky et al., 1993; Tomana et al.,
1997). Gal-deficient IgAl is recognized by antiglycan
antibodies (IgG, IgAl, IgM) and circulating immune
complexes are formed (Tomana et al.,, 1997, 1999,
2000). These immune complexes are thought to be
pathogenic due to their reduced clearance and increased
affinity for the kidney (Julian et al., 2000, 1999;
Mestecky et al., 1995; Mestecky and Tomana, 1997;
Mestecky et al., 1993; Novak et al., 2000).

Glycosylation variants of the hinge region glycopeptides released from desialylated normal human serum IgAl using AK183 and HF48 IgAl

proteases®

Theoretical average mass of [M+H]*

Measured mass of [M+H]*

Glycosylation variant of the hinge peptide (Val222-Pro237)

(Da) (Da)
Number of GalNAc residues Number of Gal residues

2129 2130 2 1
2291 2292 2 2
2495 2495 3 2
2657 2658 3 3
2698 2700 4 2
2860 2860 4 3
3022 3023 4 4
3063 3064 5 3
3225 3226 5 4
3387 3387 5 5

@ Theoretical mass of [M+H]" was calculated using average values.
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Glycosylation of immunoglobulins and polymor-
phisms and changes in the glycosylation fundamentally
affect the physiological functions of immunoglobulins
or may be part of pathologic processes in several hu-
man diseases. Aberrancies and heterogeneity of O-gly-
cans in the hinge region of IgAl are an example. Other
studies convincingly demonstrated that N-linked glycan
chains of IgA1l display a high degree of heterogeneity
(Endo et al., 1994) which in turn influence their reactiv-
ities with complement (Nikolova et al.,, 1994), Fca
receptors expressed on monocytic and myeloid cells
(Monteiro et al., 1990), the hepatic asialoglycoprotein
receptor (Baenziger and Maynard, 1980; Tomana et al.,
1988a, 1985), and lectins (Wold et al., 1994). However,
the lack of convenient and highly informative tech-
niques limited progress of the studies on IgA1 O-glyco-
sylation. We have, therefore, tested various approaches
to overcome the obstacle and developed a procedure
using IgA1 proteases and mass spectrometry. This tech-
nique demonstrated that O-linked glycan chains of
IgA1l also display a high degree of heterogeneity even in
a single myeloma protein as well as in normal serum
IgAl. Further studies will be needed, however, to de-
velop a reliable and sensitive procedure for localization
of the attachment sites of the O-glycans in the hinge
region of various hinge region glycoforms. The high
sensitivity and specificity of this approach might facili-
tate studies of aberrancies of IgAl O-glycosylation in
diseases such as IgA nephropathy.

Acknowledgements

The authors express their appreciation to Rhubell
Brown for the technical assistance. This work was
supported by grants DK49358, DKS57750, and
HL63771 from the National Institute of Health and by
a pilot grant from the Research Center in Oral Biology,
University of Alabama at Birmingham. The mass spec-
trometer was purchased by funds from a NIH Instru-
mentation Grant (SIORR11329) and funds awarded to
this institution as infrastructure support by the Howard
Hughes Medical Institute. Operation of the Mass Spec-
trometry Shared Facility has been supported in part by
a NCI Core Research Support Grant to the UAB
Comprehensive Cancer Center (P30 CA13148-27).

References

Abadeh, S., Church, S., Dong, S., Lund, J., Goodall, M., Jefferis,
1997. Remodelling the oligosaccharide of human IgG antibodies:
effect on biological activities. Biochem. Soc. Trans. 25, S661.

Allen, A.C., Harper, S.J., Feehally, J., 1995. Galactosylation of N-
and O-linked carbohydrate moieties of IgAl and IgG in IgA
nephropathy. Clin. Exp. Immunol. 100, 470—474.

Allen, A.C., Topham, P.S., Harper, S.J., Feehally, J., 1997. Leucocyte
B1,3 galactosyltransferase activity in IgA nephropathy. Nephrol.
Dial. Transplant. 12, 701-706.

Allen, A.C., Willis, F.R., Beattie, T.J., Feehally, J., 1998. Abnormal
IgA glycosylation in Henoch—Schoenlein purpura restricted to
patients with clinical nephritis. Nephrol. Dial. Transplant. 13,
930-934.

Allen, A.C., Bailey, E.M., Buck, K.S., Barrat, J., Brenchley, P.E.C.,
Feehally, J., 1999. O-glycosylation of mesangial IgAl in IgA
nephropathy. J. Am. Soc. Nephrol. 10, 506A.

Andre, P.M., Pogamp, P., Chevet, P., 1990. Impairment of jacalin
binding to serum IgA in IgA nephropathy. J. Clin. Lab. Anal. 4,
115-119.

Axford, J.S., 1997. Forth Jenner International glycoimmunology
meeting. Immunol. Today 18, 511-513.

Axford, J.S., Lydyard, P.M., Isenberg, D.A., Mackenzie, L., Hay,
F.C., Roitt, .M., 1987. Reduced B cell galactosyltransferase
activity in rheumatoid arthritis. Lancet 2 (8574), 1486—1488.

Baenziger, J., Kornfeld, S., 1974. Structure of the carbohydrate units
of IgAl immunoglobulin II. Structure of the O-glycosidically
linked oligosaccharide units. J. Biol. Chem. 249, 7270-7281.

Baenziger, J.U., Fiete, D., 1980. Galactose and N-acetylgalac-
tosamine-specific endocytosis of glycopeptides by isolated rat
hepatocytes. Cell 22, 611-620.

Baenziger, J.U., Maynard, Y., 1980. Human hepatic lectin. Physico-
chemical properties and specificity. J. Biol. Chem. 255, 4607-
4613.

Basset, C., Devauchelle, V., Durand, V., Jamin, C., Pennec, Y.L.,
Youinou, P., Dueymes, M., 1999. Glycosylation of immunoglobu-
lin A influences its receptor binding. Scand. J. Immunol. 50,
572-579.

Brockhausen, 1., 1999. Pathways of O-glycan biosynthesis in cancer
cells. Biochim. Biophys. Acta 1473, 67-95.

Chuang, P.D., Morrison, S.L., 1997. Elimination of N-linked glyco-
sylation sites from the human IgAl constant region: effects on
structure and function. J. Immunol. 158, 724-732.

Chui, D., Sellakumar, G., Green, R.S., Sutton-Smith, M., McQuis-
tan, T., Marek, K.W., Morris, H.R., Dell, A., Marth, J.D., 2001.
Genetic remodeling of protein glycosylation in vivo induces au-
toimmune disease. Proc. Natl. Acad. Sci. USA 98, 1142—-1147.

Coppo, R., Emancipator, S., 1994. Pathogenesis of IgA nephropathy:
established observations, new insights and perspectives in treat-
ment. J. Nephrol. 7, 5-15.

Couser, W.G., 1999. Glomerulonephritis. Lancet 353, 1509—1515.

Dube, R., Rook, G.A.W., Steele, J., Brealey, R., Dwek, R.,
Rademacher, T., Lennard-Jones, J., 1990. Agalactosyl IgG in
inflammatory bowel disease: correlation with C-reactive protein.
Gut 31, 431-434.

Dueymes, M., Bendaoud, B., Pennec, Y.L., Youinou, P., 1995. IgA
glycosylation abnormalities in the serum of patients with primary
Sjogren’s syndrome. Clin. Exp. Rheumatol. 13, 247-250.

Endo, T., Mestecky, J., Kulhavy, R., Kobata, A., 1994. Carbohy-
drate heterogeneity of human IgA myeloma proteins of the IgAl
and IgA2 subclasses. Mol. Immunol. 31, 1415-1422.

Field, M.C., Dwek, R.A., Edge, C.J., Rademacher, T.W., 1989.
O-linked oligosaccharides from human serum immunoglobulin
Al. Biochem. Soc. Trans. 17, 1034-1035.

Frangione, B., Wolfenstein-Todel, C., 1972. Partial duplication in the
‘hinge’ region of IgAl myeloma proteins. Proc. Natl. Acad. Sci.
USA 69, 3673-3676.

Furukawa, K., Matsuta, K., Takeuchi, F., Kosuge, E., Miyamoto,
T., Kobata, A., 1990. Kinetic study of a galactosyltransferase in
the B cells of patients with rheumatoid arthritis. Int. Immunol. 2,
105-112.

Furukawa, K., Sato, T., 1999. B-1,4-Galactosylation of N-glycans is
a complex process. Biochim. Biophys. Acta 1473, 54-66.



J. Novak et al. / Molecular Immunology 37 (2000) 1047—-1056 1055

Grossetete, B., Launay, P., Lehuen, A., Jungers, P., Bach, J.F.,
Monteiro, R.C., 1998. Down-regulation of Fca receptors on
blood cells of IgA nephropathy patients: evidence for a negative
regulatory role of serum IgA. Kidney Int. 53, 1321-1335.

Hadley, A.G., Zupanska, B., Kumpel, B.M., Pilkington, C., Griffiths,
H.L., Leader, K.A., Jones, J., Booker, D.J., Stamps, R., Sokol,
R.J., 1995. The glycosylation of red cell autoantibodies affects
their functional activity in vitro. Br. J. Haematol. 91, 587-594.

Hiki, Y., Horii, A., Iwase, H., Tanaka, A., Toda, Y., Hotta, K.,
Kobayashi, Y., 1995. O-linked oligosaccharide on IgAl hinge
region in IgA nephropathy. Fundamental study for precise struc-
ture and possible role. Contrib. Nephrol. 111, 73-84.

Hiki, Y., Tanaka, A., Kokubo, T., Iwase, H., Nishikido, J., Hotta,
K., Kobayashi, Y., 1998. Analyses of IgA1 hinge glycopeptides in
IgA nephropathy by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. J. Am. Soc. Nephrol. 9, 577—
582.

Hiki, Y., Kokubo, T., Iwase, H., Masaki, Y., Sano, T., Tanaka, A.,
Toma, K., Hotta, K., Kobayashi, Y., 1999. Underglycosylation of
IgAl hinge plays a certain role for its glomerular deposition in
IgA nephropathy. J. Am. Soc. Nephrol. 10, 760—769.

Imai, Y., Singer, M.S., Fennie, C., Lasky, L.A., Rosen, S.D., 1991.
Identification of a carbohydrate-based endothelial ligand for a
lymphocyte homing receptor. J. Cell Biol. 113, 1213-1221.

Iwase, H., Tanaka, A., Hiki, Y., Kokubo, T., Karakasa-Ishii, I.,
Kobayashi, Y., Hotta, K., 1996. Estimation of the number of
O-linked oligosaccharides per heavy chain of human IgAl by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOFMS) analysis of the hinge glycopep-
tide. J. Biochem. 120, 393-397.

Julian, B.A., Tomana, M., Novak, J., Mestecky, J., 1999. Progress in
the pathogenesis of IgA nephropathy. Adv. Nephrol. 29, 53-72.

Julian, B.A., Novak, J., Mestecky, J., Novak, L., Tomana, M., 2000.
Structure of circulating immune complexes (CIC) in IgA
nephropathy (IgAN). J. Am. Soc. Nephrol. 11, 476A.

Kilian, M., Russell, M.W., 1999. Microbial evasion of IgA functions.
In: Ogra, P.L., Mestecky, J., Lamm, M.E., Strober, W., Bienen-
stock, J., McGhee, J.R. (Eds.), Mucosal Immunology. Academic
Press, San Diego, pp. 241-252.

Kilian, M., Mestecky, J., Kulhavy, R., Tomana, M., Butler, W.T.,
1980. IgAl proteases from Haemophilus influenzae, Streptococcus
pneumoniae, Neisseria meningitidis, and Streptococcus sanguis:
comparative immunochemical studies. J. Immunol. 124, 2596
2600.

Kilian, M., Reinholdt, J., Lomholt, H., Poulsen, K., Fradsen, E.V.G.,
1996. Biological significance of IgAl proteases in bacterial colo-
nization and pathogenesis: critical evaluation of experimental
evidence. APMIS 104, 321-338.

Malhotra, R., Wormald, M.R., Rudd, P.M., Fischer, P.B., Dwek,
R.A., Sim, R.B., 1995. Glycosylation changes of IgG associated
with rheumatoid arthritis can activate complement via the man-
nose-binding protein. Nature Med. 1, 237-243.

Mattu, T.S., Pleass, R.J., Willis, A.C., Kilian, M., Wormald, M.R.,
Lellouch, A.C., Rudd, P.M., Woof, .M., Dwek, R.A., 1998. The
glycosylation and structure of human serum IgAl, Fab, and Fc
regions and the role of N-glycosylation on Fca receptor interac-
tions. J. Biol. Chem. 273, 2260-2272.

Mestecky, J., Kilian, M., 1985. Immunoglobulin A (IgA). Methods
Enzymol. 116, 37-75.

Mesteckey, J., Russell, M.N., 1986. IgA subclaesses. Monogr. Allergy
19, 277-301.

Mestecky, J., Tomana, M., 1997. Structural heterogeneity of glycans
in immunoglobulin molecules: implications in IgA nephropathy.
Nephrology 3, S653-S657.

Mestecky, J., Tomana, M., Crowley-Nowick, P.A., Moldoveanu, Z.,
Julian, B.A., Jackson, S., 1993. Defective galactosylation and
clearance of IgA1 molecules as a possible etiopathogenic factor in
IgA nephropathy. Contrib. Nephrol. 104, 172—-182.

Mestecky, J., Hashim, O.H., Tomana, M., 1995. Alteration in the
IgA carbohydrate chains influence the cellular distribution of
IgAl. Contrib. Nephrol. 111, 66-72.

Monteiro, R.C., Kubagawa, H., Cooper, M.D., 1990. Cellular distri-
bution, regulation, and biochemical nature of an Fca receptor in
humans. J. Exp. Med. 171, 597-613.

Monteiro, R.C., Nguyen, A.T., Jungers, P., Lehuen, A., 1995. Dys-
functions of Fca receptors by blood phagocytic cells in IgA
nephropathy. Contrib. Nephrol. 111, 116-122.

Murray, J.S., Brown, J.C., 1988. Hyperimmunization alters Fcy
antigenicity. Linkage to glycosylation. J. Immunol. 141, 2668—
2673.

Nikolova, E.B., Russell, M.W., 1995. Dual function of human IgA
antibodies: inhibition of phagocytosis in circulating neutrophils
and enhancement of responses in IL-8-stimulated cells. J. Leuko-
cyte Biol. 57, 875-882.

Nikolova, E.B., Tomana, M., Russell, M.W., 1994. The role of the
carbohydrate chains in complement (C3) fixation by solid phase-
bound human IgA. Immunology 82, 321-327.

Nose, M., Wigzell, H., 1983. Biological significance of carbohydrate
chains on monoclonal antibodies. Proc. Natl. Acad. Sci. USA 80,
6632-6637.

Novak, J., Cook, W.J., Julian, B.A., Mestecky, J., Tomana, M., 2000.
IgA nephropathy (IgAN): a similarity in the mechanism of IgAl
deposition in the kidney in humans and mice. J. Am. Soc.
Nephrol. 11, 478—479A.

Odani, H., Hiki, Y., Takahashi, M., Nishimoto, A., Yasuda, Y.,
Iwase, H., Shinzato, T., Maeda, K., 2000. Direct evidence for
decreased sialylation and galactosylation of human serum IgAl
Fc O-glycosylated hinge peptides in IgA nephropathy by mass
spectrometry. Biochem. Biophys. Res. Commun. 271, 268-274.

Pahlsson, P., Strindhall, J., Srinivas, U., Lundblad, A., 1995. Role of
N-linked glycosylation in expression of E-selectin on human
endothelial cells. Eur. J. Immunol. 25, 2452-2459.

Priatel, J.J., Chui, D., Hiraoka, N., Simmons, C.J., Richardson, K.B.,
Page, D.M., Fukuda, M., Varki, N.M., Marth, J.D., 2000. The
ST3Gal-1 sialyltransferase controls CD8" T lymphocyte
homeostasis by modulating O-glycan biosynthesis, Immunity 12,
273-283. Immunity 12, 273-283.

Rademacher, T.W., Parekh, R.B., Dwek, R.A., Isenberg, D., Rook,
G., Axford, J.S., Roitt, I., 1988. The role of IgG glycoforms in the
pathogenesis of rheumatoid arthritis. Springer Semin. Im-
munopathol. 10, 231-249.

Rademacher, T.W., Williams, P., Dwek, R.A., 1994. Agalactosyl
glycoforms of IgG autoantibodies are pathogenic. Proc. Natl.
Acad. Sci. USA 91, 6123-6127.

Rahbek-Nielsen, H., Roepstorff, P., Reischl, H., Wozny, M., Koll,
H., Haselback, A., 1997. Glycopeptide profiling of human urinary
erythropoietin by matrix-assisted laser desorption/ionization mass
spectrometry. J. Mass Spectrom. 32, 948-958.

Reinholdt, J., Tomana, M., Mortensen, S.B., Kilian, M., 1990.
Molecular aspects of immunoglobulin Al degradation by oral
streptococci. Infect. Immun. 58, 1186—-1194.

Rifai, A., Fadden, K., Morrison, S.L., Chintalacharuvu, K.R., 2000.
The N-glycans determine the differential blood clearance and
hepatic uptake of human immunoglobulin (Ig)Al and IgA2 iso-
types. J. Exp. Med. 191, 2171-2182.

Russell, M.W., Mansa, B., 1989. Complement-fixing properties of
human IgA antibodies. Alternative pathway complement activa-
tion by plastic-bound, but not specific antigen-bound, IgA. Scand.
J. Immunol. 30, 175-183.

Schachter, H., Jacken, J., 1999. Carbohydrate-deficient glycoprotein
syndrome type II. Biochim. Biophys. Acta 1455, 179-192.

Schachter, H., Roseman, S., 1980. Mammalian glycosyltransferases.
In: Lennarz, W.J. (Ed.), The Biochemistry of Glycoproteins and
Proteoglycans. Plenum Press, New York, pp. 85-160.



1056 J. Novak et al. / Molecular Immunology 37 (2001) 1047—-1056

Stockert, R.J., 1995. The asialoglycoprotein receptor: relationship
between structure, function and expression. Physiol. Rev. 75,
591-609.

Stockert, R.J., Haimes, H.B., Morell, A.G., Novikoff, P.M.,
Novikoff, A.B., Quintana, N., Sternlieb, I., 1980. Endocytosis of
asialoglycoprotein-enzyme conjugates by hepatocytes. Lab. In-
vest. 43, 556-563.

Stockert, R.J., Kresner, M.S., Collins, J.D., Sternlieb, 1., Morell,
A.G., 1982. IgA interactions with the asialoglycoprotein receptor.
Proc. Natl. Acad. Sci. USA 79, 6229-6231.

Sutton, C.W., O’Neill, J.A., Cottrel, J.S., 1994. Site-specific charac-
terization of glycoprotein carbohydrates by exoglycosidase diges-
tion and laser desorption mass spectrometry. Anal. Biochem. 218,
34-46.

Tanaka, A., Iwase, H., Hiki, Y., Kokubo, T., Ishii-Karakasa, 1.,
Toma, K., Kobayashi, Y., Hotta, K., 1998. Evidence for a
site-specific fucosylation of N-linked oligosaccharide of im-
munoglobulin Al from normal human serum. Glycocon. J. 15,
995-1000.

Tao, M., Morrison, S.L., 1989. Studies of aglycosylated chimeric
mouse-human IgG. Role of carbohydrate in the structure and
effector functions mediated by the human IgG constant region. J.
Immunol. 143, 2595-2601.

Tao, M.H., Smith, R.I., Morrison, S.L., 1993. Structural features of
human immunoglobulin G that determine isotype-specific differ-
ences in complement activation. J. Exp. Med. 178, 661-667.

Thurnher, M., Clausen, H., Fierz, W., Lanzavecchia, A., Berger,
E.G., 1992. T cell clones with normal or defective O-galactosyla-
tion from a patient with permanent mixed-field polyagglutinabil-
ity. Eur. J. Immunol. 22, 1835-1842.

Thurnher, M., Rusconi, S., Berger, E.G., 1993. Persistent repression
of a functional allele can be responsible for galactosyltransferase
deficiency in Tn syndrome. J. Clin. Invest. 91, 2103-2110.

Tomana, M., 1996. Glycoproteins in inflammatory bowel disease. In:
Montreuil, J., Vliegenhart, J.F.G., Schachter, H. (Eds.), Glyco-
proteins in Disease. Elsevier, Amsterdam, pp. 291-298.

Tomana, M., Niedermeier, W., Mestecky, J., Hammack, W.J., 1972.
The carbohydrate composition of human myeloma IgA. Immuno-
chemistry 9, 933-940.

Tomana, M., Niedermeier, W., Mestecky, J., Skvaril, F., 1976. The
differences in carbohydrate composition between the subclasses of
IgA immunoglobulins. Immunochemistry 13, 325-328.

Tomana, M., Prchal, J.T., Garner, L.C., Skalka, H.-W., Barker, S.A.,
1984. Gas chromatographic analysis of lens monosaccharides. J.
Lab. Clin. Med. 103, 137-142.

Tomana, M., Phillips, J.O., Kulhavy, R., Mestecky, J., 1985. Carbo-
hydrate-mediated clearance of secretory IgA from the circulation.
Mol. Immunol. 22, 887-892.

Tomana, M., Kulhavy, R., Mestecky, J., 1988a. Receptor-mediated
binding and uptake of immunoglobulin A by human liver. Gas-
troenterology 94, 887-892.

Tomana, M., Schrohenloher, R.E., Koopman, W.J., Alarcon, G.,
Paul, W.A., 1988b. Abnormal glycosylation of serum IgG from
patients with chronic inflamatory diseases. Arthritis Rheum. 31,
333-338.

Tomana, M., Schrohenloher, R.E., Reveille, J.D., Arnett, F.C.,
Koopman, W.J., 1992. Abnormal galactosylation of serum IgG in
patients with systemic lupus erythematosus and members of
families with high frequency of autoimmune diseases. Rheumatol.
Int. 12, 191-194.

Tomana, M., Schrohenloher, R.E., Bennett, P.H., del Puente, A.,
Koopman, W.J., 1994. Occurence of deficient galactosylation of
serum IgG prior to the onset of rheumatoid arthritis. Rheumatol.
Int. 13, 217-220.

Tomana, M., Matousovic, K., Julian, B.A., Radl, J., Konecny, K.,
Mestecky, J., 1997. Galactose-deficient IgAl in sera of IgA
nephropathy patients is present in complexes with IgG. Kidney
Int. 52, 509-516.

Tomana, M., Novak, J., Julian, B.A., Matousovic, K., Konecny, K.,
Mestecky, J., 1999. Circulating immune complexes in IgA
nephropathy consist of IgAl with galactose-deficient hinge region
and antiglycan antibodies. J. Clin. Invest. 104, 73—81.

Tomana, M., Novak, J., Julian, B.A., Mestecky, J., 2000. IgAl
glycosylation and the pathogenesis of IgA nephropathy. Am. J.
Kidney Dis. 35, 555-556.

Torano, A., Tsuzukida, Y., Liu, Y.-S.V., Putnam, F.W., 1977. Loca-
tion and structural significance of the oligosaccharides in human
IgAl and IgA2 immunoglobulins. Proc. Natl. Acad. Sci. USA 74,
2301-2305.

Tsuchiya, N., Endo, T., Matsuta, K., Yoshinoya, S., Takeuchi, F.,
Nagano, Y., Shiota, M., Furukawa, K., Kochibe, N., Ito, K.,
Kobata, K., 1993. Detection of glycosylation abnormality in
rheumatoid 1gG using N-Acetylglucosamine-specific Psathyrella
velutina lectin. J. Immunol. 151, 1137-1146.

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

Wold, A.E., Mestecky, J., Tomana, M., Kobata, A., Ohbayashi, H.,
Endo, T., Svanborg Edén, C., 1990. Secretory immunoglobulin A
carries oligosaccharide receptors for Escherichia coli type 1
fimbrial lectin. Infect. Immun. 58, 3073-3077.

Wold, A.E., Motas, C., Svanborg, C., Mestecky, J., 1994. Lectin
receptors on IgA isotypes. Scand. J. Immunol. 39, 195-201.
Zhang, W., Lachmann, P.J., 1994. Glycosylation of IgA is required
for optimal activation of the alternative complement pathway by

immune complexes. Immunology 81, 137-141.



