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ABSTRACT: Aberrancies in IgA1 glycosylation have been linked to the pathogenesis of IgA nephropathy
(IgAN), a kidney disease characterized by deposits of IgA1-containing immune complexes in the glomerular
mesangium. IgA1 from IgAN patients is characterized by the presence of galactose (Gal)-deficientO-glycans
in the hinge region that can act as epitopes for anti-glycan IgG or IgA1 antibodies. The resulting circulating
immune complexes are trapped in the glomerular mesangium of the kidney where they trigger localized
inflammatory responses by activating mesangial cells. Certain lectins recognize the terminal N-acetylgalac-
tosamine (GalNAc)-containing O-glycans on Gal-deficient IgA1 and can be potentially used as diagnostic
tools. To improve our understanding of GalNAc recognition by these lectins, we have conducted binding
studies to assess the interaction ofHelix aspersa agglutinin (HAA) andHelix pomatia agglutinin (HPA) with
Gal-deficient IgA1. Surface plasmon resonance spectroscopy revealed that both HAA and HPA bind to a
Gal-deficient synthetic hinge region glycopeptide (HR-GalNAc) as well as various aberrantly glycosylated
IgA1 myeloma proteins. Despite having six binding sites, both HAA and HPA bind IgA1 in a functionally
bivalent manner, with the apparent affinity for IgA1 related to the number of exposed GalNAc groups in the
IgA1 hinge. Finally, HAA andHPAwere shown to discriminate very effectively between the IgA1 secreted by
cell lines derived from peripheral blood cells of patients with IgAN and that from cells of healthy controls.
These studies provide insight into lectin recognition of the Gal-deficient IgA1 hinge region and lay the
groundwork for the development of reliable diagnostic tools for IgAN.

Abnormalities in IgA11 glycosylation have been implicated in
several diseases such as Sj€ogren’s syndrome (1),Henoch-Sch€onlein
purpura nephritis, and IgA nephropathy (IgAN) (2-12).
Human IgA1 is one of only a few serum proteins that contain
both N- and O-linked glycans (13-18). There are up to six
O-glycans on each heavy chain of IgA1, each linked to a Ser or
Thr residue in the hinge region between the CH1 and the
CH2 domains (13, 19-26). Each O-glycan consists of a core
N-acetylgalactosamine (GalNAc) typically linked to galactose

(Gal) and one or two sialic acid residues, giving rise to six
O-glycan variants (Figure 1) (13, 20-22, 27). It is well established
that patients with IgAN have abnormalities in O-glycan bio-
synthesis resulting in the exposure of the core GalNAc residue
with or without sialylation (5, 7, 9, 28-32); this exposed GalNAc
appears to play a role in the pathogenesis of the disease. The
Gal-deficient hinge region of IgA1 with terminally exposed
GalNAc residue(s) is recognized by IgG or IgA1 antibodies,
leading to the formation of large circulating immune complexes
(CICs) that deposit in the kidney (7, 8, 33-37). Glomerular
deposition of these CICs activates complement via the alter-
native (38, 39) or mannose-binding lectin pathways (40, 41).

Lectins are plant or animal proteins that recognize speci-
fic carbohydrate groups and therefore have been used to
study protein glycosylation in many disease states, including
cancer (42-44) and chronic inflammatory diseases (30, 44-49).
Furthermore, GalNAc-specific lectins, such as Helix aspersa
agglutinin (HAA) and Helix pomatia agglutinin (HPA), derived
from garden and edible roman snails, respectively, have been
used to study the O-glycosylation of IgA1 from patients with
IgAN or multiple myeloma (2, 3, 7-9, 28, 30, 48, 50). The X-ray
crystal structure of HPA showed that it is a hexamer formed by
disulfide-linked dimers of noncovalent trimers (51), with Gal-
NAc-binding sites at the end of each trimer, in the interface
between subunits. The dissociation constant for GalNAc binding
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to HPA has been reported to be 130 μM by isothermal titration
calorimetry (51). Although HAA has been the best lectin for
recognizing the glycosylation of IgA1 from IgANpatients (3, 48),
detailed biochemical characterization of this lectin is lacking.
In this study, we demonstrated by analytical ultracentrifugation
(AUC) and a competition-based biosensor assay that HAA, like
HPA, existsmainly as ahexamer in solution and canbind individual
GalNAc residues with an affinity in the high micromolar range.
Previous studies have used HAA and HPA in ELISA and
Western blotting to study aberrancy in glycosylation of IgA1
molecules (3, 6, 7, 9, 28, 30, 48, 50). To study the interaction in
real time and to help unravel the mechanism of binding, we have
used surface plasmon resonance (SPR) spectroscopy to determine
the affinities and specificities of HAA andHPA for various IgA1
myeloma proteins and IgA1 secreted by IgA1-producing cell lines
originating from IgANpatients and healthy controls. Our studies
showed that the GalNAc-specific lectins had the highest affinity
for IgA1Ale and that the lectins boundmuchmore tightly to IgA1
from IgAN patients than to IgA1 from healthy controls. On the
basis of these studies, we suggest that a lectin-based sensor chip
assay can be used in the diagnosis and/or screening of IgAN,
assuming that the aberrantly glycosylated hinge region of IgA1 is
a marker for the disease.

EXPERIMENTAL PROCEDURES

Reagents. Native and biotinylated HAA (Sigma-Aldrich)
and HPA (EY Laboratories) were used for binding assays
and lectin Western blotting, respectively. Sambucus nigra agglu-
tinin (SNA, specific for R-2,6-linked sialic acid) and Maackia
amurensis agglutinin II (MAA-II, specific for R-2,3-linked sialic
acid) were purchased from Vector Laboratories and used for
binding assays as well. Myeloma patient-derived IgA1κ and
IgA1λ proteins were obtained from Biodesign International
(Cincinnati, OH); IgA1Mce and IgA1Ale are myeloma patient-
derived proteins that have been previously described (8, 9, 18, 37).

Each IgA1 sample was further purified by size-exclusion
chromatography using a Hi Load 16/60 Superdex 200 column
(GE Healthcare) into monomeric and polymeric fractions.
Size-exclusion chromatography-purified monomeric IgA1
(termed mIgA1κ, mIgA1λ, mIgA1Mce, and mIgA1Ale) and poly-
meric IgA1 fractions (termed pIgA1κ, pIgA1λ, pIgA1Mce, and
pIgA1Ale) were used for binding experiments. IgA1 proteins
from IgAN patients and healthy controls were purified from
culture media from EBV-immortalized IgA1-secreting cells ori-
ginating fromperipheral blood cells frompatients with IgANand
from healthy controls, as previously described (9). TheO-glycans
of IgA1 secreted from cells of IgAN patients were Gal-deficient,
while IgA1 from healthy controls was normally glycosylated (9).
Hinge-Region Glycopeptide (HR-GalNAc). A glycopep-

tide with GalNAc residues attached at three sites frequently
observed in the hinge region of IgA1 in IgAN patients (HR-
GalNAc) (52) was synthesized by Bachem (Torrance, CA); HR-
GalNAc is composed of 20 amino acids of the IgA1 hinge region
(VPSTPPTPSPSTPPTPSPSC), with GalNAc residues attached
at positions 228, 230, and 232 (bold and underlined) (9, 37).
Lectin Western Blots. IgA1 myeloma proteins or IgA1

secreted from EBV-immortalized B cells from IgAN patients
and healthy controls (0.5 μg) were electrophoretically separated
by reducing SDS-PAGE and transferred to polyvinyl difluoride
membranes (PVDF) for antibody and lectin binding (9, 37).
Briefly, for lectin blots, the membrane was blocked with Super-
block (Pierce, Rockford, IL), followed by incubation with bio-
tinylated HAA or HPA. After being washed, the membrane was
incubated with horseradish peroxidase-conjugated NeutrAvidin
(Pierce). Detection was conducted using SuperSignal (Pierce).
ForWestern blot detection of IgA, themembranewas blockedwith
Superblock (Pierce) andwashed, followed by incubationwith the
biotinylated (Fab0)2 fragment of goat anti-human IgA1 heavy
chain-specific antibody (Vector, Burlingame, CA) and developed
with horseradish peroxidase-conjugated NeutrAvidin (Pierce)

FIGURE 1: O-Linked glycans in the hinge regionof circulatory IgA1. Potential sites ofO-glycan attachment are numbered (22); red denotes sites of
GalNAc attachment in theHR-GalNAc synthetic hinge peptide.N-Acetylgalactosamine (GalNAc) is attached by a glycosidicO-linked bond to
serine (Ser) or threonine (Thr) residues in the hinge region of IgA1 to form the Tn antigen (I). Galactose (Gal) is attached to GalNAc by a β-1,3-
linked glycosidic bond, forming the core 1 structure (III) that, in turn, can be sialylatedwith one or twoN-acetylneuraminic acid (NeuAc) residues
to form structures IV,V, andVI. The configuration in structure II is a sialylated Tn antigen that, along with the Tn antigen, is commonly seen in
IgAN patients in elevated amounts.
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followed by enhanced chemiluminescent detection (SuperSignal,
Pierce).
AnalyticalUltracentrifugation (AUC). Sedimentation velo-

city and equilibrium experiments were conducted in a Beckman
XL-I ProteomeLab analytical ultracentrifuge using absorbance
optics. For sedimentation velocity experiments, 3.7 μMHAA or
HPA in TBS [20 mMTris-HCl (pH 7.4) and 150 mMNaCl] was
loaded into two-sector centerpieces and spun at 36000 rpm
and 20 �C. Data were analyzed using c(s) and c(M) models
in SEDFIT (53) to determine differential sedimentation coeffi-
cient and apparent mass distributions, respectively. To determine
the assembly state, sedimentation equilibrium experiments were
conducted at 20 �C at rotor speeds of 10000, 14000, 17000, and
24000 rpm. HAA or HPA solutions (100 μL) at concentrations
ranging from 0.353 to 2 μMwere loaded into six-channel center-
pieces. Radial scans at 230 and 280 nm were collected as the
average of eight replicates. Data were trimmed using WinREE-
DIT and globally fitted usingWinNONLIN (http://www.rasmb.
bbri.org/). The data were fitted initially to a single-exponential
curve to determine σw, the weight-average buoyant mole-
cular weight, which corresponded approximately to a hexamer.
A hexamer-dodecamer assembly model did not result in an
improvement of the fit for HAAorHPA; each lectin existed only
as a hexamer at the concentrations used in the equilibrium
experiments. The partial specific volume of HPA, calculated on
the basis of its amino acid sequence, was 0.7270mL/g, and buffer
density was calculated as 1.00499 g/mL using SEDNTERP (54).
Although the entire amino acid sequence of HAA is unknown,
preliminary mass spectrometry analysis indicates a high degree
of sequence similarity to HPA (M. M. Gomes, K. D. Greis, and
A. B. Herr, unpublished observations); thus, the partial specific
volume of HPA was used as a close approximation. Calculation
of experimental molecular weights from σw was performed as
described previously (55, 56).
Biosensor Analyses. Surface plasmon resonance (SPR)

biosensor assays were conducted on a Biacore 3000 instrument
(GE Healthcare) at 25 �C. For immobilization of the HR-
GalNAc glycopeptide, thiol coupling chemistry was used as
described in Biacore Application Note 9. Briefly, the surface of
a CM5 chip was activated using a 1:1 mixture of N-hydroxysuc-
cinimide (NHS) and 1-ethyl-3-[3-(dimethylamino)propyl]carbo-
diimide hydrochloride (EDC) at a flow rate of 5 μL/min with
HBS-P [20 mM HEPES (pH 7.4), 150 mM NaCl, and 0.005%
P-20] as the running buffer. Reactive disulfides were introduced
using 2-(2-pyridinyldithio)ethaneamine (PDEA), followed by
injection of 50 μg of the glycopeptide per milliliter in 10 mM
sodium acetate buffer (pH 4.5) until 194 and 80RUwere coupled
in flow cells 3 and 4, respectively (1 RU corresponds to 1 pg of
protein coupled per square millimeter on the chip). Excess reac-
tive groupswere inactivated using 50mMcysteine and 1MNaCl.
Equilibrium binding experiments were conducted via injection of
HAA or HPA in TBS-P [20 mM Tris-HCl (pH 7.4), 150 mM
NaCl, and 0.005%P-20] at a flow rate of 5 μL/min for 25min and
at concentrations ranging from 50 μM to 0.28 nM. The chip
surface was regenerated by three consecutive injections of 20 μL
of 10 mM glycine-HCl (pH 2.0). Raw data were trimmed using
BIAevaluation version 3.1. The equilibrium response (Req) at
each injected lectin (analyte) concentration was averaged over
60 s using Scrubber version 2 (BioLogic Software, Campbell,
Australia), and the data from both flow cells were globally
fitted to an equation describing a two-site model in Scientist
(Micromath Scientific Software, Salt Lake City, UT), as

described previously (18, 55). The total response at the plateau
of each binding curve for each concentration of HAA or HPA
injected was plotted versus the logarithm of the lectin concentra-
tion to yield equilibrium binding isotherms. Single-site binding
models could not adequately describe theHAAorHPAdata (see
Figure S1 of the Supporting Information); the raw data described
binding isotherms that were much more shallow than those
described by a single-site binding event. Initial attempts at kinetic
analysis of these binding data revealed that none of the potential
binding models was able to adequately describe the association
and dissociation phases of the raw binding data, presumably
because of the multivalent nature of the analyte. Thus, equilib-
rium data were collected using a flow rate of 5 μL/min.

To determine the binding affinity of the lectin for a single
GalNAc group, we conducted a biosensor-based competition
assay. For the competition assay, HAA or HPA was coupled to
the chip at 200 or 205 RU, respectively, and 8 μM mIgA1κ was
co-injected with varying concentrations of GalNAc (1, 10, 50,
100, 150, 300, and 900 μM) at a flow rate of 30 μL/min. The
equilibrium response at the plateau of each curve was averaged
over 60 s and plotted as a function ofGalNAc concentration. The
data were fitted to determine the IC50 using the following
equation:

Bobs ¼ total- nonspecific

1þ ½GalNAc�=IC50

For binding experiments with IgA1 myeloma proteins and
HAA or HPA, the IgA1 myeloma proteins were used as ligands
(i.e., coupled to the chip) and HAA or HPA was used as the
injected analyte. Briefly, 20 μg/mLmonomeric (mIgA1κ, mIgA1λ,
mIgA1Mce, or mIgA1Ale) or polymeric (pIgA1κ, pIgA1λ,
pIgA1Mce, or pIgA1Ale) IgA1 proteins were diluted in 10 mM
sodiumacetate buffer (pH4.5) and immobilized on aCM5 sensor
chip by random amine coupling chemistry until 400-414 RU
immobilized protein was achieved (18). HAA or HPA was injec-
ted as a 3-fold dilution series at concentrations ranging from
50 μM to 2.5 nM at 30 μL/min for equilibrium binding analyses.
Control experiments were also conducted by immobilization
of HAA and HPA at 200-205 RU and injection of mIgA1κ,
mIgA1λ, or mIgA1Ale at concentrations ranging from 12 μM to
1.8 nM. As seen for the HR-GalNAc-lectin interactions, the
data for the binding of HAA and HPA to the myeloma IgA1
proteins could not be adequately described by a single-site
binding equation; the raw data consistently formed shallow
isotherms, which is consistent with the existence of at least two
sites of differing affinities (Figure S2 of the Supporting In-
formation).

For lectin binding experiments using IgA1 produced by EBV-
immortalized IgA1-secreting cells, the IgA1 purified from cell
culture media from cells from IgAN patients or from healthy
controls was immobilized on the sensor chip at 400-413 RU by
random amine coupling chemistry as described previously, and
HAAorHPAwas injected at concentrations ranging from50 μM
to 2.5 nM. SNA or MAA-II was injected at concentrations
ranging from 16.5 μM to 0.8 nM or from 14 μM to 0.7 nM,
respectively. Experiments were conducted at a flow rate of 5 or
30 μL/min in TBS-P buffer. MAA-II experiments were con-
ducted in 10 mMHepes (pH 7.5), 150 mMNaCl, 0.1 mMCaCl2,
and 0.005% P-20. In all SPR experiments, the first flow cell was
mock-coupled and the response from this cell was subtracted
from that for all other flow cells, followed by subtraction of the
response with a buffer blank injection. Representative raw
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sensorgram data for each of the binding experiments are shown
in Figure S3 of the Supporting Information; in each case, HAA is
shown binding to various different samples of HR-GalNAc,
myeloma IgA1 proteins, or a patient-derived IgA1. Panel F of
Figure S3 shows raw data for SNA binding to a patient-derived
IgA1. For HAA, HPA, and SNA, the data were best described
using a two-site binding model; however, a single-site binding
model was appropriate for the MAA-II data. Of the data
reported here, the binding of HAA and HPA to HR-GalNAc
was analyzed by global analysis of two data sets at different
coupling densities; other binding data were collected and ana-
lyzed as single data sets (i.e., without replicates) because of the
high precision of the SPR measurements.

RESULTS

Qualitative Characterization of Binding of Lectins to
Gal-Deficient IgA1. IgA1 O-glycans from patients with IgAN
contain more terminal GalNAc residues, also called Tn antigen
(GalNAc-Ser/Thr), than the IgA1 O-glycans from control sub-
jects (3, 5, 7, 8, 28, 57, 58). On the basis of the fact that terminal
GalNAc can be detected by specific lectins, including HAA and
HPA (2, 3, 6-9, 28, 30, 48, 50), and that IgA1 myeloma proteins
show heterogeneity in the O-glycans (23, 24, 26), we investigated
qualitatively the levels of exposed GalNAc on various IgA1
myeloma proteins by lectin recognition onWestern blots. Among
the analyzed IgA1 myeloma proteins, both HAA and HPA
exhibited the strongest signal with IgA1Ale (Figure 2). Further-
more, the IgA1 produced by the IgA1-secreting cells from IgAN
patients bound more strongly to both HAA and HPA than did
the IgA1 synthesized by the IgA1-secreting cells from healthy
controls, consistent with prior data (48). These results confirmed
that these lectins can be used for detection of this IgAN-specific
biomarker (3, 7, 9, 48).
Characterization of the Oligomeric State of HAA and

HPA by Analytical Ultracentrifugation. Although both
HPA and HAA are of interest for potential diagnosis of IgAN
and are thought to have similar properties, there is currently no
structural or sequence information for HAA. To establish the
similarities and differences between these lectins, we compared
the hydrodynamic parameters of HAA and HPA in solution
by sedimentation velocity and sedimentation equilibrium experi-
ments using an analytical ultracentrifuge. In sedimentation velo-
city experiments, HAA and HPA each yielded a single dominant

species with sedimentation coefficients of 4.8 and 4.7 S and
estimated molecular masses of ∼86.8 and ∼77.9 kDa, respec-
tively (Figure 3A,B). The calculated monomeric molecular mass
of HPA based on its amino acid sequence is 11326.8 Da, and
HPA is N-glycosylated, contributing an additional 1172 Da per
N-glycan (51). Thus, the AUC data suggest that both lectins exist
mainly as hexamers. This result is consistent with previous X-ray
structures of HPA that revealed a hexamer formed by back-to-
back disulfide-linked association of two trimers (51). Our sedi-
mentation data revealed that each lectin sample contained a small
amount of putative dodecamer, corresponding to a sedimenta-
tion coefficient of 7.7 S for HAA and 7.3 S for HPA with
estimatedmolecular masses of∼171 and∼150 kDa, respectively.
The oligomeric state ofHAA andHPAwas further confirmed by
sedimentation equilibrium experiments. The experimental mole-
cular mass of HAA was calculated to be 81102 Da (76240-
85950 Da), while that of HPAwas 86690 Da (82708-90671 Da),
confirming that both lectins exist as hexamers in solution
(Figure 3C,D). At the concentrations used for sedimentation
equilibrium, only the hexamer was detected, although our
sedimentation velocity data suggested the presence of small
amounts of dodecamer in samples with both lectins at higher
concentrations.
Solution Affinity of Lectins for GalNAc Determined by

an SPR Competition Assay. The crystal structure of HPA in
complex with GalNAc showed that each of six sites within the
HPA hexamer is capable of binding a single GalNAc molecule.
Binding studies indicated that the affinity of HPA for a single
GalNAc is 130 μM (51). To compare the affinities of HAA
and HPA for GalNAc in solution, we used a biosensor competi-
tion assay. The half-maximal inhibitory concentrations (IC50)
for GalNAc-mediated inhibition of lectin binding to mIgA1κ
were 81 ( 8 and 220 ( 20 μM for HAA and HPA, respectively
(Figure 4). These IC50 values are comparable to the reported
130 μM affinity of HPA for GalNAc determined in isothermal
calorimetry experiments (51).
SPR Analysis of Lectin Binding to the Gal-Deficient

Hinge Region Glycopeptide. Given the importance of accu-
rately detecting Gal-deficient IgA1 in sera and renal biopsies of
patients with IgAN and the potential of lectins for this purpose,
we analyzed the binding of HAA and HPA to a synthetic
glycopeptide (HR-GalNAc) corresponding to the IgA1 hinge
region with three GalNAc residues at T228, S230, and S232.
This HR-GalNAc glycopeptide is relevant because it resem-
bles the major antigenic epitopes in IgAN patients. Binding
curves were generated by injection of HAA or HPA over HR-
GalNAc coupled to a Biacore sensor chip. The data could not
be satisfactorily fitted by a single-site binding equation but
were described quite well by a two-site model, yielding apparent
affinities significantly higher than the single-site affinity for
individual GalNAc binding (i.e., 130 μM). Global fits of data
sets collected from two flow cells coupled at different glycopep-
tide densities yielded apparent affinities ofHAAandHPA for the
glycopeptide of 0.11 ( 0.01 and 0.0448 ( 0.006 μM for the first
binding event and 7( 2 and 2.3( 0.6 μM for the second binding
event, respectively (Figure 5 and Table 1). The higher apparent
affinity of each lectin for HR-GalNAc compared to that for a
single GalNAc molecule is expected, because of the multivalent
nature of the lectins. In this experimental orientation, the multi-
valent lectins were injected over the HR-GalNAc-coupled chip,
resulting in a range of multivalent binding modes. Because of the
small size of the HR-GalNAc glycopeptide, its coupling density

FIGURE 2: Analysis of different IgA1 proteins by lectin Western
blotting. Samples of IgA1 (different IgA1 myeloma proteins and
IgA1 isolated from culture supernatants of IgA1-secreting cells from
the blood of IgAN patients and healthy controls) were separated by
SDS-PAGE, blotted, and developed with (A) HAA, (B) HPA, or
(C) IgA-specific antibody. HAA and HPA blots detect GalNAc
epitopes on the IgA1 samples, and the anti-IgA1Western blot served
as a loading control.
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(in molar equivalents) on the chip was high relative to the density
of the IgA1 samples described below. This high density would
favor multivalent interactions of GalNAc on the hinge glycopep-
tide with the hexameric lectins. In general, lectins are often

multimeric, with low single-site affinities for individual carbohy-
drate residues but much higher apparent affinities for surfaces
containing multiple carbohydrate receptors (59).
SPR Analysis of Lectin Binding to IgA1 Myeloma

Proteins. Techniques such as ELISA and lectin blots have been

FIGURE 3: Analytical ultracentrifugation analysis of lectins HAA and HPA. Sedimentation velocity analysis of (A) HAA and (B) HPA. Each
lectin at 3.7 μM was spun at 36000 rpm in a Beckman XL-I analytical ultracentrifuge. Data were fitted using the c(s) sedimentation analysis
routines inSEDFIT toyield the differential sedimentation coefficientdistribution for each sample.HAAandHPAsedimentedwith sedimentation
coefficients of 4.8 and 4.7 S and apparentmolecularmasses of∼86.8 and∼77.9 kDa, respectively.On the basis of the amino acid sequenceofHPA
and expected levels ofN-glycosylation, the sedimentation data suggest that these lectins sedimentmainly as a hexamer. A relatively small amount
of dodecamer (∼150-171 kDa) was also present in each sample. Sedimentation equilibrium analysis of (C)HAAand (D)HPA at concentrations
ranging from 0.353 to 2 μMat rotor speeds of 10000, 14000, 17000, and 24000 rpm. UsingWinNONLIN, data were globally fitted to determine
σw, the weight-average buoyantmolecularmass. The experimentalmolecularmass based on σwwas calculated to be 81102Da (76240-85950Da)
for HAA and 86690 Da (82708-90671 Da) for HPA, confirming that these lectins form hexamers.

FIGURE 4: Competition biosensor assay of HAA and HPA binding
to GalNAc. HAA and HPA were immobilized on the sensor chip,
and 8 μM mIgA1κ was co-injected with varying concentrations of
GalNAc. The IC50 forGalNAc binding to the lectins was determined
using Scientist.

FIGURE 5: Equilibriumbinding isotherms forHAAandHPAbinding
to theHR-GalNAc glycopeptide. HR-GalNAcwas immobilized on
the sensor chip, and HAA or HPA was injected over the chip. Data
points were determined by averaging the equilibrium response at
the plateau of each binding curve and fitted to a two-site model in
Scientist.
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used to study aberrantly glycosylated IgA1 myeloma pro-
teins (48). Although these techniques yield higher-intensity
signals for Gal-deficient IgA1 than for control IgA1, we wanted
to determine whether the apparently higher degree of binding
by the lectin was due to a higher affinity for Gal-deficient IgA1 or
to a higher stoichiometry of binding, i.e., a larger number of
lectins bound per IgA1 molecule. It was also of interest to assess
whether HAA and HPA could accurately detect undergalacto-
sylated IgA1 hinge-region glycans in the absence of neuramini-
dase treatment to remove the sialic acid residues. We analyzed
the binding of HAA and HPA to several Gal-deficient IgA1
samples from myeloma patients using SPR. IgA1Ale exhibited
the strongest binding by both HAA and HPA, while IgA1Mce

had the lowest affinity (Figure 6). The affinities of each IgA1
myeloma protein for HAA andHPA are listed in Tables 2 and 3.
The IgA1Ale SPR results are consistent with the lectin blots
that showed that this sample had the strongest signal. However,
there were some discrepancies between the SPR and lectin
data with regard to other samples. In particular, the lectin blots
showed a stronger signal for IgA1Mce than for IgA1κ and IgA1λ.
In the SPR assay, irrespective of the molecular form of IgA1
[i.e., monomeric (m) or polymeric (p)], the binding to both lec-
tins followed a trend: IgA1Ale > IgA1κ > IgA1λ > IgA1Mce.
Furthermore, the same trend (IgA1Ale > IgA1κ > IgA1λ) and
overall similar apparent affinities were obtained if the orientation
was reversed such that the lectins were immobilized on the chip
and the IgA1 samples flowed over the chip (Figure 7 and Table 4).
Biosensor-Based Analysis of Lectin Binding to IgA1

Derived from EBV-Immortalized IgA1-Secreting Cell
Lines from Patients. Moore et al. (48) used a capture ELISA
to show that HAA distinguished serum IgA1 of IgAN patients

from that of healthy controls, with a high level of statistical
significance (p = 0.0003). An improved quantitative lectin
ELISA confirmed that galactosylation of O-glycans in the
IgA1 hinge region differed between IgAN patients and healthy
controls, and the assay differentiated the two groups of individ-
uals with high sensitivity and specificity (3). To further analyze
the ability of HAA or HPA to discriminate between aberrantly
glycosylated and normally glycosylated IgA1 hinge-region gly-
cans, we conducted equilibrium biosensor analyses using IgA1
purified from the supernatants of EBV-immortalized IgA1-
secreting cell lines from IgAN patients and healthy controls (9)

Table 1: Equilibrium Parameters for HAA and HPA Lectins Binding to

HR-GalNAc at 25 �Ca

analyte KD1 (μM) KD2 (μM)

HPA 0.045( 0.006 2.3( 0.6

HAA 0.11( 0.01 7( 2

aKD values were derived using a two-site model in Scientist. Equilibrium
binding parameters for HR-GalNAc were derived from global analyses of
two independent experiments each with 12 different concentrations of
injected analyte (HAA or HPA).

FIGURE 6: Equilibriumbinding isotherms forHAAandHPAbinding todifferent IgA1myelomaproteins. Equilibriumbinding experimentswere
performed by immobilization of (A) HAA and (B) HPA on a biosensor chip and injection of various IgA1myeloma proteins over the chip. Data
points were determined by averaging the equilibrium response at the plateau of each binding curve and fitted to a two-sitemodel in Scientist. The
order of the affinities for the IgA1 myeloma proteins binding to HAA and HPA was as follows: IgA1Ale > IgA1κ > IgA1λ > IgA1Mce.

Table 2: Equilibrium Parameters for HAA Binding to IgA1 Myeloma

Proteins at 25 �Ca

ligand KD1 (μM) KD2 (μM)

mIgA1Ale 0.6( 0.1 21 ( 17

pIgA1Ale 1.0( 0.3 14 ( 5

mIgA1κ 1.8 ( 0.6 8( 3

pIgA1κ 1.7( 0.1 25( 9

mIgA1λ 6.2( 0.6 73( 9

pIgA1λ 3.0( 0.6 28( 8

mIgA1Mce 7.2( 0.7 76( 9

pIgA1Mce 5.6( 0.2 70( 4

aKD values were derived using a two-site model in Scientist. Equilibrium
binding parameters for the different IgA1 myeloma proteins were derived
from analyses with 11 different concentrations of injected HAA.

Table 3: Equilibrium Parameters for HPA Binding to IgA1 Myeloma

Proteins at 25 �Ca

ligand KD1 (μM) KD2 (μM)

mIgA1Ale 0.29( 0.04 10( 4

pIgA1Ale 0.58 ( 0.10 6( 2

mIgA1κ 0.76 ( 0.07 10( 2

pIgA1κ 0.65( 0.08 11( 4

mIgA1λ 1.8( 0.2 21( 3

pIgA1λ 1.1( 0.4 5( 1

mIgA1Mce 2.3( 0.3 24( 13

pIgA1Mce 1.1( 0.4 7( 5

aKD values were derived using a two-site model in Scientist. Equilibrium
binding parameters for the different IgA1 myeloma proteins were derived
from analyses with 11 different concentrations of injected HPA.
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(Figure 8). Both lectins recognized the Gal-deficient IgA1 from
IgAN patients with high apparent affinity but had a much lower
affinity for the IgA1 from healthy controls (Tables 5 and 6).
Indeed, we were unable to fit the binding curve from one of the
healthy controls because of the extremely weak response. The
apparent affinities of HAA andHPA for the IgA1 in the samples
from IgAN patients were comparable to those for IgA1Ale but
were still weaker than those for the idealized HR-GalNAc
glycopeptide. In contrast, the IgA1 in the samples from healthy
controls showed much weaker apparent affinities than those
observed for any of the IgA1 myeloma proteins. To compare the
degree of sialylation of IgA1 samples, we used the lectins SNA
andMAA-II to assay forR-2,6-linked andR-2,3-linked sialic acid
moieties, respectively. SNA exhibited similar apparent affinities
for each patient-derived IgA1 sample (Figure 8C), indicating
similar levels of R-2,6-linked sialic acid attached to their N- and
O-glycans. MAA-II binding indicated greater variability in the
levels of R-2,3-linked sialic acid; in particular, the IgA1 sample
from IgAN patient 1 exhibited a very low apparent affinity for
MAA-II, suggesting very low levels of R-2,3-linked sialic acid
(Figure 8D).

DISCUSSION

As the clinical diagnosis of IgAN currently requires a kidney
biopsy, the development of reliable serum-based testing is of
great importance. Moore et al. (48) and Moldoveanu et al. (3)
have shown that HAA can be used for detection of Gal-deficient

IgA1 in IgANpatients. This studywas conducted to improve our
understanding of themechanismbywhichHAAandHPA lectins
recognize the Gal-deficient IgA1 hinge region. Although other
lectins such as Wisteria floribunda lectin (WFA), Vicia villosa
agglutinin (VVA), and soybean agglutinin (SBA) are considered
to be GalNAc-binding lectins, Tachibana et al. (60) demon-
strated that these in fact did not bind to GalNAc-conjugated
peptides and thus were not analyzed here.

Variousmethods, such as mass spectrometry, monosaccharide
composition analysis, lectin-based ELISA, and Western blot-
ting, have been used to assess Gal deficiency in the O-glycans
of serum IgA1 as well as IgA1 in the glomeruli of IgAN patients
(2, 3, 5-9, 28, 30, 48, 50, 57, 58, 61-63). Mass spectrometry
is extremely informative but not commonly used for high-
throughput diagnostic analyses. HAA- and HPA-based ELISAs
and Western blotting have been useful in analyses of IgA1 from
IgAN patients (2, 3, 6-9, 28, 30, 48, 50); however, depending on
the lectin source, variability in binding characteristics and assay-
dependent differences in binding were observed with various
IgA1 myeloma proteins (48). To analyze lectin binding in more
detail, we have used a sensor chip-based real-time binding assay
to systematically analyze how these lectins recognize Gal-defi-
cient IgA1. Our data showed that HAA and HPA bound to the
HR-GalNAc glycopeptide that resembles the antigenic epitope(s)
in IgAN patients, with nanomolar to low micromolar apparent
affinity (Figure 5 and Table 1). This apparent affinity is much
higher than the reported single-site affinity of 130 μM for HPA
binding to GalNAc (51); this apparent difference is clearly due to
an avidity effect due tomultivalent interactions of the lectins with
HR-GalNAc coupled at relatively high density to the chip
surface. Both lectins bound to all four IgA1 myeloma proteins,
with the highest apparent affinity for IgA1Ale in the lectin blots
and biosensor experiments (Figures 2, 6, and 7 and Tables 2-4).
The higher apparent affinity for IgA1Ale is presumably due to an
increased number of exposedGalNAc residues available for these
lectins to bind.

In all the samples tested by SPR,HAA andHPA exhibited the
same trends in binding to an identical panel of ligands, although
HPA reproducibly bound with slightly higher apparent affinities.
However, we observed discrepancies between the trends shown
with SPR and lectin blots. In lectin blots, the binding trend for
HAA and HPA was as follows: IgA1Ale > IgA1κ> IgA1Mce >
IgA1λ. In the biosensor assay, the binding trend was as follows:
IgA1Ale> IgA1κ>IgA1λ>IgA1Mce. This discrepancy is likely
due to differences in the way the IgA1 glycans are presented in the
different experiments. In SPR, the IgA1 samples are maintained
in their native folded state, whereas for lectin blotting, IgA1 was
reduced and denatured during SDS-PAGE separation before
being transferred onto the membrane. It is possible that binding
of HAA or HPA to one or more exposed GalNAc residues in
IgA1Mce is sterically hindered in the native state. For example,
FT-ICR mass spectrometry studies by Renfrow et al. (24, 26)
mapped the site-specific O-glycoforms of IgA1Mce, showing five
major glycopeptide species that contained four to six O-glycan
sites. Of the most abundant variant glycopeptides, two were fully
galactosylated (glycopeptides with four GalNAc and four Gal
residues or five GalNAc and five Gal residues), and two others
had a single exposed GalNAc residue, located at S232 (in the
glycopeptide with four GalNAc and three Gal residues) or at
either T233 or T236 (in the glycopeptide with five GalNAc and
four Gal residues). The low-resolution structure of IgA1, deter-
mined by small-angle X-ray and neutron scattering, revealed that

FIGURE 7: Equilibrium binding isotherms for different IgA1 myelo-
ma proteins binding to the HAA ligand. Equilibrium binding experi-
ments were performed by immobilization of HAA on a biosensor
chip and injection of various IgA1 myeloma proteins. Data points
representing steady-state responses were fitted to a two-site model.
The order of the binding affinities of the different IgA1 myeloma
proteins for HAA was as follows, irrespective of the orientation in
which the experiment was performed: IgA1Ale > IgA1κ> IgA1λ.

Table 4: Equilibrium Parameters for IgA1 Myeloma Proteins Binding to

the HAA Ligand at 25 �Ca

analyte KD1 (μM) KD2 (μM)

mIgA1Ale 2.1( 0.2 12 ( 2

mIgA1κ 3.7 ( 0.7 23( 6

pIgA1κ 3.9( 0.2 27( 3

mIgA1λ 7( 3 41( 21

aKD values were derived using a two-site model in Scientist. Equilibrium
binding parameters for HAAwere derived from analyses with nine different
concentrations of injected IgA1.
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IgA1 adopts a T-shaped conformation, with the C-terminal
portion of the hinge in the proximity of the Fc region (64).
Depending on the precise orientation of the Ser or Thr side chains
and rotation about the glycosidic bond, it is possible that an
exposed GalNAc at one of these positions (S232, T233, or T236)
of IgA1 in the native state would be inaccessible to the lectins,
particularly in the case of T233 or T236. Moore et al. also found
that HPA was able to recognize a particular IgA1 myeloma
protein (Kni) when denatured in a lectin blot but not in its native
form by an ELISA (48). Furthermore, Moore et al. reported
systematic differences between the results from lectin blots and
those from the ELISA and suggested that the specific three-

dimensional configuration of the hinge region played an impor-
tant role in lectin recognition (48). These discrepancies between
the lectin blot and either SPR or ELISA may have functional
significance, given that GalNAc residues that are inaccessible to
HAA or HPA would likely also be inaccessible to anti-glycan
antibodies in the circulation of IgAN patients. Thus, a diagnostic
assay that relies on denatured IgA1 (such as a lectin blot) might
overestimate the pathogenicity of a particular Gal-deficient IgA1
sample compared to an assay (like SPR or ELISA) that utilizes
native IgA1 samples.

In this study, we have used a biophysical approach to analyze
the interaction of HAA and HPA with homogeneous samples of

FIGURE 8: Equilibrium binding isotherms for HAA and HPA binding to IgA1 derived from IgAN patients and healthy controls. Equilibrium
binding experiments were performed by immobilization of IgA1 proteins secreted by IgA1-producing cells from healthy controls and IgAN
patients on a sensor chip and injection of (A) HAA, (B) HPA, (C) SNA, or (D) MAA-II over the chip. Data points representing steady-state
responses were fitted to a two-site model. HAA and HPA bind to IgA1 secreted by IgA1-secreting cells of IgAN patients with a much higher
affinity than to IgA1 from healthy controls, suggesting that these lectins could be used as diagnostic reagents to detect the disease-specific
glycosylation aberrancy. SNA bound similarly to all IgA1 samples, indicating similar levels of R-2,6-linked sialic acid. MAA-II bound to IgA1
from IgAN patient 1 much more weakly than to the other IgA1 samples, indicating lower levels of R-2,3-linked sialic acid.

Table 5: Equilibrium Parameters for HAALectin Binding at 25 �C to IgA1

Proteins Secreted by IgA1-Producing Cellsa

ligand IgA1 source KD1 (μM) KD2 (μM)

IgAN patient 1 0.6( 0.2 26( 3

IgAN patient 2 1.2( 0.2 31( 5

healthy control 1 - -
healthy control 2 20( 6 270( 200

aKD values were derived using a two-site model in Scientist. Equilibrium
parameters for IgA1 proteins secreted by IgA1-producing cells were derived
from analyses with 11 different concentrations of injectedHAA. The dashes
for healthy control 1 indicate that the binding to HAA was weak and the
affinities could not be determined at the concentrations of analyte (HAA)
used in the experiment.

Table 6: Equilibrium Parameters for HPA Lectin Binding at 25 �C to IgA1

Proteins Secreted by IgA1-Producing Cellsa

ligand IgA1 source KD1 (μM) KD2 (μM)

IgAN patient 1 0.61( 0.05 23( 2

IgAN patient 2 1.0( 0.7 17( 6

healthy control 1 - -
healthy control 2 22( 7 130( 80

aKD values were derived using a two-site model in Scientist. Equilibrium
parameters for IgA1 proteins secreted by IgA1-producing cells were derived
from analyses with 11 different concentrations of injected HPA. The dashes
for healthy control 1 indicate that the binding to HPA was weak and the
affinities could not be determined at the concentrations of analyte (HPA)
used in the experiment.
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IgA1 purified from culture media from EBV-immortalized
IgA1-secreting cells from IgAN patients and healthy controls.
The lectin blotting and SPR assays showed that HAA and
HPA bound much more tightly to IgA1 originating from IgAN
patients than to IgA1 from healthy controls (Figures 2 and 8 and
Tables 5 and 6). Furthermore, we have compared the appa-
rent lectin affinities for IgA1 from patients with IgAN and from
healthy controls with the affinities of the myeloma proteins and
HR-GalNAc glycopeptide. The apparent lectin affinities for the
IgA1 secreted by the cells of patients were greater than those for
IgA1Mce, comparable to those for IgA1Ale, but weaker than those
for the HR-GalNAc glycopeptide. Another interesting feature
of the binding curves for patient 2 and both healthy controls is
the fact that the maximal response appeared to be significantly
weaker than for patient 1 or the IgA1 myeloma proteins, despite
coupling comparable levels of IgA1 proteins to the chip. This
findingmay indicate heterogeneity in theO-glycosylation pattern
of the hinge region; i.e., only a fraction of the total population of
the IgA1 samples contained Gal-deficient hinge-region glycans,
or those hinge regions have relatively few exposed (terminal)
GalNAc residues.When normalized to the samemaximum, both
patient samples exhibited similar apparent affinities for HAA
andHPA, although IgA1 from patient 2 still boundmoreweakly.
In terms of the IgA1myeloma proteins, IgA1Mce contains a single
exposed GalNAc in approximately 60% of the sample (24, 26),
whereas IgA1Ale contains a single exposedGalNAc in 46%of the
sample and two exposed GalNAc residues in 12% of the sample
(K. Takahashi, J. Novak, and M. B. Renfrow, personal com-
munication). However, IgA1Mce is extensively sialylated, while
IgA1Ale contains very little sialic acid. In contrast, the synthetic
HR-GalNAc glycopeptide is a homogeneous sample that con-
tains three exposed GalNAc residues. Thus, we predict that
more than half of the O-glycans on IgA1 from patient 1 are Gal-
deficient, with average levels of GalNAc exposure approximately
equal to that of IgA1Ale (with one or two GalNAc residues per
hinge). In contrast, a lower percentage of the IgA1 from patient
2 appears to contain Gal-deficient IgA1 hinge region glycans,
although the degree of GalNAc exposure within this subpopula-
tion is comparable to that for IgA1 from patient 1.

Some of the observed differences between the two IgAN
patient-derived samples could be attributed to differential sialy-
lation, as we have previously shown that ∼50% of Gal-deficient
O-glycans on IgA1 from patients with IgAN are sialylated (9).
We now analyzed this directly using two sialic acid-specific
lectins: SNA (specific for R-2,6-linked sialic acid on both N- and
O-glycans of IgA1) (Table 7) and MAA-II (specific for R-2,3-
linked sialic acid, predominantly on O-glycans) (Table 8). We
found that both IgAN patient-derived IgA1 and healthy control-
derived IgA1 exhibited similar affinities for SNA (Figure 8C),
suggesting that the IgA1 proteins have similar levels of R-2,6-
linked sialic acid. This result pertains to both the O-glycans (9)
and the N-glycans; it has previously been demonstrated that
90-100% of sialylated N-glycans on IgA1 have the R-2,6
linkage (13, 22, 27). In contrast, IgA1 from IgAN patient 1 had
a much lower affinity for MAA-II than IgA1 from IgAN patient
2 or the healthy controls (Figure 8D). In IgA1, R-2,3-linked sialic
acids are typically attached to the terminalGal residue onO-glycans
(Figure 1) and only rarely are found on N-glycans (13, 22, 27).
Thus, the MAA-II data are consistent with the HAA and HPA
data and indicate that IgA1 from IgAN patient 1 has a higher
proportion of exposedGalNAc residues compared to IgA1 in the
other samples.

The sedimentation data presented here indicate that HAA
and HPA adopt nearly identical shapes and assembly states in
solution: predominantly hexamers, with low levels of dodeca-
mers. Furthermore, competition binding studies with GalNAc
and direct binding analyses with HR-GalNAc and a panel of
IgA1 samples revealed very similar behavior between these two
lectins. These data allow us to propose a general model for the
recognition of Gal-deficient IgA1 hinge-region glycans by these
lectins. The crystal structure of HPA showed that it exists as a
hexamer, consistent with ourAUC results (51). Each protomer of
HPA adopts a β-barrel fold and assembles into a noncovalent
trimer. Two HPA trimers are linked back to back by disulfide
bridges to form the hexamer that is the biologically relevant
species. Preliminary X-ray structural analysis of HAA indicates
that it forms a hexamer with the same back-to-back arrangement
of noncovalent trimers observed for HPA (M. M. Gomes and
A. B. Herr, unpublished data). The GalNAc-binding sites are
located at the distal end of eachHPA trimer, approximately 20 Å
apart (51). The distance between binding sites on opposite trimers
is 75-80 Å [i.e., along the long axis of the elongated hexamer
(Figure 9)]. On the basis of the location of the binding sites on the
exterior of the HPA trimer and the inherent 3-fold rotational
symmetry between these sites, it appears that each HPA trimer
(i.e., one end of the hexamer) could bind only one GalNAc
residue at a time in a given IgA1 hinge region. Thus, we propose
that HPA and HAA act as functionally bivalent lectins when
binding to IgA1, with each trimeric end of the HPA or HAA
hexamer binding to a single GalNAc residue. Our data strongly
support this conclusion, given that the apparent affinities of the
lectins for IgA1 samples are similar regardless of which protein is
coupled to the chip and which is injected (Figures 6 and 7 and
Tables 2 and 4). In contrast, a case in which one binding partner
has a higher valency than the other will show a significant
difference in apparent affinity when the orientation is reversed.

Table 7: Equilibrium Parameters for SNA Lectin Binding at 25 �C to IgA1

Proteins Secreted by IgA1-Producing Cellsa

ligand IgA1 source KD1 (μM) KD2 (μM)

IgAN patient 1 0.10( 0.05 ∼7

IgAN patient 2 0.12( 0.01 4 ( 2

healthy control 1 0.22( 0.07 ∼8

healthy control 2 0.15( 0.02 5 ( 3

aKD values were derived using a two-site model in Scientist. Equilibrium
parameters for IgA1 proteins secreted by IgA1-producing cells were derived
from analyses with 10 different concentrations of injected SNA.KD2 values
for IgAN patient 1 and healthy control 1 could not be determined with a
high degree of confidence under the conditions that were used.

Table 8: Equilibrium Parameters for MAA-II Lectin Binding at 25 �C to

IgA1 Proteins Secreted by IgA1-Producing Cellsa

ligand IgA1 source KD (μM)

IgAN patient 1 -
IgAN patient 2 6.8( 0.8

healthy control 1 3.0( 0.2

healthy control 2 4.3( 0.4

aKD values were derived using a one-site model in Scientist. Equilibrium
parameters for IgA1 proteins secreted by IgA1-producing cells were derived
from analyses with 10 different concentrations of injected MAA-II. The
dash for IgANpatient 1 indicates that the binding toMAA-II was weak and
the affinities could not be determined at the concentrations of analyte
(MAA-II) used in the experiment.
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For example, binding of FcRRI (a monovalent receptor) to the
Fc region of IgA1 (a bivalent ligand) shows an apparent affinity
of 9 nM when IgA1-Fc is injected and FcRRI is coupled,
compared to affinities of 200-400 nM when FcRRI is injected
over IgA1-Fc (55). In the case of HPA and HAA (functionally
bivalent) binding to IgA1 (bivalent), the same binding trends and
similar apparent affinities are observed in either orientation,
suggesting that the valencies of the lectin and IgA1are equivalent.
According to the solution scattering structure of intact IgA1, the
maximal distance between the potential O-glycosylation sites on
the two hinge regions in a single mIgA1 molecule is approxi-
mately 88 Å, comparable to the separation between binding sites
on opposite ends of the HPA hexamer (Figure 9) (64). Thus, the
functionally bivalent lectin could potentially bridge both hinge
regions in a single IgA1 molecule or bind to hinge regions of two
different IgA1 molecules when they are coupled to a surface.

The functionally bivalent nature of HAA and HPA binding to
the IgA1 hinge has implications for the development of diag-
nostic tools for IgAN. The bivalent interaction increases the
apparent affinity of binding dramatically when compared to the
affinity of HAA or HPA for a single GalNAc residue; this
phenomenon will reduce the level of nonspecific binding to
alternate targets. Injecting patient serum (or serum-purified IgA)
over a sensor chip coated with HAA or HPA (possibly com-
plemented withMAA-II) could be used to rapidly screen patients
to identify those with severely Gal-deficient IgA1. This approach
has the potential to be faster, safer, and cheaper than the kidney
biopsy analysis that is the current standard for diagnosis of
IgAN. Furthermore, in contrast to the previous methods used to
study O-glycans in the IgA1 hinge region, a biosensor-based
assay provides a rapid, quantitative, highly sensitive method
requiring small quantities of sample that is independent of
experimental orientation. In addition, in our SPR assay, the

monomeric andpolymeric forms of IgA1 in the samples exhibited
similar affinities for HAA and HPA (Figure 6). This point is
important because serum Gal-deficient IgA1 is predominantly
polymeric. The results presented here indicate that a biosensor-
based assay could be developed into a rapid, point-of-care
diagnostic device. It will be interesting in future studies to deter-
mine if there is a particular threshold of exposed GalNAc
residues on the IgA1 hinge region that leads to the development
of IgAN symptoms or to end-stage renal failure.
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