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enzyme for sialylation of galactose-deficient IgA1, the key
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ABSTRACT

Background. Galactose-deficient O-glycans in the hinge
region (HR) of immunoglobulin A1 (IgA1) play a key role in
the pathogenesis of IgA nephropathy (IgAN). O-Glycans of
circulatory IgA1 consist of N-acetylgalactosamine (GalNAc)
with a β1,3-linked galactose; both sugars may be sialylated. In
patients with IgAN, α2,6-sialylated GalNAc is a frequent form
of the galactose-deficient O-glycans. Prior analyses of IgA1-
producing cells had indicated that α2,6-sialyltransferase II
(ST6GalNAc-II) is likely responsible for sialylation of GalNAc
of galactose-deficient IgA1, but direct evidence is missing.
Methods. We produced a secreted variant of recombinant
human ST6GalNAc-II and an IgA1 fragment comprised of
Cα1-HR-Cα2. This IgA1 fragment and a synthetic HR peptide
with enzymatically attached GalNAc residues served as accep-
tors. ST6GalNAc-II activity was assessed in vitro and the at-
tachment of sialic acid to these acceptors was detected by
lectin blot and mass spectrometry.
Results. ST6GalNAc-II was active with both acceptors. High-
resolution mass spectrometry analysis revealed that up to three
sialic acid residues were added to the GalNAc residues of the
HR glycopeptide.
Conclusions. Our data provide direct evidence that ST6Gal-
NAc-II can sialylate GalNAc of galactose-deficient IgA1. As
serum levels of galactose-deficient IgA1 with sialylated glyco-
forms are increased in IgAN patients, our data explain the cor-
responding part of the biosynthetic pathway.
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INTRODUCTION

Immunoglobulin A (IgA) nephropathy (IgAN) is associated
with alterations of hinge region (HR) O-glycans of IgA1 [1–3].
O-glycans on circulatory IgA1 are Core 1 glycans consisting of
N-acetylgalactosamine (GalNAc) attached to HR serine or
threonine (GalNAc-α-Ser/Thr, also called Tn antigen) with a
β1,3-linked galactose; both sugars may be sialylated. Galact-
ose-GalNAc-α-Ser/Thr disaccharide (also called T antigen) re-
presents a prevailing glycoform on normal circulatory IgA1
[4–8]. In patients with IgAN, an elevated fraction of IgA1 has
some O-glycans without galactose, leaving terminal GalNAc
residue(s) (GalNAc-α-Ser/Thr) accessible for recognition by
IgG and/or IgA1 autoantibodies. The consequence is forma-
tion of nephritogenic immune complexes [9] that may deposit
in the glomeruli, activate mesangial cells [3, 10, 11] and induce
renal injury. This process culminates in end-stage renal failure
within 20 years after diagnosis in 20–40% of patients [12].
The IgA1 HR, located between Cα1 and Cα2, consists of two
octapeptide repeats [13] with nine potential O-glycosylation
sites (POGSs) of which three to six are glycosylated
(PVPST225PPT228PS230PS232T233PPT236PSPSC; POGSs are
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in bold and the six commonly glycosylated sites are num-
bered) [14–16].

O-Glycosylation of IgA1 is initiated by attachment of
GalNAc to Ser/Thr residues by a polypeptide N-acetylgalacto-
saminyltransferase (GalNAc-T) [1, 17]. Attachment of galact-
ose by a β1,3-galactosyltransferase (C1GalT1) follows, leading
to formation of galactose-GalNAc-α-Ser/Thr disaccharides
[18, 19]. IgA1-producing cells from patients with IgAN secrete
IgA1 with several galactose-deficient O-glycans. While some
glycans have a terminal GalNAc residue, in other glycans the
GalNAc residue is capped with sialic acid, forming sialyl-Tn
(STn) antigens [20]. The addition of sialic acid is mediated by
an α2,6-sialyltransferase (ST6GalNAc) [20–22]. Sialylation of
GalNAc-α-Ser/Thr prevents further galactosylation of this
structure on IgA1 HR [23]. Therefore, the elevated activity of
an ST6GalNAc may play an important role in the pathogenesis
of IgAN, by enhancing production of IgA1 with some of the
clustered O-glycans deficient in galactose [23, 24].

We found that IgA1-producing cells from IgAN patients
exhibited elevated transcription of the ST6GALNAC2 gene
encoding an ST6GalNAc, ST6GalNAc-II [20, 22]. This obser-
vation is consistent with elevated enzymatic activity of
ST6GalNAc in these cells [20, 22], leading to the hypothesis
that ST6GalNAc-II is involved in pathogenesis of IgAN. Re-
cently, we provided indirect evidence for the role of ST6Gal-
NAc-II in the synthesis of sialylated GalNAc-α-Ser/Thr on
IgA1 HR by using siRNA knockdown [23]. Here, we provide
direct evidence that ST6GalNAc-II can sialylate GalNAc in the
IgA1 HR. This process produces a glycoform of IgA1 that is
secreted by IgA1-producing cells of IgAN patients of which
the serum level is increased. These data further define the
pathway for synthesis of galactose-deficient IgA1. This new
information may provide leads for development of potential
biomarkers and targets for future disease-specific therapy.

MATERIALS AND METHODS

Cell lines and primary cells

We isolated IgA1-producing cell lines by subcloning
EBV-immortalized cells derived from peripheral blood mono-
nuclear cells of IgAN patients and healthy controls [20].

Production of secreted recombinant ST6GalNAc-II in
mammalian HEK293 cells

Human ST6GALNAC2 cDNA without transmembrane
domain (corresponding to 31–374 amino acids, NCBI Acc.
No. NM_006456) was amplified by RT-PCR from human
colorectal adenocarcinoma cell line HT29 using gene-specific
primers (forward-primer 50-GTGCAGCGGTACCCGGGGC
CA-30; reverse-primer 50-CGCTGGTACAGCTGAAGGAT-30).
PCR product was in-frame blunt-cloned into mammalian ex-
pression plasmid pcDNA3.1 (Thermo Fisher Scientific) ahead
of sequence encoding V5 and His tags. This vector was first
modified by adding in-frame murine Ig kappa secretion
signal-encoding cDNA (corresponding to amino acids MET
DTLLLWVLLLWVPGSTGDAA) at the 50-end [25]. Recom-
binant ST6GalNAc-II protein was isolated from the

supernatant of transiently transfected HEK293 FreeStyle sus-
pension cells (293F).

Purification of recombinant ST6GalNAc-II

The recombinant protein was purified by Ni-NTA affinity
chromatography under native conditions performed at 4°C,
as described for GalNAc-T2 [25], with minor modifications.
The culture supernatant was mixed with 1/9 of supernatant
volume of binding buffer (50 mM NaH2PO4, pH 8.0, 300 mM
NaCl, 10 mM imidazole and 0.1% octyl-β-D-glucopyranoside;
OG) and 1/250 supernatant volume of 50% Ni-NTA aga-
rose (Qiagen) and incubated overnight. Ni-NTA agarose
was washed with 10 volumes of washing buffer (50 mM
NaH2PO4, pH 8.0, 300 mM NaCl, 2 mM imidazole and 0.1%
OG). Bound protein was eluted with 6 column-volumes of
elution buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl,
200 mM imidazole and 0.1% OG) and concentrated on
Amicon Ultracell 10K (Millipore) into 50 mM Tris–HCl (pH
7.4), 200 mM NaCl buffer to reach concentration ∼0.5 mg/mL
(BCA Assay, Thermo Fisher Scientific). Protein was separated
by 10% SDS–PAGE and stained with Silver Stain Kit (Thermo
Fisher Scientific). Densitometric evaluation of protein bands
was performed with ImageJ software (NIH). Identification
of the recombinant protein was confirmed by liquid chro-
matography (LC)–mass spectrometry (MS), as described for
GalNAc-T2 [25].

Preparation of recombinant IgA1 fragment
in Escherichia coli

cDNA encoding Cα1-HR-Cα2 (NCBI Acc. No. AY647978.1)
was codon-optimized for E. coli expression and synthesized
(Generi Biotech, Hradec Kralove, Czech Republic). cDNA
was cloned into pET101/D-TOPO vector in-frame with 30-
sequences encoding V5 and His tags (Thermo Fisher Scientif-
ic). Cα1-HR-Cα2 was expressed in E. coli BL21 (DE3) grown
for 5 h at 30°C after the induction by 1 mM isopropyl-β-D-
thiogalactoside and purified from the bacterial pellet lysed
with 6 mL of denaturation lysis buffer added per 1 g of cell
pellet (100 mM NaH2PO4, 10 mM Tris–HCl, 6 M guanidine–
HCl, pH 8.0). After 24 h, the centrifugation-cleared super-
natant was mixed at ratio 24 : 1 with 50% Co-NTA agarose
(Qiagen), washed with 12 column-volumes of 6 M urea,
50 mM NaH2PO4, 300 mM NaCl buffer, pH 8.0, then eluted
with the same buffer adjusted to pH 6.0. Protein was dialyzed
against 10 mM Tris, 150 mM NaCl, 0.3 M arginine buffer, pH
7.0 and concentrated by Amicon Ultracell 10K (Millipore) to
reach ∼1 mg/mL. The identity of the Cα1-HR-Cα2 protein
was confirmed by MALDI-TOF MS, as described [26].

Determination of enzymatic activity of ST6GalNAc-II

IgA1 fragment was GalNAcosylated in vitro with GalNAc-
T2 [25]; GalNAc-T2 was inactivated (5 min, 96°C). Six micro-
grams of GalNAcosylated IgA1 fragment were then sialylated
for 36 h at 37°C with 1 µg of recombinant ST6GalNAc-II in
the reaction mixture consisting of 50 mM MES (pH 6.0), 100
mM CMP-NeuAc, 2 mM CaCl2, 2 mM MnCl2, 10 mM MgCl2
in a total volume of 25 µL. Recombinant ST6GalNAc-I was
used in a control reaction [24]. Three micrograms of sialylated
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IgA1 fragment were then desialylated (2 U of Arthrobacter
ureafaciens sialidase; 37°C, 8 h) [8]. Glycosylated IgA1 frag-
ments were SDS–PAGE western blotted onto PVDF mem-
brane (Millipore), blocked with SuperBlock (Thermo Fisher
Scientific) and developed with biotinylated lectin from Helix
aspersa (HAA), a lectin specific for terminal GalNAc [9, 20,
22, 27–29] (Sigma-Aldrich) diluted 1 : 1000 in SuperBlock,
followed by HRP-conjugated avidin diluted 1:50 000 (Sigma-
Aldrich). Protein load of IgA1 fragments was assessed
with anti-V5-tag antibody HRP-conjugated (Sigma-Aldrich)
diluted 1 : 10 000 in SuperBlock.

Assessment of the activity of ST6GalNAc-II by MS

One microgram of the acceptor peptide VPSTPPTPSPST
PPTPSPSCCHPR was first GalNAcosylated using GalNAc-T2
(8 h, 37°C) in 25 µL of a reaction buffer consisting of 25 mM
Tris–HCl (pH 6.64), 5 mM MnCl2 and 250 μM UDP-GalNAc
using 0.05 μg of GalNAc-T2. Reaction was terminated by heat
inactivation (95°C for 8 min). Sialylation was performed at
37°C for 24 h in 10 μL (∼0.4 μg of GalNAcosylated acceptor)
of previous reaction with the addition of 2.5 μL ddH2O, 2.5 μL
500 mM MES buffer (pH 6.0), 2.5 μL 200 mM CMP-NeuAc
and 1.25 μg of purified recombinant ST6GalNAc-II protein in
2.5 µL of 50 mM Tris–HCl (pH 7.4), 200 mM NaCl buffer.
Five microliters of the sialylation reaction were diluted in 75 µL
of 0.1% formic acid. Ten microliters of sample were loaded onto
Jupiter reverse-phase C18 beads with a 4-µm particle diameter
and 90-Å pore size and reaction products were eluted using
solvents A (97.4% water, 0.1% FA and 2.5% ACN) and B (2.5%
water, 0.1% FA and 97.4% ACN) to form a non-linear gradient
from 8 to 30% B over 40 min. LC was directly coupled to and
analyzed by Orbitrap Velos high-resolution mass spectrometer
with MS1 full scans (m/z 200–2000) and MS2 collision-induced
dissociation activation on the top 3 ions from each MS1
scan. Spectra were manually analyzed in Thermo XcaliberQual
Browser software, wherein MS1 peak averages were assigned
glycoforms based onm/z data alone.

RESULTS

Production of secreted recombinant human ST6GalNAc-II
and recombinant Cα1-HR-Cα2 fragment of IgA1

To assess whether ST6GalNAc-II can attach sialic acid to
GalNAc-α-Ser/Thr on IgA1 HR, we produced recombinant,
secreted version of ST6GalNAc-II in 293F cells and Cα1-
HR-Cα2 IgA1 fragment in E. coli. Purified proteins were
separated on SDS–PAGE and detected by silver staining (Sup-
plementary data, Figure S1A and B). The bands representing
ST6GalNAc-II (panel A) and Cα1-HR-Cα2 (panel B) corre-
sponded to the apparent molecular masses of proteins of 54
and 27 kDa, respectively. Densitometric analysis indicated
∼93% purity of ST6GalNAc-II and Cα1-HR-Cα2. Two poten-
tial N-glycosylation sites on ST6GalNAc-II were predicted
by NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetN
Glyc/). Glycosylation of recombinant ST6GalNAc-II expressed
in 293F cells was confirmed by mobility-shift assay using
SDS–PAGE immunoblot before and after enzymatic

deglycosylation with PNGase F [30]. The results showed a re-
duction of apparent molecular mass from ∼54 to 51 kDa (Sup-
plementary data, Figure S1C). Identity of both ST6GalNAc-II
and Cα1-HR-Cα2 proteins was confirmed by mass spectrom-
etry.

Assessment of ST6GalNAc-II enzymatic activity

To determine whether ST6GalNAc-II can effectively sialy-
late GalNAc on IgA1 HR, we used a Cα1-HR-Cα2 fragment of
IgA1, produced in E. coli, purified, and subsequently GalNA-
cosylated with recombinant GalNAc-T2 [1, 25]. GalNAc
additions and subsequent sialylation were monitored on
western blot with HAA lectin (reacts with GalNAc but not
with galactose-GalNAc) [20, 22]. HAA did not react with non-
glycosylated Cα1-HR-Cα2 (Figure 1, column 1), but recog-
nized GalNAcosylated Cα1-HR-Cα2 (Figure 1, column 2).
Sialylation with recombinant ST6GalNAc-II reduced the re-
activity with HAA by ∼80% (Figure 1, column 3); the full re-
activity was restored by treatment with sialidase (Figure 1,
column 4). Anti-V5 antibody reactivity confirmed equal loads
of Cα1-HR-Cα2.

Next, we tested ST6GalNAc-II activity by MS using Gal-
NAcosylated HR peptide as substrate. Figure 2 shows high-
resolution Fourier transform (FT) MS analysis of enzyme reac-
tion performed for 24 h. LC-FT-MS spectra revealed most of
the GalNAcosylated HR peptide was sialylated, corresponding
to glycopeptides with 4–7 GalNAc additions to the synthetic
HR peptide in the 3+ and 4+ charge states with additions of
one to three sialic acid residues (peaks labeled with 4:X, 5:X, 6:
X, and 7:X show number of GalNAc and sialic acid residues;

F IGURE 1 : Determination of ST6GalNAc-II activity on IgA1 Cα1-
HR-Cα2 using lectin blot. Cα1-HR-Cα2 was GalNAcosylated by
GalNAc-T2 and then sialylated for 36 h at 37°C with ST6GalNAc-II.
Half of the protein was desialylated by sialidase from Arthrobacter ur-
eafaciens. Glycosylated proteins were analyzed by western blot with
HAA lectin. Anti-V5 antibody was used as load control. (1) Recom-
binant Cα1-HR-Cα2, (2) Cα1-HR-Cα2 glycosylated with GalNAc-
T2, (3) sample 2 sialylated by ST6GalNAc-II, and (4) sample 3 after
desialylation. Bar graph expresses densitometric data as means + SD
from two independent experiments.
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Figure 2, Supplementary data, Table S1). The distance between
adjacent ion species reflected the exact masses of GalNAc and/
or sialic acid residues. These data directly demonstrated that
ST6GalNAc-II can attach sialic acid residues to GalNAc resi-
dues of IgA1 HR glycopeptide.

DISCUSSION

IgAN is associated with production of IgA1 with galactose-
deficient O-glycans recognized by IgG and/or IgA1 autoanti-
bodies, leading to formation of immune complexes that
deposit in the glomerular mesangium and incite glomerular
injury [31, 32]. Galactose-deficiency of IgA1 clustered
O-glycans is associated with elevated levels of sialylated
GalNAc, a feature that prevents subsequent galactosylation
[20, 23, 24]. The human colon-cancer cell line HCT15 over-
expresses ST6GalNAc-I and thereby produces an increased
amount of STn [33]. This finding suggests a key role for
ST6GalNAc-I in production of sialylated GalNAc-α-Ser/Thr
structure on glycoproteins in some types of cancer.

The origin of sialylated GalNAc-α-Ser/Thr in the IgA1 HR
in patients with IgAN was puzzling, as IgA1-producing cells
from peripheral blood of IgAN patients do not express
ST6GALNAC1 [20, 22]. However, abundant transcription of
ST6GALNAC2, the gene encoding another sialyltransferase,
ST6GalNAc-II, was detected [20, 22]. Based on the overexpres-
sion of ST6GALNAC2 in the cells from IgAN patients versus
those of healthy controls and the elevated ST6GalNAc enzym-
atic activity, we suspected that the candidate enzyme

responsible for the sialylation of GalNAc-α-Ser/Thr antigens
of IgA1 is ST6GalNAc-II [20, 22].

Humans have four additional enzymes with ST6GalNAc
activity, ST6GalNAc-III to ST6GalNAc-VI, but their contribu-
tion to oversialylation of IgA1 in IgAN is likely negligible. The
transcriptional levels of ST6GALNAC4 and ST6GALNAC6 in
IgA1-producing cells from IgAN patients versus healthy con-
trols are similar [20, 22]. mRNA for ST6GALNAC3 is present
at low levels in IgA1-producing cells from IgAN patients and
healthy controls. ST6GALNAC5 mRNA is not detectable in
IgA1-producing cells (M. Raska, unpublished observations).

To confirm that ST6GalNAc-II can attach sialic acid to
GalNAc-α-Ser/Thr on the IgA1 HR, we produced recombin-
ant human ST6GalNAc-II. Other investigators have shown
that ST6GalNAc-II isolated from cells attached sialic acid to
terminal GalNAc on a variety of mucins [34, 35]. In cell
lines transfected by human ST6GalNAc-I- and ST6GalNAc-
II-encoding plasmids, sialylation activity of ST6GalNAc-II
toward GalNAc-α-Ser/Thr antigen was less than that of
ST6GalNAc-I [34]. Limited activity of ST6GalNAc-II in STn
synthesis was shown also for some commonly used breast-
cancer cell lines that are STn-negative but express ST6Gal-
NAc-II mRNA [35]. These reports confirmed that human
ST6GalNAc-II generally prefers galactose-GalNAc-α-Ser/Thr
over GalNAc-α-Ser/Thr and less effectively sialylates GalNAc-
α-Ser/Thr than does ST6GalNAc-I [34]. Here, we produced
recombinant ST6GalNAc-II in eukaryotic cells and used a re-
combinant IgA1 fragment expressed in E. coli that was Gal-
NAcosylated by GalNAc-T2 [25]. To test the ability of the
recombinant enzyme to sialylate Tn antigen(s) on IgA1, we
used HAA lectin western blot, taking advantage of the fact
that sialylation of GalNAc blocks HAA binding to GalNAc-
containing IgA1 [24]. HAA binding to GalNAcosylated IgA1
fragment was reduced after incubation with ST6GalNAc-II
enzyme and restored by enzymatic desialylation. Thus,
ST6GalNAc-II enzyme sialylated terminal GalNAc of the
IgA1 HR. ST6GalNAc-I, used as a control, also sialylated
IgA1, the GalNAcosylated Cα1-HR-Cα2 fragment, and HR
peptide [24]. To better characterize the sialylation products of
ST6GalNAc-II enzyme, we used mass spectrometry and Gal-
NAcosylated HR peptide as the substrate. ST6GalNAc-II
added up to three sialic acid residues to the HR glycopeptide,
suggesting that ST6GalNAc-II can effectively sialylate galact-
ose-deficient IgA1 HR glycans. It is to be noted, however, that
these experiments used Cα1-HR-Cα2 fragment of IgA1 or HR
glycopeptide and, thus, it is not necessarily straightforward to
extrapolate an identical function for this enzyme in a complex
environment of the Golgi apparatus and the IgA1 molecule as
substrate.

Our previous data indicated that elevated activity of
ST6GalNAc-II in IgA1-producing cells of patients with IgAN
enhanced synthesis of IgA1 with some of the clustered
O-glycans deficient in galactose [23, 24]. However, it is not
clear whether sialylated GalNAc is a precursor for the epitope
recognized by the autoantibodies or whether sialylation of
some GalNAc residues blocks galactosylation of neighboring
GalNAc residue(s) and, thus, directly increases the number of
glycans in the IgA1 HR with terminal GalNAc.

F IGURE 2 : Determination of ST6GalNAc-II activity using mass
spectrometry. IgA1 HR peptide VPSTPPTPSPSTPPTPSPSCCHPR
was GalNAcosylated with GalNAc-T2 and then sialylated using
ST6GalNAc-II. MS1 spectra were averaged over glycopeptide-elution
retention times; the glycopeptides were observed in 3+ and 4+ charge
states. Both the non-sialylated and sialylated forms of the GalNAcosy-
lated HR glycopeptide were detected, ranging from 4 to 7 additions of
GalNAc with 0 to 3 additions of sialic acid. Major glycopeptide ion
species are labeled to show the number of GalNAc and sialic acid ad-
ditions to the acceptor HR peptide.
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In summary, we confirmed that ST6GalNAc-II can sialylate
GalNAc in the clustered O-glycans of IgA1. As the enzyme is
overexpressed in IgA1-producing cells from IgAN patients, its
activity may contribute to production of galactose-deficient
IgA1 [23], the key autoantigen in the pathogenesis of IgAN.

SUPPLEMENTARY DATA

Supplementary data are available online at http://ndt.oxford-
journals.org.
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