1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access

"EQEJ Author Manuscript
st

Published in final edited form as:
J Proteome Res. 2012 February 3; 11(2): . doi:10.1021/pr200608q.

Naturally Occurring Structural Isomers in Serum IgA1 O-
Glycosylation

Kazuo Takahashi?!, Archer D. Smith IV1, Knud Poulsen3, Mogens Kilian3, Bruce A.
Julian*2, Jiri Mestecky?4, Jan Novak?, and Matthew B. Renfrowl"

Matthew B. Renfrow: Renfrow@uab.edu

1Biomedical FT-ICR Mass Spectrometry Laboratory, Department of Biochemistry and Molecular
Genetics, Aarhus University, Aarhus, Denmark

2Department of Microbiology, Aarhus University, Aarhus, Denmark
3Department of Medical Microbiology & Immunology, Aarhus University, Aarhus, Denmark

4Department of Medicine, Aarhus University, Aarhus, Denmark

Abstract

IgA is the most abundantly produced antibody and plays an important role in the mucosal immune
system. Human IgA is represented by two isotypes, IgA1 and IgA2. The major structural
difference between these two subclasses is the presence of nine potential sites of O-glycosylation
in the hinge region between the first and second constant region domains of the heavy chain.
Thr225 Thr228, Ser230, Ser232 and Thr236 have been identified as the predominant sites of O-
glycan attachment. The range and distribution of O-glycan chains at each site within the context of
adjacent sites in this clustered region create a complex heterogeneity of surface epitopes that is
incompletely defined. We previously described the analysis of IgA1 O-glycan heterogeneity by
use of high resolution LC/MS and electron capture dissociation tandem MS to unambiguously
localize all amino acid attachment sites in IgA1 (Ale) myeloma protein. Here, we report the
identification and elucidation of IgA1 O-glycopeptide structural isomers that occur based on
amino acid position of the attached glycans (positional isomers) and the structure of the O-glycan
chains at individual sites (glycan isomers). These isomers are present in a model IgA1 (Mcel)
myeloma protein and occur naturally in normal human serum IgA1l. Variable O-glycan chains
attached to Ser230, Thr233 or Thr236 produce the predominant positional isomers, including O-
glycans composed of a single GalNAc residue. These findings represent the first definitive
identification of structural isomeric IgA1 O-glycoforms, define the single-site heterogeneity for all
O-glycan sites in a single sample, and have implications for defining epitopes based on clustered
O-glycan variability.
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Introduction

IgA is the most abundant isotype of human immunoglobulins and has a significant role in
mucosal immunity. Approximately two thirds of IgA are produced in a polymeric form in
mucosal tissues, particularly in the intestinal tract, and then selectively transported by a
receptor-mediated pathway into external secretions L. In contrast, most of circulatory IgA
occurs in a monomeric form. Production of IgA in the mucosal compartments is a dominant
immunological process important for homeostasis between the gut commensal microbiota
and the local immunological environment 2. Specifically, IgA can neutralize toxins and
pathogenic microbes as well as restrict the gut commensal flora to the intestinal lumen.

Human IgA is represented by two structurally and functionally distinct subclasses, IgA1 and
IgA2 3. The most significant difference between the two isotypes of IgA is that IgA1, but
not IgA2, possesses a 19-aminO-acid hinge region (HR) with 9 potential O-glycosylation
sites, of which 3 to 5 are usually occupied by core 1 type O-glycans # ° (Fig. 1A). Mattu et
al. determined that O-glycans in circulatory IgA1 are commonly attached at Thr228, Ser230,
and Ser232, whereas sites Thr225 and Thr236 are occupied in only a fraction of IgA1
molecules °. We previously reported on the direct localization of IgA1 (Ale) myeloma
protein O-glycan chains to these same sites by use of activated ion-electron capture
dissociation (Al-ECD) fragmentation. Additionally, several groups, including ours, have
reported on the profile or distribution of IgA1 O-glycoforms present in a variety of IgA1
myeloma proteins 612, normal human serum 1gA1 13-17 and 1gA1 from patients with

IgAN 14.18-20 \While some IgA1 myeloma proteins exhibit fewer O-glycans, the majority of
these analyses indicate the native distribution of IgA1 HR O-glycoforms centers around four
to five O-glycan chains with a total range of 3-6 O-glycans.

The IgA1 HR O-glycosylation is mediated by specific glycosyltransferases in the Golgi
apparatus of IgAl-secreting cells. Iwasaki et al. reported that O-glycosylation of IgAl is
initiated by a UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase 2 (GalINAc-T2).
Isomeric structures of synthetic IgA1 HR glycopeptides associated with sites of different
GalNAc attachment were generated by recombinant GaINAc-T2 21, whereas other GalNAc-
T family members have been shown to add GaINAc to IgA1 HR as well?2. GaINAc-T2
rarely glycosylates sites adjacent to already occupied sites in HR, such as Ser232 and Thr233,
Interestingly, five other GaINAc-Ts that can add GalNAc at Thr233 are expressed in IgA-
positive cells 2. Positions of O-glycans in glycoproteins are dependent on the variety of
GalNAc-Ts expressed in the cells and their substrate specificities 23. Differential regulation
of these enzymes in IgA1-producing cell may be implicated in the generation of isomeric
structures in IgA1 HR. The question remains as to whether attachment of all IgA1 O-glycan
chains is mediated by the same GalNAc-T, 7.e., GaINAc-T2.

Regardless of which specific GaINAc-T(s) (in the Golgi apparatus) mediate the initial
glycan attachment, some sites on IgA1 secreted by the IgA1-producing cells remain
galactose (Gal) deficient 24 25, The levels of serum IgA1 with this aberration are increased
in patients with IgAN 26-28 compared to those in normal human serum IgA1 29, IgAN is
characterized by predominant IgA1 deposition in the renal mesangium 19 30, In patients with
IgAN, IgA1 glycoproteins with Gal-deficient O-glycans in the HR are present in the
circulating immune complexes and in mesangial immunodeposits. This Gal-deficient IgAl
is produced by IgA1-secreting cells 2°, Although elevated levels of aberrantly glycosylated
IgA1 in the sera of patients with IgAN have been reported 18-20. 27-29, 31-34 ' there have not
been any systematic MS studies that have included site-specific heterogeneity information.
To characterize the pathogenic forms of IgA1 involved with IgAN, O-glycan
microheterogeneity and attachment sites including isomeric structures should be analyzed,
as each HR has nine potential O-glycosylation sites. The possibility of structural isomers of
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IgA1 O-glycosylation has potential impact in other areas as well including celiac disease 3°
and the use of IgA as a therapeutic antibody 36: 37,

In our original analysis of IgA1 HR glycopeptides by use of AI-ECD FT-ICR tandem MS,
we demonstrated the ability of ECD fragmentation to delineate between homogeneous
glycopeptides ion populations and positional isomeric mixtures of a synthetic IgA1 HR
glycopeptides with a single GalNAc residue at Thr228 or Ser230 9. 38-40_gjl|, isomeric
structures of native IgA1 HR O-glycopeptides have not been well elucidated. Two types of
isomeric structures can occur in clustered O-glycopeptides: isomers based on glycosidic-
bond differences and amino acid positional isomers. Here, we demonstrate the first
definitive identification of a series of naturally occurring structural isomers of HR O-
glycopeptides in IgA1 myeloma protein and normal serum IgAl. Furthermore, we
successfully identified mixed isomeric glycoforms associated with A-acetyl neuraminic acid
(NeuAc) attachment to GalNAc or Gal. Our results demonstrated a defined relative
quantitative distribution of isomeric IgA1 O-glycoforms based on alternative attachment of
O-glycans to Ser?30, Thr233 and Thr236 in normal human serum. These results provide
insight about the glycosylation pathways of human IgAl O-glycans, have implications for
studies of diseases with aberrant glycosylation, and define an unbiased process for defining
clustered O-glycan heterogeneity at the monosacharride and disaccharide level.

Materials and Methods

Isolation of IgA1 and preparation of proteolytic fragments

Polymeric IgA1 (Mcel) myeloma protein was previously isolated from plasma of a patient
with multiple myeloma using standard purification protocols 4. Normal human serum IgA
was purified using affinity chromatography with anti-human IgA (Cappel Laboratories,
Cochranville, PA) coupled to CNBr-Sepharose column 42, Purified samples were stored
aliquoted at -80°C. Purified IgAl proteins were treated with an 1gA-specific protease (from
Clostridium ramosum strain AK183, recombinant in Escherichia coli; Streptococcus
pneumoniae strain TIGR4, recombinant in E. coli; or Haemophilus influenzae, strain HK50
that vary in the cleavage site; see Fig. 1A) followed by trypsin, to release IgA1 HR
glycopeptides 12. The digestion with each 1gA-specific protease was performed for 24 h at
37°C. The digests of IgA1 (Mcel) myeloma protein were treated with 0.25 U/ml
neuraminidase (ProZyme, Hayward, CA) in 50 mM sodium phosphate, pH 6.0, to remove
sialic acid residues from the O-glycan chains 28. After neuraminidase treatment, the
preparations were reduced with 5 mM DTT. Then, trypsin (Promega, Madison, WI) was
added for 18 h at 37°C in 100 mM NH4HCO3, pH 8.3. The digests were desalted by use of a
C18 spin column (Pierce, Rockford, IL) before MS analyses. This study was approved by
the Institutional Review Board of the University of Alabama at Birmingham.

Offline LC separation

Twenty-five pg of digested IgA1 was fractionated by use of an offline reversed-phase liquid
chromatography 300 um x 15 cm C18 PepMap column (offline LC) (LC Packings,
Sunnyvale, CA), as previously described 2: 43, The digests were eluted with an acetonitrile
gradient from 5% to 30% for IgA1 myeloma protein treated with HK50+trypsin, and 5% to
18% for IgA1 myeloma protein digested with TIGR4+trypsin and 1gA1 purified from
normal human serum, in 0.1% formic acid over 50 minutes at 5 ul min~1. Eluted IgA1 HR
glycopeptides were collected as 5-pL fractions into a 96-well plate by use of an Agilent
1100 micro-well plate fraction collector (Agilent 1100, Santa Clara, CA).
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Online LC FT-ICR MS analyses

On-line LC was performed by use of an Eksigent MicroAS autosampler and 2D LC
nanopump (Eksigent, Dublin, CA). Three-hundred ng of digested IgA1 was loaded onto a
100-pm diameter, 11-cm column pulled tip packed with Jupiter 5-um C18 reversed phase
beads (Phenomenex, Torrance, CA). The digests were then eluted with an acetonitrile
gradient from 5% to 30% in 0.1% formic acid over 50 minutes at 650 nl min~L. Linear
quadrupole ion trap (LTQ) FT-ICR (LTQ FT, Thermo Fisher Scientific, San Jose, CA)
parameters were as described previously 19,

AI-ECD FT-ICR tandem MS

Offline fractionated IgA1 HR glycopeptides were analyzed by use of a7 T LTQ FT-ICR
MS. A monolithic silicon microchip-based electrospray interface, the TriVersa ™ NanoMate
(Advion, Ithaca, NY), served as the source for electrospray ionization (ESI) 19, and AI-ECD
FT-ICR tandem MS analysis was performed as previously described with some
modifications. Isolation width was 10 7/ with an AGC target value of 2 x 106, maximum
fill 3,500 ms. Following transfer to the ICR cell, precursor ion populations were photon-
irradiated for 100 ms at 10% (2 W) laser power. After 50 ms of photon-irradiation, the
precursor populations were irradiated with the electrons for 100 ms at 2-3% energy
(~0.5eV). Each AI-ECD scan was acquired as an FT-ICR broadband mass spectrum (100 <
mlz < 3,000) at a mass resolving power of 100,000 at /772 400. Each displayed spectrum
represents a sum of 100 scans.

Data analysis

All spectra were analyzed by use of the Xcalibur Qual Browser 2.0 (Thermo Fisher
Scientific) software. Individual IgA1 O-glycopeptides were identified as previously
described 10: 12, Briefly, IgA1 O-glycopeptides species in each LC/MS analysis were
identified from the known sequence of the isolated HR glycopeptides, calculated
monoisotopic mass of glycopeptides and the presence of adjacent HR glycopeptides within
the high-resolution FT-ICR MS spectra. Monoisotopic /m/z values for the IgAl &
glycopeptides were manually tabulated from the raw data files by use of Xcalibur Qual
Browser 2.0. The minimal threshold for IgA1 HR glycopeptide identification and relative
abundance measurements was a signal-to-noise ratio of at least 5:1 with >4 isotopic peaks.
Identified IgA1 HR O-glycopeptides were checked against theoretical values by use of the
GlycoMod tool (http://www.expasy.org). Known 1gA1 HR amino acid sequences based on
the combination of 1gA-specific protease + trypsin digestions performed were inputted with
trypsin enzyme and 0 missed cleavage sites. Hexose, N-acetylhexosamine (HexNAc) and
NeuAc monosaccharide residues were all selected as possible (variable) additions to the IgA
HR peptides with a mass tolerance of 10 ppm.

Relative quantitative distributions of each glycopeptide series were calculated by use of a
label-free method previously described2: 44, After assigning all glycopeptides peaks in the
spectrum, the ion chromatogram for each glycopeptides ion was individually extracted for
the specific glycopeptide ion species £ 0.83 7/. Then the area under the peak for each
glycopeptide's extracted ion chromatogram (XIC) was divided by the XIC for all
glycopeptides of a given charge state. The values are reported as the percentage of each
glycopeptide intensity relative to the total glycopeptide intensity as previously reported 12,
Each analysis of IgA-specific protease + trypsin preparations of IgA1 HR to obtain relative
distribution values of IgA1 HR O-glycoforms was performed in triplicate. LC/MS replicate
runs and differential digestions served as internal controls for assignments of relative
abundance. Relative abundance of glycopeptides was expressed as the mean + standard
deviation (S.D.) of triplicate LC/MS runs. Theoretical lists of fragmented 1gA1 HR peptides
by AI-ECD were generated by use of the ProteinProspector MS product tool (http://
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prospector.ucsf.edu/) with the inclusion of ¢, z, band yions. Peptide ion fragments of all
IgA1 HR AI-ECD FT-ICR tandem MS spectra were manually assigned to locate sites of O-
glycosylation and are provided in supplemental data.

Identification of IgA1 O-glycopeptide amino acid positional isomers

Our standard analysis of IgA1 O-glycan heterogeneity involves two steps: 1) IgA1 HR O-
glycopeptide high resolution LC/MS profiling to identify the number of unique IgA1 -
glycoforms within a single samplel® and 2) characterization of individual IgA1 O-
glycoforms in terms of sites of attachment and the composition of the O-glycan chain at
each individual sites by use of AI-ECD FT-ICR tandem MS °. For the analysis of a model
IgA1 (Mcel) myeloma protein and serum IgAl isolated from two normal healthy
volunteers, purified IgAl was digested with three bacterial IgA-specific proteases, one at a
time, followed by neuraminidase and trypsin. The digests, with the released series of HR O-
glycopeptides, were then subjected to online LC FT-ICR MS. AK183, TIGR4 and HK50 (+
trypsin) generated N-terminal HR fragments (His208-Pro221, His208-Pro227 and His208-
Pro231) and C-terminal HR fragments (Val222-Arg245, Thr228-Arg245, and Ser232-Arg24%),
respectively (Fig. 1A) as in our previous report 12.

For the HK50 + trypsin proteolytic fragment of IgA1 (Mcel) myeloma protein, nine
glycopeptides corresponding to 1, 2 or 3 O-glycan chains attached to the proteolytic
fragment Ser232-Arg245 (Fig. 1B) and five glycopeptides corresponding to 2 or 3 O-glycan
chains attached to the His2%8-Arg245 proteolytic fragment (Supplemental Fig. 1A) were
detected. The relative abundance of each IgA1 O-glycopeptide was calculated based on the
area under the peak in the LC/MS XIC of individual glycopeptides. Each relative abundance
is reported as a percentage against the total LC/MS XIC of all glycopeptides with the same
amin-acid sequence within a single LC/MS analysis (three independent runs for each IgA
protease + trypsin preparation) 12. This method of label-free quantitative analysis of O-
glycopeptides originating from the same proteolytic fragment provides a reproducible
assessment of the distribution of O-glycoforms present and has been demonstrated for A-
glycopeptides 44 as well as our previous work 12. Table 1 provides a complete list of all
observed Ser232-Arg245 IgA1 (Mcel) myeloma O-glycopeptides with their respective
retention times, relative quantitative distributions, and mass errors based on three
independent LC/MS runs. Based on these calculations, approximately 90% of the IgA1 HR
in the sample was composed of glycoforms with GaINAc,Galq, GaINAc,Gal; or
GalNAc,Gal, residues attached to the C-terminal fragment (Ser232-Arg?4%). The remaining
10% of C-terminal glycopeptides included three glycosylated species with three GaINAc
residues with one to three Gal residues. In the course of the label-free quantitative analysis,
bimodal separation (two resolved peaks) of the XIC was observed for two IgA1 O
glycopeptides (/m/z678.961 and 732.979) corresponding to the attachment of GalNAc,Galy
and GalNAc,Gals, to the Ser232-Arg245 HR peptide, respectively (Fig. 1C). This was in
contrast to a single peak observed in the XIC of the Ser?32-Arg?4> + GalNAc,Gal; C-
terminal HR peptide (/7/2611.267).

To characterize O-glycoforms with bimodal retention times in the online LC/MS analysis
(Fig. 1C), the Ser232-Arg24> glycopeptides were fractionated by use of offline LC coupled to
a microscale fraction collector 10, Glycopeptides eluting at 28-30 min and 30-32 min were
collected in adjacent fractions and then individually analyzed by direct infusion FT-ICR MS
analysis (NanoMate™ ESI FT-ICR MS spectra are available in supplemental Fig. 2). The
Ser232-Arg245 glycopeptides corresponding to the attachment of GalNAc,Galy,
GalNAc,Galy, and GalNAc,Gal, glycan residues were detected in both fractions. Each
fraction was re-analyzed by online LC/MS separately and as an equal-volume mixture (1:1
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v/v) under the same conditions as before (Fig. 1D). The XIC of Ser232-Arg?4> +
GalNAc;Galy glycopeptides (/m/2611.267) showed a single peak in both fractions as well as
in the equal-volume mixture, indicating the glycoform had identical hydrophobic
characteristics in each microfraction. In contrast, the Ser232-Arg245 + GalNAc,Gal;
glycopeptide (/m/z678.961) showed a single peak in the XIC for each adjacent fraction, but
each had distinct retention times (XIC maximum ion abundance for each 30 seconds
apart). When the two fractions were combined, a bimodal peak was clearly observed as seen
in the unfractionated sample. A similar distribution was observed in the XIC of the Ser232-
Arg245 + GalNAc,Gal, glycopeptide (/772 732.979) with a bimodal peak in the earlier
fraction (28-30 min) and a single peak in latter fraction (30-32 min). These results together
indicated that offline LC fractionated glycopeptides included mixtures of isomeric
glycoforms, i.e., glycopeptides with the same composition but differing only in some of the
glycan-attachment sites (Fig. 1C and D).

Al-ECD tandem MS of isomeric IgA1 O-glycopeptides

To further characterize the three Ser232-Arg245 HR glycopeptides, the HR glycopeptide ion
species in each offline LC fraction were individually subjected to AI-ECD FT-ICR tandem
MS to localize the sites of O-glycan attachment. The assigned IgA1 HR O-glycopeptides
would assume that the three glycoforms observed in the offline fractions have a single
GalNAc-Gal disaccharide (GalNAc,Galy), a disaccharide plus a GaINAc monosaccharide
(GalNAc,Galj), and then two GalNAc-Gal disaccharides (GalNAc,Galy) attached.

Al-ECD fragmentation analysis of the [Ser232-Arg?4°> + GalNAc,Gal;]3* ions (/2 678.961)
from the adjacent offline fractions is shown in Fig. 1E and F. For this HR O-glycopeptide,
the first observed N-terminal fragment ion in each fraction is ¢g (/772 1166.533 in 28-30 min
fraction, 1166.535 in 30-32 min fraction) that assigns a disaccharide and a monosaccharide
N-terminal to Pro237 (Ser232, Thr233, or Thr236). From the C-terminus, the observed z
fragments differ between the two offline LC microfractions even though the precursor ion
mizis identical. Specifically, the z+1,¢ fragment ion is different. In the 28-30 min fraction,
the z+14g ion (/m/z1272.537) corresponds to the mass of Thr236-Arg245> + GalNAc followed
by a z+143 ion (/m/z1567.690) with no additional sugar residues attached, therefore
assigning a monosaccharide at Thr236 and a disaccharide at Ser232, In the 30-32 min
fraction, the observed z+11q ion (/2 1069.457) is lower, corresponding to the mass of
Thr236_Arg245 alone. This is followed by a z+143 ion (m/z 1567.688) corresponding to the
mass of Thr233-Arg?4> + GalNAc, assigning the monosaccharide O-glycan to Thr233, Fig.
1F shows the presence or absence of the distinguishing z+11 fragments from each AI-ECD
FT-ICR MS spectrum. The combined results clearly identify Ser232-Arg24® IgA1 HR O-
glycopeptide isomers based on the O-glycan amino acid position.in agreement with the
bimodal XIC peaks. Subsequent mixing of the fractions at different ratios confirmed the
relative abundance of the two isomeric O-glycoforms estimated from XIC. The observed Al-
ECD fragments from each of the Ser232-Arg?4> IgA1 HR O-glycopeptides (isomers and
non-isomers) are detailed on the aminC-acid sequence of Ser232-Arg24% in supplemental Fig.
3. The full AI-ECD FT-ICR tandem MS spectra are provided in supplemental data.

Following the same methodology, we also performed AI-ECD tandem MS analysis on a
larger series glycopeptides (Thr228-Arg245) generated by TIGR4 IgA-specific protease and
trypsin to create an overlapping relative distribution as we have previously described!2. The
overlapping IgA HR peptides serve to corroborate assigned relative distributions and
provides the context of two additional sites of O-glycosylation at Thr?28 and Ser230, The O-
glycan profile of Thr228-Arg245 HR was analyzed by online LC FT-ICR MS (Supplemental
Table 2) and indicated that approximately 90% of glycopeptides were GalNAc3Galy,
GalNAc3Gals, GalNAc,Galy, GalNAcsGals and GalNAc,Galy. The remaining glycosylated
species were those with five GalNAc residues and two to five Gal residues. The XIC of the
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five major Thr228-Arg245 glycoforms showed multimodal distributions in all but the
GalNAc3Gal; glycoform (Fig. 2). O-glycan amino acid positional isomers were identified
between Thr233 and Thr236 as before and a third site at Ser230, Five molecular mass values
corresponded to 11 distinct glycoforms. The relative distribution of all observed Thr228-
Arg245 HR O-glycoforms are provided in Supplemental Table 2 as well as all AI-ECD FT-
ICR MS/MS spectra in the supplemental data that assigned the sites of O-glycan attachment
for all amino acid positional isomers. The relative quantitative distributions of a third
corroborating series 1IgA1 proteolytic fragments (AK183 + trypsin release) are provided in
Supplemental Table 3.

Isomeric glycoforms of HR O-glycopeptides from normal human serum IgA1

Based on the discovery of these sets of isomeric IgA1 O-glycopeptides, we were interested
in finding out if these isomers were unique to this myeloma protein or in fact naturally
occurring in normal human serum IgALl. IgAl was isolated from the serum of two healthy
volunteers with no history of kidney disorder. Each sample was prepared and analyzed
separately as before with the exception that neither sample was treated with neuraminidase.
Thus in the context of identifying O-glycan isomers we hypothesized that a Ser232-Arg24°
+GalNAc;1Gal{NeuAc; trisaccharide could have isomers at the amino acid level and the
glycosidic bond level. Normal human IgA1 digested with HK50+typsin (without
neuraminidase treatment) were subjected to online LC FT-ICR MS and offline LC plus Al-
ECD FT-ICR tandem MS as before. Perdivara et a/ demonstrated the successful localization
of a single sialic acid residue by use of ECD fragmentation 4°. Thus we attempted to do the
same to begin the process of defining the site-specific sialic acid heterogeneity in IgA1 HR
clustered O-glycans while also determining if amino acid positional isomers occurred in
normal human serum IgA1. Table 2 lists the results for the Ser232-Arg?4> proteolytic
fragment. The same series of isomers were found along with unambiguous localization of a
sialic acid residue to Ser232, Twenty-two glycopeptides with 1, 2 or 3 O-glycans in Ser232-
Arg245 and twelve glycopeptides with 2 or 3 O-glycans in His2%8-Arg24> were detected
(Table 2. LC/MS spectra are shown in Supplemental Fig. 4). The XIC of four ion species
displayed the same bimodal distribution as seen before including two ion species with
monosialylation (Fig. 3). Subsequent Al-ECD tandem MS analysis of offline LC fractions
identified the same pairs of Thr233 and Thr236 isomers in both samples as well as
unambiguously localizing the NeuAc residue to Ser232, The AI-ECD assigned O-glycans are
listed in Table 2 for one of the two IgA1 samples from serum of normal healthy controls. All
AI-ECD tandem MS spectra are provided in supplemental data. The complete list of Ser232-
Arg2%5 IgA1 HR O-glycoforms identified including di- and trisialylated species are provided
in Supplemental Table 4. The relative distributions for both normal healthy serum IgA1
samples from serum of normal healthy controls are provided in Supplemental Table 5.

Isomeric glycoforms associated with the site of NeuAc attachment

IRMPD tandem MS cleaves mainly glycosidic bonds, thereby allowing structural
characterization of glycans 46: 47, To identify isomeric structures based on the site of NeuAc
attachment to Gal or GaINAc on normal serum IgA1, monosialylated glycoforms isolated in
offline LC fractions were individually subjected to IRMPD FT-ICR tandem MS. Primary
loss of NeuAc (291.095 Da) or Gal (162.053 Da) from the gas-phase isolated precursor ion
indicated the O-glycans had two terminal sugars and thus were a mixture of isomeric
structures having NeuAc attached in a linear trisaccharide (GalNAc-Gal-NeuAc) or a
branched trisaccharide (GaINAc (NeuAc) -Gal) in the GalNAc;Gal;NeuAc; Ser?32-Arg245
glycoform (Fig. 4). Evidence for the same NeuAc isomers can be seen in the IRMPD
tandem MS spectra of the GalNAc,Gal;NeuAc; Ser?32-Arg?4> glycoform (Supplmental Fig.
5A). An additional GalNAc,Gal,NeuAc; glycoform having either fragment ion of
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GalNAc,Galy+HR or GaINAcoNeuAc;+HR also indicated the mixture of isomeric
structures based on sites of NeuAc attachment (Supplemental Fig. 5B).

Comparing IgA(Mcel) myeloma protein and normal human serum IgA1 amino acid
positional isomers

After clearly identifying amino acid positional isomers in both IgA1 myeloma protein and
IgAl from sera of normal healthy controls, we wanted to compare the distributions of each
population of IgA1 O-glycoforms. However, each sample was prepared differently (with and
without neuraminidase). To remedy this discrepancy, we performed online LC/MS of fully
sialylated 1gA1 (Mcel) myeloma protein for the Val?22-Arg24> fragment that encompasses
all six identified sites of O-glycosylation. Thirty-nine distinct ion species were detected with
4-6 glycan chains attached including as many as four NeuAc residues attached
(Supplemental Table 6). When the relative distriburions were assigned to all O-glycoforms,
an interesting trend was observed. The identified IgA1 HR O-glycoforms were grouped
based on their identical number of GalNAc and Gal residues. The combined percentage
distributions (simply added together) closely mimicked the distributions observed for the
desialylated profiles. While this makes sense from a population analysis perspective, it was
empirically surprising due to the presence of 1-4 negatively charged NeuAc residues. This
result suggested that the sialic acid residues have limited affect on the MS response of these
heavily glycosylated peptides and that the MS response is instead dominated by the the HR
protonated amino acid residues (3+ and 4+ charged series). This trend was observed for each
of our IgA1 HR proteolytic preparations. Based on this analysis we compared the
distribution of single-site O-glycan heterogeneity between 1gA1 (Mcel) myeloma protein
and normal human serum IgA1 at Ser232, Thr233 and Thr236, Fig. 5 clearly shows that a
disaccharide is the dominant O-glycan at Ser?32, For Thr236, the IgA1 myeloma protein and
normal human serum IgA1 have similar distribution of O-glycan chains with the non-
glycosylated form dominating followed by glycoforms with attached monosaccharide and
disaccharide. Interestingly, the microheterogeneity distributions at Thr233 differ. While an
O-glycan chain is absent in >50% of all IgA1 glycoforms for both sources of IgA1, the IgAl
(Mcel) myeloma protein has a noticeably higher abundance of disaccharide at Thr233,

Discussion

This study reports the discovery of several isomeric O-glycoforms in an IgA1 myeloma
protein and more importantly IgA1l isolated from normal human serum by use of high-
resolution MS and Al-ECD tandem MS. In the process of localizing and defining the
microheterogeneity of O-glycans at specific attachment sites, we also unambiguously
confirmed a native site of O-glycosylation in the IgA1 HR at Thr233,

Wada et al. recently reported the presence of an O-glycan chain at Thr233 in IgA1 HR
glycoform with GalNAcsGals glycopeptides from healthy individuals 7. Although they did
not separate isomeric structures of IgA1 HR O-glycopeptides, a mixture of two isomeric
structures based on alternative attachment of a GalNAc at Thr233 or Thr236 was detected by
ETD tandem MS 7. We have reported that this proteolytic fragment failed to produce
sufficient ECD 10 and ETD 12 fragmentation for complete assignment of sites of O-glycan
chains, most likely due to insufficient charge density for this longer proteolytic

fragment 12: 48,49 n the present study, we confirm Thr233 as the sixth site of native IgA1
HR O-glycosylation (Fig. 1E) in addition to the five common sites of O-glycosylation
previously reported 2 9 1012 Modification of Thr233 was also detected in IgA1 from
normal human serum (Fig. 3) in addition to the various structural isomers. Based on our
label-free quantitative analysis, Gal-deficient GaINAc is attached more frequently at Thr236
than at Thr233 as would be expected based on the history of Thr236 reported as a site of O-
glycan attachment.
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Glycosylation isomers are more traditionally thought of as being variations in glycosidic
linkages; namely, N-glycan isomers attached to the same amino acid position. In the case of
clustered O-glycans, the close proximity of adjacent Ser and Thr residues creates a pattern of
O-glycan modifications that is dictated by multiple glycosyltransferases. These clustered
modifications (or aberrant modifications) create epitopes for recognition by antibodies 28 50
or other serum or cell-surface proteins. /n vitro GaINAc-T activity experiments have
demonstrated that addition of GalNAc to IgA1 HR synthetic peptides produces isomeric
glycopeptides based on different sites of attachment. The discovery of these sets of naturally
occurring amino acid positional isomers provides evidence that /n vivo O-glycan synthesis
produces the same result. Whether all IgA1 O-glycan chains are initiated by the same
GalNAc-T enzyme remains to be seen. For the IgA1 myeloma protein, Thr225, Thr228 and
Ser232 were glycosylated predominantly by GalNAc-Gal disaccharide, whereas Gal-
deficient GaINAc or the absence of glycan was determined at Ser230, Thr233 and Thr236 in
various IgA1 HR O-glycopeptides. The variability of O-glycan attachment at these three
sites resulted in the observed structural isomers of IgA1 HR from IgA1 myeloma protein
(Figs. 1 & 2). Our combination of on-line LC FT-ICR MS and AI-ECD FT-ICR tandem MS
defines the absence of glycosylation, presence of monosaccharide or disaccharide, and thus
the microheterogeneity of O-glycans at each individual site. Fig. 6 provides this compiled
analysis for the IgA1 (Mcel) myeloma protein. The same amino acid positional isomers
were also identified in two independent preparations of normal human serum IgAl. While
the single-site microheterogeneity of the IgA1 isolated from sera of healthy controls closely
mimics the model IgA1 (Mcel) myeloma protein results, a larger sample set should be
analyzed before such a detailed summary can be made regarding normal serum IgAl1 O-
glycan microheterogeneity.

Gal-deficient IgA1 O-glycans have been recognized to play a role in the pathogenesis of IgA
nephropathy (IgAN). Several studies by lectin ELISA, mass spectrometry and other methods
have identified a greater abundance of Gal-deficient and asialo-IgA1 HR O-glycoforms from
patients with IgAN vs. normal healthy controls. These aberrantly glycosylated O-glycans
play a role in the formation of circulating immune complexes that are deposited in the
glomeruli of the kidney. However, the specific nephritogenic IgA1 O-glycoforms in patients
with IgAN have yet to be identified. It is highly possible that the nephritogenic IgA O-
glycoforms arise not only from incomplete galactosylation and sialylation but also from
attachment at differential sites due to changes in the expression of GalNAc-T enzymes.

Isomeric structures with NeuAc attached either in a linear fashion to Gal (GalNAc-Gal-
NeuAc) or branched with attachment to GaINAc (GalNAc (NeuAc) -Gal) in monosialylated
Ser232.Arg245 glycoforms were successfully identified by IRMPD FT-ICR tandem MS.
Sialylated-T (GalNAc-Gal) and/or Tn (GalNAc) antigens are associated with several human
diseases, such as cancer and some autoimmune diseases including IgAN 25 50-55 This
combination of ECD-type fragmentation and IRMPD is useful for the analyses of such
sialylated clustered O-glycopeptides. Glycan fragmentation analysis by use of IRMPD and
collision induced association (CID) is an established method for delineation of isomers 56-58
including alternate sites of sialic acid attachment 9. Parsing out isomers for individual sites
within a clustered region of glycosylation makes this task even more difficult. Similar
approaches that make use of LC tandem MS combinations (CID, IRMPD, and ECD/ETD)
need to be further developed for the analysis of aberrant A-glycosylation of 1gG in
autoimmune and infectious disease, such as rheumatoid arthritis, lupus erythematosus,
Crohn's disease, HIV-infection, and periodontal disease 89-67,

Throughout our previous studies, we have had the goal of completely defining the G-glycan
heterogeneity of an IgA1 population from a single source. This includes the total range of O-
glycoforms present 9 12, the site-specific assignment of each O-glycan chain for each
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glycoform 9 12, and the relative distribution of each O-glycoforms in a single sample 12: 44,
If this could be attained, then the nephritogenic IgA1 O-glycoforms could be discerned
within the context of a masking population of normally glycosylated IgA1. The advent of
ECD fragmentation made this goal seem attainable although the specific combination of
ECD/ETD-“friendly” proteolytic fragments was not immediately obvious 1012, Qur
combination of overlapping IgA1 HR fragments also provide a means of creating a highly
reproducible series of corroborating relative quantitative distributions 12. To date, these O-
glycan distributions are the most consistent as a desialylated series, likely due to the reduced
complexity of the sample. We assume that each unique IgA1 HR proteolytic fragment has its
own ionization efficiency. However, for a given IgA1 HR peptide, the addition of
monosaccharide and disaccharide nonpolar O-glycan chains appears to have minimal affect
on ionization efficiency so that relative distributions under the same LC/MS conditions are
very consistent. In our current results it would appear that sialylation of clustered IgA1 C-
glycans does not have as much suppressive affect as we thought (Supplemental Table 6).
Also, it is important to note that our use of traditional RP C18 LC/MS creates an unbiased
relative distribution profile that does not enrich for specific glycan structures as seen with
lectin chromatography methods 68: 69, Each distinct overlapping IgA1 HR glycopeptide is
analyzed separately and the resulting relative distributions corroborate each other and create
a total picture of IgA1 O-glycan heterogeneity at the monosaccharide and disaccharide level.
In our previous analysis of a different IgJA1 myeloma protein we demonstrated that clustered
O-glycan localization by ECD and ETD fragmentation can be accomplished on the LC
timescale with considerably less starting material than required for offline LC preparations.
Our current results add a further requirement to insure that positional isomers are separated
well enough to collect independent tandem MS spectra of each isomer.

Our results make the picture of IgA1 O-glycan heterogeneity better resolved by defining
several combinations of naturally occurring amino acid positional isomers. Our approach
using desialylated samples could be applied to other heavily O-glycosylated proteins such as
mucins that have been implicated as biomarkers in a variety of cancers. Achieving complete
heterogeneity analysis that includes amino acid positional information for sialylation is
desirable and future developments in ECD/ETD fragmentation will most likely make this
possible. Still, having completely defined O-glycan heterogeneity at the terminal GalNAc
and galactosylated GalNAc levels provides the opportunity to address questions of
glycosyltransferase(s) site-specificity. Changes in enzyme expression levels could produce
aberrantly glycosylated proteins that serve as markers for altered cellular states. Our results
indicate that the aberrancy could be due to changes in the position of O-glycan attachment
resulting in structural isomers rather than a wholesale change in O-glycan distribution. The
ability to delineate and characterize isomeric structures of O-glycoforms raises new
questions about the role of amino acid positional isomeric variants. Does their distribution
change under different cellular conditions or vary over time? Does the nature of the
heterogeneity influence the severity of renal injury in IJAN? These and other questions can
now be answered with this new level of analytical resolution.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Identification of structural isomers in IgAl hinge-region (HR) O-glycopeptides. (A). IgAl
HR structure. The HR is a PrO-rich segment with nine possible sites of O-glycan
attachment. Underlined Ser and Thr residues are glycosylated including Thr233 5 Red arrows
show cleavage sites of trypsin and three IgA-specific proteases (from Clostridium ramosum
strain AK183, Streptococcus pneumoniae strain TIGR4 or Haemophilus influenzae strain
HK50). (B). Online LC FT-ICR MS analysis of Ser232-Arg245 HR glycopeptides of 1gA1
(Mcel) myeloma protein. The number of O-glycan chains was assigned based on the masses
of the amino-acid sequence, GalNAc (open squares), and Gal (full circles). The m/zvalues
for the observed glycopeptides, relative abundance, and mass error are summarized in Table
1. (©). LC-XIC of three dominant glycopeptides in the C-terminal HR fragments (Ser232-
Arg245) were individually extracted for the specific 771z of glycopeptides. A single peak was
observed for the GalNAc;Gal; Ser232-Arg?4° glycoform, whereas bimodal peaks were
observed for GaINAc,Galy and GalNAc,Gal, Ser232-Arg24° glycopeptides. (D). XIC of
Ser232.Arg245 glycopeptides with GaINAc;Galy, GalNAc,Galy, and GalNAc,Gal, derived
from IgA1 (Mcel) myeloma protein and fractionated by offline LC. The offline LC fractions
from 28-30 min (B3) and 30-32 (B4), and their mixtures (B3+B4) (1:1 v/v) were re-analyzed
by online LC FT-ICR MS and the XIC of the corresponding glycopeptide ions were
obtained. (£). AI-ECD FT-ICR tandem MS of the IgA1 HR Ser232-Arg24> + GalNAc,Galy
isomers (red rectangle shown in C and D) in separate fractions. Al-ECD fragmentation was
performed using a triply charged precursor ion. The absence of the key z+1,¢ fragment
which indicated isomeric structure is highlighted in blue. The observed ¢, z and y fragments
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for each O-glycopeptide are indicated above and below the sequences. (F). Distinguishing
fragment ions of structural isomers of the GaINAc,Galy Ser232-Arg245 glycoform. Arrows in
the spectra denote the key fragments that allowed assignment of glycan attachment sites.
The alternative attachment sites in the isomeric structural variants of glycopeptides were
shown in the amino-acid sequence.
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Fig. 2.

Summary of Thr228-Arg245 glycoforms of IgA1 (Mcel) myeloma protein. The
glycopeptides were separated into three microfractionated by offline LC and individually
analyzed by AI-ECD tandem MS to determine the sites of O-glycan attachment. Glycans in
blue color indicate the alternative attachment sites in the isomeric variants of glycopeptides.
All fragmentation spectra are shown in supplemental data.
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Fig. 3.

Summary of Ser232-Arg245 glycoforms of normal human serum IgA1. The microfractionated
glycopeptides were individually analyzed by AI-ECD tandem MS to identify the sites of
glycan attachment. Glycans in blue color indicate the alternative attachment sites in the
isomeric structural variants of glycopeptides. All fragmentation spectra are shown in
supplemental data.
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Fig. 4.

IRMPD FT-ICR tandem MS of the normal human serum IgA1 HR Ser232-Arg245 with

GalNAcq,GalyNeuAcy. Red fragmentation pathway indicates NeuAc (open diamond)

attachment to Gal (filled circle), whereas blue fragmentation pathway shows GalNAc (open

rectangle) with NeuAc.
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Fig. 5.

Comparison of individual site microheterogeneity for Ser232, Thr233, and Thr236 between the
model IgA1 (Mcel) myeloma protein and IgAl isolated from sera of healthy controls.
Ser232 is dominated by a GaINAc-Gal disaccharide. Thr233 and Thr236 in both samples show
more single-site heterogeneity with a noticeable difference in the amount of disaccharide
present at Thr233,
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Relative abundance: microheterogeneity at individual sites (%)?
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Fig. 6.

The O-glycan microheterogeneity of each site for IgA1 (Mcel) myeloma protein. Ser230,
Thr233 and Thr236 are the dominant sites of O-glycan variability, including non-glycosylated
as well as Gal-deficient O-glycans. Thr225, Thr228 and Ser232 were predominantly modified
by a disaccharide.? Relative abundance (mean + S.D. in triplicate of LC/MS runs) of
individual site microheterogeneity is expressed as percentage against the sum of total XIC of
all glycopeptides.
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