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In Brief

A method to study immunoglob-
ulin (Ig) isotype- and site-specific
N-glycosylation using nLC-
MS/MS with stepped-energy
higher energy collisional dissoci-
ation (HCD) has been estab-
lished. This method empowers
characterization of N-glycosyla-
tion microheterogeneity from hu-
man serum-derived 1gG1, 1gG4,
IgA1, IgA2 and IgM, including
sequence and glycosylation-site
variants. This multi-isotype ap-
proach is a crucial step toward
developing a platform to define
disease-specific N-glycan signa-
tures for different isotypes and
thus help tune antibodes to in-
duce protection.
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Multi-isotype Glycoproteomic Characterization
of Serum Antibody Heavy Chains Reveals
Isotype- and Subclass-Specific N-Glycosylation

Profiles*s

Kevin Brown Chandlert|, Nickita Mehta§|,
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Antibodies are critical glycoproteins that bridge the innate
and adaptive immune systems to provide protection
against infection. The isotype/subclass of the antibody,
the co-translational N-glycosylation on the CH2 domain,
and the remodeling of the N-linked glycans during pas-
sage through the ER and Golgi are the known variables
within the Fc domain that program antibody effector func-
tion. Through investigations of monoclonal therapeutics,
it has been observed that addition or removal of specific
monosaccharide residues from antibody N-glycans can
influence the potency of antibodies, highlighting the im-
portance of thoroughly characterizing antibody N-glyco-
sylation. Although IgGs usually have a single N-glycosy-
lation site and are well studied, other antibody isotypes,
e.g. IgA and IgM, that are the first responders in certain
diseases, have two to five sites/monomer of antibody, and
little is known about their N-glycosylation. Here we em-
ploy a nLC-MS/MS method using stepped-energy higher
energy collisional dissociation to characterize the N-gly-
can repertoire and site occupancy of circulating serum
antibodies. We simultaneously determined the site-spe-
cific N-linked glycan repertoire for IgG1, IgG4, IgA1, IgA2,
and IgM in individual healthy donors. Compared with
lgG1, IgG4 displayed a higher relative abundance of
G1S1F and a lower relative abundance of G1FB. IgA1 and
IgA2 displayed mostly biantennary N-glycans. IgA2 vari-
ants with the either serine (S93) or proline (P93) were
detected. In digests of the sera from a subset of donors,
we detected an unmodified peptide containing a proline
residue at position 93; this substitution would strongly
disfavor N-glycosylation at N92. IgM sites N46, N209, and
N272 displayed mostly complex glycans, whereas sites
N279 and N439 displayed higher relative abundances of
high-mannose glycoforms. This multi-isotype approach is
a crucial step toward developing a platform to define
disease-specific N-glycan signatures for different iso-
types to help tune antibodies to induce protection. Data
are available via ProteomeXchange with identifier

Deborah R. Leont, Todd J. Suscovich§,

PXD010911. Molecular & Cellular Proteomics 18: 686-
703, 2019. DOI: 10.1074/mcp.RA118.001185.

Although the major known protective role of each antibody
depends on its Fab domain, which is responsible for highly
selective antigen binding and neutralization, antibodies can,
through their constant domains, mediate multiple antibody-
dependent (AD) functions, including cellular cytotoxicity
(ADCC), cellular phagocytosis (ADCP), neutrophil phagocy-
tosis (ADNP), and complement deposition (ADCD) (1). Anti-
body-mediated effector functions are critical for defensive
response to HIV (2-4), Ebola (5), tuberculosis (6) and other
infectious and autoimmune diseases. The antibody Fc CH2
domain binds to Fc-receptors (FcRs) on immune cells, induc-
ing distinct responses that are dependent on the type of cell
that has been activated. The immunoglobulin G (IgG) antibody
Fc can modulate an immune response via (1) class switching
(i.e. the selection of a specific subclass or isotype, each with
different affinities for FCcRs), or (2) the processing of the N-gly-
can that is co-translationally added to asparagine residue at
position 180 on IgG (N180) and at analogous positions on the
other subclass members; this modification is responsible for
tuning the affinity of the antibody Fc to FcRs (Fig. 1A). There-
fore, characterizing the CH2 domain N-glycosylation has
great potential to illuminate how these glycan-mediated func-
tions are regulated.

Four IgG subclasses, IgG1-4, are present in human serum.
All IgGs are composed of two heavy chains and two light
chains, and each chain contains both a variable and a con-
stant domain. IgG1, the most abundant subclass in serum,
accounts for ~90% of total serum IgG and is present in
healthy individuals at a concentration of ~10 mg/ml in plasma
and serum (7). Among immunoglobulins, the structure-func-
tion relationship of IgG glycans is the best characterized, and
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intensive study of IgG1 N-glycan function, including contribu-
tions from the monoclonal therapeutics industry, has estab-
lished that IgG1 N-glycans have specific structure-dependent
functions (8-12). For example, through the development of
Rituximab™, it has been established that the presence of
core-fucosylated N-glycans interferes with FCGR3 binding,
and this decreases the ability of fucosylated IgGs to drive
ADCC (13-15). On the contrary, the presence of bisecting
N-acetylglucosamine (GIcNAc) increases ADCC (14, 16-18).
In addition, the presence of terminal sialic acid (NeuAc) has
been demonstrated to be anti-inflammatory in multiple auto-
immune diseases (19-21), and accumulation of agalactosy-
lated (G0) IgG is used as a biomarker for autoimmune and
infectious diseases (12, 22-24). Because N-glycans tune af-
finity for FcRs, N-glycan heterogeneity on the four IgG sub-
classes leads to the generation of a large variety of unique
antibodies that may potentially act as “barcodes” to trigger
distinct effector functions; however, little is understood about
how this mechanism works.

Increased understanding of IgG glycosylation (25, 26) and
the availability of monoclonal antibodies (9, 27, 28) have also
advanced the field of therapeutics. Much less is known about
the glycan repertoire of other antibody isotypes. Among
these, immunoglobulin A (IgA) subclasses IgA1 and IgA2 are
the most abundant antibodies; these are found as dimers at
mucosal sites. Although the IgA1 and IgA2 constant domains
are structurally like those of the IgGs (with each containing
three Ig domains), their functions and the number of potential
N-linked glycosylation sites vary. IgA1 has two N-linked sites
on the Fc domain, N144 (enumerated starting from the N-ter-
minal residue of the heavy constant chain) on the CH2 domain
and N340 on the tail end of the CH3 domain (Fig. 1A) (29). The
hinge region of IgA1 is also O-glycosylated (30). IgA2 pos-
sesses the two sites present on IgA1 and has two additional
N-linked sites: N47 on the CH1 domain and N131 on CH2
(Fig. 1A), in addition to extensive O-linked glycosylation in its
hinge region. In contrast, the heavy chain of secreted immu-
noglobulin M (IgM), like immunoglobulin E (IgE), has an addi-
tional Ig domain for a total of four Ig domains (31), whereas the
IgG and IgA each have 3 Ig domains in the heavy chain region.
The extra Ilg domain is crucial for C1q binding and is not found
on other antibody isotypes. The IgM antibody is found in

" The abbreviations used are: ADCC, antibody-dependent cellular
cytotoxicity; ACD, acid citrate dextrose solution; AGC, automatic gain
control; ADCP, antibody-dependent cellular phagocytosis; ADNP,
antibody-dependent neutrophil phagocytosis; ADCD, antibody-de-
pendent and complement deposition; APTS, 8-aminopyrene-1,3,6-
trisulfonic acid; CE, Capillary electrophoresis; DHB, 2,5-dihydroxy-
benzoic acid; DTT, dithiothreitol; EIC, extracted ion chromatogram;
ER, endoplasmic reticulum; Fc, fragment crystallizable; FcR, fc-re-
ceptor; IgA, immunoglobulin A; IgE, immunoglobulin E; IgG, immuno-
globulin G; IgM, immunoglobulin M; NCE, normalized collision energy;
nLC-MS/MS, nano-liquid chromatography-tandem mass spectrom-
etry; PNGase F, peptide N-glycosidase F.

serum as a pentamer (Fig. 1A). Each monomer of IgM has five
N-linked glycosylation sites; these are spread across all do-
mains of the heavy chain (N46, N209, N272, N279, and N439),
meaning that there are 25 possible N-linked sites on the
pentameric molecules (Fig. 1A). IgM is one of the first anti-
bodies produced in response to infection and is important for
clearance of viruses, bacteria, and parasites and capture of
apoptotic cells (32). Although IgM N-glycans have been the
subject of several studies, little is known about how IgM
N-glycosylation impacts its function.

Earlier studies on antibody N-glycans have determined that
glycosylation varies by sex, age (33), and geographic location
and is antigen- and pathogen-specific (22, 34, 35). For exam-
ple, HIV-specific antibodies targeting either the viral envelope
or matrix proteins display glycosylation profiles distinct from
those that target influenza (34). Further, treatment with an
experimental vaccine induces an antigen-specific profile that
differs from bulk antibody N-glycosylation (34). Mounting ev-
idence points to glycosylation as tunable by signals that arise
during vaccine and B cell priming, e.g. patients treated with
either a protein or vector-based antigen display distinct gly-
cosylation profiles (34, 36). Similarly, accumulation of agalac-
tosylated, inflammatory IgG is observed in people with active
tuberculosis, compared with those with latent infections (6).
Therefore, it is clearly important to understand changes in
antibody N-glycosylation during disease onset, because such
changes can serve as biomarkers that may be exploited to
improve the effectiveness of further vaccination (37). Antibody
glycosylation is not static or predetermined but programmed
and potentially altered throughout the course of an infection.
Previous studies have shown that IgM N-glycans are func-
tionally important and that abolishing antibody N-glycosyla-
tion impacts their secretion and function (38). However, there
has to date been minimal focus on characterization of site-
specific N-glycosylation on either IgM or IgA derived from
human serum. Further, although N-glycan function has been
explored in monoclonal antibodies, no clear relationship be-
tween glycan structure(s) and function(s) in polyclonal anti-
bodies has yet been established, especially for IgA and IgM,
the human serum antibodies with multiple N-glycosylation
sites. Thus, our knowledge of their roles will benefit from a
site-specific understanding of N-glycan heterogeneity and
this information can direct future vaccine development (37).

Glycoproteomic-based methods for the analysis of immu-
noglobulins, primarily IgG derived both from serum and
monoclonal sources, have contributed greatly to the under-
standing of the impact of N-glycan heterogeneity on the ac-
tivity of these important molecules (25, 39-43). Recently,
collision-induced dissociation (CID) with elevated dissociation
energy (44) and higher-energy collisional dissociation (HCD)
with stepped collision energy (45, 46) have shown great prom-
ise for glycopeptide analysis. Using the latter approach, a
glycopeptide precursor ion is fragmented using two or more
collision energies, and the product ions from these independ-
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ent fragmentation events are subsequently combined and
detected to generate a single product ion spectrum. This is
advantageous because fragmentation of glycopeptides with
low collision energy favors cleavage of glycosidic linkages,
whereas fragmentation with higher collision energy favors
cleavage of the peptide backbone; detection of both sets of
glycopeptide product ions in a single step facilitates glyco-
peptide identification with high confidence. We have applied
this promising approach here, to expand our understanding of
site-specific immunoglobulin N-glycosylation.

EXPERIMENTAL PROCEDURES

Reagents—Peptide N-glycosidase F (PNGase F) was purchased
from New England Biolabs (NEB, Ipswich, MA). CaptureSelect Affinity
Matrix against human IgG1, 1gG4, IgA and IgM, GlycanAssure APTS
(8-aminopyrene-1,3,6-trisulfonic acid) kits, and MS grade trypsin/
Lys-C (tosyl phenylalanine chloromethyl ketone treated) and were
purchased from Thermo-Fisher Scientific (Waltham, MA). Endoprotei-
nase Glu C was purchased from Roche (Mannheim, Germany). Pierce
C18 Tips (100 ul), dithiothreitol (DTT), ammonium bicarbonate
(NH4HCO;), iodoacetamide and Amicon Ultra filters for protein puri-
fication were purchased from Sigma Aldrich (St. Louis, MO). Small (10
wl) C18 ZipTips were purchased from Millipore (Billerica, MA). Heavy
water (H,'0, 99%) was purchased from Cambridge Isotope Labo-
ratories (Andover, MA). Acid Citrate Dextrose (ACD) tubes were ob-
tained from BD Vacutainer (Franklin Lakes, NJ).

Sample Selection—Human serum was obtained from Research
Blood Components (Boston, MA), following American Association of
Blood Banks guidelines. An IRB-approved consent form was col-
lected from each donor, giving permission to use their blood for
research purposes. Blood from healthy males and females between
the ages 18 and 65 was collected in ACD-A tubes (BD Medical
Vacutainer #364606; Becton Dickinson) and centrifuged. Following
centrifugation, serum samples were transferred to 50 ml conical
tubes, packaged and shipped at room temperature on the day of
collection. The product was not stored or frozen before shipment.

Enrichment of Immunoglobulins— Antibodies (IgG1, 1gG3, 1gG4,
IgA1, IgA2, and IgM) from 10 ml of donor sera prepared as described
above were enriched using isotype-specific CaptureSelect Affinity
Matrix resin (Thermo-Fisher). IgG2 was not isolated because of the
lack of an IgG2-specific resin. Although IgG3 was isolated from this
set of donor sera our results for IgG3 will be reported in a separate
publication. In brief, 10 ml serum was dialyzed and filtered and added
to 500 wl of resuspended and washed resin (based on 2.5-8 mg/ml
binding capacity) and incubated for 1 h with end-to-end mixing at
room temperature. The enriched antibody was eluted using 0.1 ™M
acetic acid and immediately neutralized with 1 m Tris, pH 7.5. The
neutralized eluate was then concentrated, and buffer exchanged into
phosphate buffered saline (PBS) using an Amicon concentrator tube
(50-kDa cutoff). Enrichment and purity were confirmed by Luminex
analysis (Millipore-Sigma) according to the manufacturer’s instruc-
tions and the concentration of each sample was assessed by human
anti-lg ELISA (Thermo-Fisher).

Proteolysis of Inmunoglobulins —Between 2-20 ug of each serum-
derived immunoglobulin sample (IgG1, 1gG4, IgA1, I1gA2, and IgM)
were suspended in 50 mm NH,HCO,, pH 7.8, reduced with 5 mm DTT,
and alkylated with 15 mm iodoacetamide. IgG1 and IgG4 samples
were incubated with trypsin at a ratio of 1:50 of enzyme to total
protein at 37 °C for 18 h. IgA1, IgA2, and IgM samples were incubated
with endoproteinase GluC at a ratio of 1:20 of enzyme to total protein
at 37 °C for 18 h, followed by incubation with trypsin/Lys-C at a ratio
of 1:50 of enzyme to total protein, for 18 h. Samples were dried to

remove volatile buffers, and peptides were purified using C18 tips
(100 wl), according to the manufacturer’s protocol.

Nano LC-MS/MS Glycopeptide Analysis of Immunoglobulin Prote-
olysis Products—For nano-liquid chromatography-tandem mass
spectrometry (nLC-MS/MS) analysis, immunoglobulin-derived pep-
tide/glycopeptide samples were analyzed on a Q Exactive HF Hybrid
Quadrupole-Orbitrap™ mass spectrometer (Thermo Scientific)
equipped with a nanoACQUITY UPLC system (Waters, Milford, MA)
interfaced through a Triversa Nanomate (Advion, Ithaca, NY) electro-
spray ionization source. For chromatographic separation, a nanoAC-
QUITY UPLC Symmetry C18 Trap Column (100 A, 5 um, 180 um X 20
mm, Waters) column was used for trapping, and an ACQUITY UPLC
Peptide BEH C18 nanoACQUITY column (130 A, 1.7 um, 150 um X
100 mm, Waters) was used for separation. The peptide trapping step
was performed at 4 pl/min for 4 min with 1% acetonitrile and 0.1%
formic acid (Solvent A). Following the trapping step, peptides were
separated on the analytical column according to the following condi-
tions: 0-1 min: 2% B, 1-3 min: 2-5% B, 3-43 min: 5-40% B (solvent
A: 1% acetonitrile and 0.1% formic acid in water; solvent B: 99%
acetonitrile, 1% water and 0.1% formic acid). MS scans were ac-
quired with the following settings: 60,000 resolution @ m/z 400, scan
range m/z 370-2000, 1 uscan/MS, automatic gain control (AGC)
target 1 X 10°, and a maximum injection time of 100 ms. MS2 scans
were acquired with the following settings: 15,000 resolution at m/z
400, 2 uscan/MS, AGC target of 1 X 10°, maximum injection time of
200 ms, isolation window of 2.0 m/z, isolation offset of 0.4 m/z,
stepped normalized collision energy (SNCE) of 15 and 35%, exclusion
of charge states 1 and >6, and dynamic exclusion for 8 s. Profile data
were recorded for MS and MS2 scans. To calculate the total areas of
the peaks corresponding to the [M + nH]"" selected peptides, ion
chromatograms of all detected charge states were extracted, and the
areas were summed.

Site-Occupancy Determination—Each of the peptide/glycopeptide
mixtures obtained by treatment of an immunoglobulin sample with
protease(s) was split into two equal amounts and dried in a centrifugal
evaporator. First, 2 ul GlycoBuffer 2 (NEB, 50 mm sodium phosphate,
pH 7.5) was aliquoted and dried under vacuum; next, 20 ul of H,'®0
(99% 80, Cambridge Isotopes) was added. After mixing, each of the
buffer solutions containing H,'80 was transferred to one of the tubes
containing a dried aliquot of immunoglobulin peptides. Next, 1 ul (500
units) of PNGase F was added to one tube of peptides in each pair of
aliquots; the second tube was not treated with the glycosidase and
served as the control. The contents were gently mixed by vortexing,
and the tubes were placed on the Thermomixer at 37 °C for 16 h. The
treated samples were dried under vacuum and stored at —20 °C;
before analysis they were dissolved in 10 ul of 1% acetonitrile and
99% water containing 0.1% formic acid and desalted via C18 Zip-
Tip™ according to the manufacturer’s protocol. Peptides/glycopep-
tides were eluted from ZipTips™ into 50% acetonitrile/50% water
containing 0.1% formic acid, dried under vacuum, and stored at
—-20°C.

Nano LC-MS/MS Analysis of Inmunoglobulin Protease Digests for
Site Occupancy Determination—After PNGase F/H,'®0 treatment,
the peptide samples were analyzed on a Q Exactive Hybrid Quadru-
pole-Orbitrap mass spectrometer (Thermo Scientific) equipped with a
nanoACQUITY UPLC system (Waters) and a Triversa Nanomate (Ad-
vion). For chromatographic separation, a nanoACQUITY UPLC Sym-
metry C18 Trap Column (100 A, 5 um, 180 wm X 20 mm, Waters)
column was used for trapping, and an ACQUITY UPLC Peptide BEH
C18 nanoACQUITY Column (130 A, 1.7 um, 150 pm X 100 mm,
Waters) column was used for separation. The peptide trapping and
separation were performed as described above for peptide/glycopep-
tide analysis. MS scans were acquired with the following settings:
70,000 resolution @ m/z 400, scan range m/z 370-1880, 1 uscan/MS,
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AGC target 1 X 108, and a maximum injection time of 100 ms. MS2
scans were acquired with the following settings: 17,500 resolution at
m/z 400, AGC target of 5 X 10°, maximum injection time of 60 ms,
isolation window of 2.0 m/z, isolation offset of 0.4 m/z, a normalized
collision energy (NCE) of 27%, exclusion of charge states 1 and >8,
underfill ratio of 1.2%, and dynamic exclusion for 8 s. Profile data
were recorded for MS and MS2 scans.

MS/MS Data Interpretation—To confirm protein identity and deter-
mine amino acid sequences, nLC-MS/MS data files were converted
to mgf and mzML formats with the ProteoWizard MSConvert (47) tool
with peak picking enabled, followed by analysis via Mascot Daemon
v2.4.0 with the Reviewed UniProtKB/Swiss-Prot Homo sapiens pro-
tein sequence database (last modified March 13, 2018). For all data
sets, cleavage rules were applied for each specific protease (trypsin/
Lys-C: K, R, P1'# P; or endoproteinase Glu-C-trypsin: K, R, D, E) and
peptides with up to two missed cleavages were considered. The
following peptide modifications were considered: methionine oxida-
tion (variable), deamidation (variable), deamidation with 80 (variable),
and carbamidomethylation (fixed). To assign glycopeptide tandem
mass spectra, nLC-MS/MS data were processed using Byonic
v2.13.17 (Protein Metrics, San Carlos, CA), with a custom protein
sequence database consisting of IgG1, 1gG4, IgA1, IgA2, or IgM
sequences. Cleavage rules were consistent with those used in the
corresponding Mascot searches (trypsin or Glu-C-trypsin). The fol-
lowing peptide modifications were considered: methionine oxidation
(variable), carbamidomethylation (fixed), and a Byonic N-glycan da-
tabase consisting of 182 human N-glycans (with =1 fucose). Glyco-
peptide matches with scores =100 or =3 diagnostic ions were ac-
cepted after manual confirmation. Extracted ion chromatograms
(EICs) of carbohydrate oxonium ions at m/z 204.087 (HexNAc) and
m/z 366.140 (HexNAc,Hex,) were generated and assigned glycopep-
tides and retention times were compared with ensure that all major
glycopeptides could be accommodated within the chosen limits. The
analyses performed here are enough to establish glycan composition
and limited topological information. EICs of glycopeptide precursors
were generated manually for the purpose of determining relative
abundances using Xcalibur v2.2 (Thermo-Fisher) using a 0.02 Da
window (0.01 Da on either side of the theoretical precursor m/z). For
custom searches of IgA2 variant sequences and generation of se-
quence coverage plots, PEAKS Studio v8.5 (Bioinformatics Solutions
Inc., Waterloo, ON, Canada) was employed. IgA2 variant IgA2m(1)
(J00221), 1gA2m(2) (M60192) and IgA2n (S71043) sequences from
UniProt and IMGT (brackets) were considered. The same amino acid
modifications were considered in PEAKS searches as with Mascot
searches. Error tolerances of 5 ppm, and 2 missed cleavages, were
allowed.

Capillary Electrophoresis (CE)—Between 10-20 ug of previously
isolated 1gG1 and IgG4 underwent two enrichment steps to ensure
purity and IgGs alone were captured using Protein G beads (NEB).
The Fab region was then separated from the Fc using IdeZ Protease
according to the manufacturer’s directions (NEB). The remaining pro-
tocol was performed using a GlycanAssure kit (Thermo-Fisher).
Briefly, the supernatant (Fc portion) was collected and treated with
PNGase F for one hour at 50 °C to release the glycans from the Fc
domain. Glycans were then purified using GlycanAssure™ magnetic
beads that bind free glycans. Glycan binding to beads and precipi-
tation of contaminating proteins were performed using 100% aceto-
nitrile. Bead-bound glycans were washed and eluted off the beads
according to the manufacturer’s directions. Eluted glycans were la-
beled with APTS for two hours at 50 °C. Unreacted dye was removed
from the glycans using GlycanAssure beads. Bead-bound glycans
were washed three times and were eluted in HPLC-grade water. The
eluted glycans were analyzed by capillary electrophoresis (3500xL,

ABI Sequencer, Thermo-Fisher) using the GlycanAssure™ software
(Thermo-Fisher).

N-glycan Release, Permethylation, and nLC-MS/MS Analysis—N-
glycans were released from 10 pug of each sample with 500 units of
PNGase F in 50 mm ammonium bicarbonate buffer overnight at 37 °C.
Samples were passed through SepPak C18 (1 cc) cartridges (Waters),
and the flow-through was dried. Samples were resuspended in
DMSO, then subjected to permethylation with periodic addition of
methyl iodide (Sigma-Aldrich) according to an established protocol
(48, 49). Following permethylation, glycans were dried, then dissolved
in 10% acetonitrile/90% water with 0.1% formic acid, then desalted
using a C18 ZipTip™. Glycans were eluted into 10 ul of 60% aceto-
nitrile/40% water containing 0.1% formic acid, and 1/10th of each
sample was spotted onto a steel target plate with 0.5 ul of 1 mm
sodium acetate, 0.5 ul 2,5-dihydroxybenzoic acid (DHB)(20 mg/ml),
and dried under vacuum. MALDI-TOF MS analysis was performed on
an UltrafleXtreme TOF/TOF mass spectrometer (Bruker Daltonics,
Billerica, MA) using 10% laser power and summing 500 shots/spec-
trum. Following MALDI-TOF MS analysis, the remaining sample was
dried, then dissolved in 4 ul of 10% water/90% acetonitrile with 0.1%
formic acid, and 3 ul of each sample were injected for nLC-MS/MS
analysis using a 6550 Q-TOF MS with 1200 series nanoflow pumps
and a ChipCube-ESI source fitted with a custom HPLC-Chip with a
360 nL Polaris™ C18-A 5 um trapping column and a 150 mm X 75 um
Polaris™ C18-A 3 um analytical column (all from Agilent Corp., Santa
Clara, CA). After an injection of the sample onto the trapping column,
the column was washed at a flow rate of 1.5 wl/min for 4 min using
10% acetonitrile and 0.1% formic acid, and the sample mixture was
separated on the analytical column using a gradient from 10% to 65%
acetonitrile with 0.1% formic acid at a flow rate of 0.2 ul/min. The
mass spectrometer was operated in positive mode using the high-
resolution, extended dynamic range (2 GHz) setting. MS and MS2
spectra were recorded from m/z 300-3000. The ion source gas
temperature was set to 225 °C, and the flow was set at 11 liters/min,
with a capillary voltage of 1900 V. Precursors =1000 counts and
charge states =2 were selected for fragmentation, and alternating
collision energy according to the equation y = mx + b, with the first
collision energy set based on the following parameters: y being
the collision energy, slope m = 0.9, x representing the charge state,
and the offset b = 2.0; for the second collision event, slope m = 2.0
and the offset b = 5.0. Spectra were collected in centroid mode.

Experimental Design and Statistical Rationale—Blood was ob-
tained from four healthy individuals; using CaptureSelect Resin
(Thermo), antibodies were isolated from the serum fraction of each
blood sample. Antibody purity was assessed using Luminex assays
targeting each isotype and subclass (Millipore Sigma). For bulk anti-
body glycopeptide analyses, we selected HIV-negative donors. Each
antibody isotype and subclass (IgG1, IgG4, IgA1, IgA2, and IgM) was
isolated from the same donor (n = 4), and each glycopeptide prep-
aration was analyzed by nLC-MS/MS in triplicate, to verify that the
glycopeptide abundances remained consistent through each run and
to account for any variation because of spray instability, etc. Each
individual donor is considered a biological replicate in this case (n =
4); hence, every antibody isotype was analyzed as an n = 12 (4
biological replicates, 3 technical replicates). We compared N-glycans
between antibody isotypes from the same donors; IgG1 was selected
as a control because the N-glycosylation of IgG1 has been exten-
sively characterized. The reports of experimental design and the
results from the analyses are in accordance with MIRAGE guidelines
(50). To monitor nLC-MS/MS performance, we used a commercial
source of human alpha-1-acid glycoprotein (AGP), performed prote-
olysis of AGP with trypsin (with a 1:20 ratio of trypsin to protein), and
injected 100 ng of AGP peptides per run to monitor instrument per-
formance throughout the set of experiments. All purified antibodies
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were run unblinded but glycopeptide assignments were verified using
Mascot. Because IgG1 and IgG4 contain glycopeptides that differ by
only a single amino acid, the statistical significance between the IgG1
and IgG4 glycoform distributions at this site was determined, to
measure the impact of sequence (subtype) differences on N-glycan
distribution. The Holm-Sidak method was used, with alpha = 0.05
using Prism GraphPad 7. Each glycan type was analyzed individually,
without assuming a consistent standard deviation.

RESULTS

We designed a nLC-MS/MS method to characterize site-
specific antibody Fc N-glycosylation across antibody isotypes
and subclasses and applied this method to the analysis of
immunoglobulins from human serum (Fig. 1B). Our goal in
establishing this method is to enable the comparison of anti-
body N-glycosylation across many patient-derived serum
samples from healthy and disease states and to enable the
study of how glycans impact antibody function. At the outset,
immunoglobulins (IgG1, 1IgG4, IgA1, IgA2, and IgM) were pu-
rified from the sera of four healthy donors, subjected to pro-
teolysis, and analyzed in triplicate via nLC-MS/MS using HCD
fragmentation with stepped normalized collision energy (15%,
35%) to facilitate the observation of fragments arising from
cleavage of (1) glycosidic bonds that yield information about
the glycan composition and topology, and (2) the peptide
backbone that yield amino acid sequence information. We
show site-specific bulk antibody N-glycosylation from small
(~100 ng) amounts of IgG1, IgG4, IgA1, IgA2, and IgM purified
from healthy human serum using nLC-MS/MS without glyco-
peptide enrichment (Fig. 1B, 1C). We also characterized IgG3
N-glycosylation from the same donors but will report these
results in a separate publication.

Site Specific N-Glycosylation of Immunoglobulin G (IgG)
Subclasses—To establish that our method effectively sur-
veyed immunoglobulin glycoforms, we first analyzed 1gG1
N-glycosylation, as it has previously been characterized by
multiple research groups (8-12). Purified IgG1 was subjected
to proteolysis with trypsin, and 100 ng of each peptide sample
was analyzed (in triplicate) via nLC-MS/MS using reversed
phase (C18) separation and stepped collision energy. To ver-
ify the identity and assess the purity of each sample, Mascot
analyses were performed on all the resulting data files. The
protein search results were scrutinized to confirm that IgG1
was the top hit, and that there were no unique sequences
belonging to other immunoglobulin isotypes and subclasses
(see supplementary information). Minor components in the
samples included IgG2, 1gG3, alpha-1-acid glycoprotein, and
immunoglobulin light chains. Because all assignments and
quantification were performed at the glycopeptide level, the
extraneous proteins did not contribute to the nLC-MS results
reported for any of the immunoglobulin heavy chains. To
examine the glycoform microheterogeneity at the single IgG1
N-glycosylation site, we used Byonic to assign glycopeptide
tandem mass spectra, and manually verified the search re-
sults. Based on these analyses, we identified 20 IgG1 N-

glycoforms, all sharing the same amino acid sequence that
corresponds to the IgG1 Fc tryptic peptide containing N180
(enumerated starting from the N-terminal residue of the con-
stant heavy chain). Glycopeptide tandem mass spectra were
also examined for clues about N-glycan topology. For exam-
ple, the positive-ion MS2 spectra of glycopeptides with core-
fucosylated N-linked glycans have a characteristic set of frag-
ment ions consisting of the intact peptide with (1) HexNAc,
(+203.0794 u), (2) HexNAc,Fuc, (+349.1373 u), and (3)
HexNAc,Fuc, (+552.2167 u) that are derived from the fuco-
sylated chitobiose core; these are all singly or multiply proto-
nated and are annotated as pN, pNF, and pN,F, respectively,
on the plotted mass spectra (Fig. 1C). This topological infor-
mation is consistent with the known presence of core-fuco-
sylation on IgG1 N-glycans. Precursor mass accuracy (better
than 2 ppm), MS2 fragment ions, and retention time (within
30 s) were used as criteria to accept glycopeptide assign-
ments, and EICs were generated for the m/z value corre-
sponding to each glycopeptide.

Consistent with previous findings (26), our results show that
bulk 1gG1 in healthy donor serum is highly fucosylated; the
five most abundant glycoforms are core fucosylated (Fig. 2A).
Some glycoforms contain a bisecting GIcNAc residue. In ad-
dition to observing extensive glycan heterogeneity on the
single IgG1 Fc site within individual samples, we also de-
tected donor-to-donor variability within bulk antibodies from
healthy individuals. To rule out the possibility that the ob-
served variability was method related, IgG1 samples from
each donor were analyzed in triplicate. However, although
donor-dependent variability clearly exists, the overall trends in
glycoform abundance are consistent between donors, and
the most abundant IgG1 glycoforms were the same among
the four healthy donors (Fig. 2A, 2C, 2D). Next, we performed
an orthogonal nLC-MS/MS analysis of released, permethy-
lated N-glycans from IgG1 to verify the glycoform distribu-
tions and add additional structural details to the glycan as-
signments. The released and permethylated N-glycans from
purified IgG1 were also analyzed by MALDI-TOF MS and
capillary electrophoresis (CE) to verify that our glycopeptide
nLC-MS/MS methods accurately represent the distribution of
sialylated glycoforms (see supplementary information). Per-
methylated glycan analyses agreed with our glycopeptide
results and confirmed that the most abundant glycoforms
were fucosylated but not sialylated, although low abundance
sialylated glycoforms were also detected with both methods.
Because the released glycans may include some contribu-
tions from co-precipitated glycoproteins, the results for the
MALDI-TOF MS, nLC-MS/MS and CE analyses can differ
slightly from the glycopeptide results. Given that the different
subclasses of IgGs are functionally distinct, variability in Fc
glycosylation among healthy individuals may account for at
least part of the functional differences observed. As noted
earlier, we did not separately analyze IgG2 N-glycans, be-
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Fic. 1. N-Glycosylation Sequons in the Inmunoglobulin Fc Region Are Present in All Antibody Isotypes and Subclasses. A, Schematic
of immunoglobulin N-glycosylation sequons. Stars represent the locations of N-glycosylation sequons within the Fc regions of IgG1-4, IgA1-2
and IgM. The location of the asparagine (N) within each sequon is numbered from the N terminus of the heavy chain constant region, and thus
relates to the constant chain only. B, Schematic of the analytical workflow used in this study. nLC-MS/MS that employed C18 as the solid
phase; stepped collision energy (15%, 35%) was used to observe fragments arising from cleavage of carbohydrate glycosidic linkages and
peptide backbone fragments, respectively. Enzymatic release of N-glycans in H,'80 was achieved via the use of PNGase F. The PNGase
release was also used to introduce '80 into formerly glycosylated asparagine residues, to estimate glycosylation site occupancy. C,
Higher-energy collisional dissociation (HCD) spectrum of IgG1 N-glycopeptide ""?TKPREEQYNSTYR'®* + HexNAc,Hex,Fuc, (M + 4H]** m/z
820.3551), observed with 0.63 ppm error. Peptide b- and y-ions arising from breakage of the peptide bond and fragments arising from cleavage
of glycosidic linkages, are labeled. D, Nomenclature for high mannose (left) and complex (right) N-linked glycans. High mannose and complex
N-linked glycans share a common tri-mannosyl-chitobiose core (core). High mannose glycans are named by listing the total number of
mannose (Man) residues. Man9, with two N-acetylglucosamine (GlcNAc) residues and nine mannose residues, is shown (left). A complex glycan
consists minimally of the tri-mannosyl-chitobiose core with a single GlcNAc linked to each branch, and these residues are not listed.
Monosaccharides beyond this basic structure are listed. G1S1FB (shown, right) is extended on one branch with galactose (G) and sialic acid
(S), modified at the core with a fucose (F), and bisected with an N-acetylglucosamine (B).

Galactose (G)
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Fic. 2. Comparison of Site-Specific IgG1 and IgG4 Fc N-Glycosylation using nLC-MS/MS. A, IgG1 Fc N-glycopeptide relative
abundance, based on nLC-MS/MS analysis of IgG1 tryptic peptides. Immunoglobulin subclasses were isolated from a set of healthy donors
(n = 4) and each sample was analyzed in triplicate. Glycopeptide assignments were made based on precursor m/z, peptide backbone fragment
ions, carbohydrate fragment ions, and retention time. B, IgG4 Fc N-glycopeptide relative abundance, assigned as in (A). C, Comparison of IgG1
and 1gG4 Fc N-glycopeptide relative abundance, based on glycoform. (Blue = I1gG1, Red = IgG4) Differences in bisecting, fucosylated
glycoforms and sialylated, fucosylated glycoforms are noted. ** indicates statistical significance (p < 0.001). D, Heat map of IgG1 glycoforms.
E, Heat map of IgG4 glycoforms. The heat maps shows the N-glycosylation site, putative N-glycan, and average relative abundance (%) for
each glycoform for donors 1-4. The heat map is scaled according to relative abundance for each donor sample, with the highest abundance
glycoform in each sample colored red, the lowest colored white, and intermediate glycoforms colored on a linear intensity scale between the
two extremes.

cause of the low abundance of IgG2 and the difficulty of
purifying it.

Next, we analyzed IgG4 glycoforms using the nLC-MS/MS
method described above and confirmed the assignments of
the IgG4 peptides that contain the occupied glycosylation site
N177 (enumerated starting from the N-terminal residue of the
heavy constant chain) by verifying the protein identity and the

sequence of the IgG4 glycopeptide (for the tandem MS data,
see supplemental Fig. S1). The IgG1 and IgG4 subclasses
share the most abundant glycans on their Fc regions (Fig. 2B,
2E). However, for IgG4, we detected a smaller range of IgG4
glycoforms than we had observed for IgG1, despite our ana-
lyzing equal quantities of IgG1 and IgG4 and our determina-
tion that both sites are fully occupied (see below). Neverthe-

692

Molecular & Cellular Proteomics 18.4


http://www.mcponline.org/cgi/content/full/RA118.001185/DC1

Antibody Isotype- and Subclass-Specific N-Glycosylation

TABLE |
Estimated site occupancy of IgG1 and IgG4 Fc N-glycosylation sites from serum of healthy donors

. 18 P 18
T T —

Donor 1A 3.59E+05 2.21E+08 99.84% Donor1A 1.31E+06 9.07E+08 99.86%
Donor 1B 2.84E+05 2.13E+08 99.87% Donor1B 1.31E+06 8.76E+08 99.85%
Donor 1C 2.90E+05 2.10E+08 99.86% Donor1C 1.00E+06 8.29E+08 99.88%
Donor 2A 2.55E+05 1.52E+08 99.83% Donor2A 4.92E+06 2.35E+09 99.79%
Donor 2B 2.79E+05 1.43E+08 99.80% Donor2B 3.66E+06 2.47E+09 99.85%
Donor 2C 2.24E+05 1.42E+08 99.84% Donor2C 4.99E+06 2.38E+09 99.79%
Donor 3A 1.03E+05 5.70E+07 99.82% Donor3A 1.33E+06 1.06E+09 99.87%
Donor 3B 7.66E+04 5.45E+07 99.86% Donor3B 1.31E+06 9.84E+08 99.87%
Donor 3C 7.20E+04 5.50E+07 99.87% Donor3C 2.60E+06 1.06E+09 99.75%
Donor 4A 8.96E+04 8.10E+07 99.89% Donor4A 7.37E+05 8.02E+08 99.91%
Donor 4B 7.95E+04 7.87E+07 99.90% Donor4B 5.88E+05 7.26E+08 99.92%
Donor 4C 7.41E+04 6.94E+07 99.89% Donor4C 2.48E+05 5.94E+08 99.96%

For each analysis, extracted ion chromatograms (EICs) of the unmodified peptide and the formerly glycosylated peptide labeled with 80
were generated, and the area under the curve was calculated. To estimate site occupancy, labeled ('®0) peptide area was divided by the
summed area of the labeled and unmodified peptide. Results of triplicate analyses are shown.

less, we did detect a greater number of IgG4 glycoforms than
were reported for a previous effort that also used nLC-MS/MS
(26). Because both IgG1 and IgG4 samples were derived from
the same donors, it is clear that the observed differences in
glycosylation are Ig-subclass-specific. Interestingly, we found
relative abundances of G1 and G2 glycoforms trending to-
ward a decrease in all four IgG4 samples, as compared with
IgG1. Despite donor-to-donor variability, trends in glycoform
abundances were constant across the IgG4 samples, with the
same high abundance glycoforms shared among all donors
(Fig. 2C). To determine the differences between the distribu-
tions of IgG1 and IgG4 glycoforms, we averaged the sets of
glycans observed for all four donors and confirmed that IgG4
had notably fewer glycoforms than IgG1. The observed dif-
ferences tended to occur primarily in low abundance compo-
nents, including those that contain bisecting GIcNAc (B) and
NeuAc (S), such as GOB, G1S1, G2FB, G1S1FB and G2S2.
Indeed, these glycoforms were not detected in IgG4 (Fig. 2D).
In addition, there were significant differences between the
high abundance glycoforms that were present in the two
subclasses. For example, we detected higher levels of the
fucosylated, bisecting N-glycoform G1FB in IgG1 compared
with IgG4, and higher levels of the sialylated, fucosylated
glycoform G1S1F in IgG4 (Fig. 2C).

To (1) confirm the amino acid sequence of each glycopep-
tide and (2) estimate the site occupancy of each N-glycosy-
lation site, we treated all samples with PNGase F in the
presence of H,'80, resulting in the removal of N-linked gly-
cans from the occupied Asn sites, accompanied by hydrolysis
of the formerly occupied Asn residues to Asp residues, with
incorporation of "0 into these formerly N-glycosylated sites.
We found only very slight variations in the peptide sequences.
We confirmed that IgG1 and IgG4 Fc N-glycosylation sites are
highly occupied (>99.7%) (Table I). Our results emphasize the
need to explore N-glycosylation profiles in tandem with anti-
body function, as the intriguing differences documented here
are likely to impact antibody function. In this regard, as noted

above, we also analyzed IgG3 N-glycosylation from the same
donor samples, but we plan to report the results of the IgG3
analyses separately, to deal more completely with the biolog-
ical implications of glycoform variations in this protein.

IgG glycans have been studied extensively via both CE and
MS. To perform another validation of the nLC-MS/MS based
method, we released Fc-specific glycans from purified IgG1
and 1gG4 and analyzed the released glycans via CE. As with
our mass spectrometry-based IgG analysis above, we did not
include CE analysis of 1gG2 because we do not have a
method to purify adequate amounts of this very low abun-
dance antibody. Our CE results for both IgG1 and IgG4 were
comparable to those obtained using our nLC-MS/MS method,
showing very minimal differences in the glycan profiles (Fig.
3). In both methods, the trends in abundances of glycans
remained the same. However, we found that there are some
glycoforms, including GOB, G1S1, and G1S1FB, which could
only be detected via MS-based methods, and other glyco-
forms, especially several low-abundance, disialylated N-gly-
cans, that we detected only in IgG1, and only with the CE
method (Fig. 3A). As was the case for IgG1, use of CE resulted
in detection of twelve glycoforms for IgG4 (Fig. 3B), whereas
our nLC-MS/MS method only found ten. For both IgG1 and
IgG4, this difference occurred only with respect to glycans of
very low abundance that make up less than 1% of the total
profile. The abundances of the assigned glycoforms from
the nLC-MS/MS and CE-based methods correlated strongly
within each subclass, with correlation values of 0.7722 (p =
<0.0001) and 0.7937 (p = <0.0001) for IgG1 and IgG4, re-
spectively (Fig. 3C). Our nLC-MS/MS showed lower levels (or
no signal) for the low abundance disialylated species (Fig. 3A,
3B), either because of lower-efficiency detection of the target
glycans or, more likely, the presence of co-precipitated gly-
coproteins in the CE-analyzed samples. We emphasize that
the y axis of Fig 3B is on a log scale, which may have the
effect of exaggerating the significance of minor components.
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Fic. 3. Comparison of IgG1 and IgG4 Glycoforms using Capillary Electrophoresis of Released N-Glycans. A, Relative abundance (log,)
of released IgG1 N-glycans determined via capillary electrophoresis (CE) versus glycopeptide nLC-MS/MS (n = 4, serum from healthy donors
analyzed in triplicate). Note that CE is unable to separate certain glycoforms, so to compare this method to MS-based methods, the relevant
multiple glycoforms distinguished in MS analyses were summed. B, Relative abundance (log,.) of released IgG4 N-glycans determined via
capillary CE versus glycopeptide nLC-MS/MS (n = 4, serum from healthy donors analyzed in triplicate). C, Correlation of CE versus MS
analyses for IgG1 glycoforms. D, Correlation of CE versus MS analyses for IgG4 glycoforms.

Despite the minor differences in the results obtained
using the two methods, our nLC-MS/MS-based glycopeptide
method provided enough knowledge of glycoform heteroge-
neity, enabled assignment of glycoforms not detected by CE,
and required a practical amount of starting material. There-
fore, we concluded that we could extend this approach to
undertake the analysis of the N-glycosylation of the multi-
meric antibodies IgA1, IgA2, and IgM.

As we have discussed above, several techniques have been
applied to assess N-glycosylation heterogeneity in immuno-
globulins, including the analysis of released N-glycans using
CE or MS, and glycopeptide analysis via nLC-MS/MS. Among

these, glycopeptide MS/MS has major advantages: (1) glyco-
peptide fragmentation facilitates determination of the site of
glycan attachment, and, as a corollary to this first point, (2) the
relationship between the glycan and protein is maintained.
This is especially important in samples that may contain mul-
tiple glycoprotein impurities even after antibody pulldown,
and in glycoproteins such as IgA and IgM, that have multiple
N-glycosylation sites. In this context, site-specific glycosyla-
tion analysis can be achieved across multiple glycosylation
sites within the same protein, and across multiple proteins.
Our key goal was to develop a method to assign site-specific
Fc glycosylation in antibodies within the same donor sample,
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as Fab and Fc glycans are functionally different. Strategies
that rely on the release of N-glycans from intact proteins fail to
meet this criterion, but nLC-MS/MS analyses of glycopep-
tides enable us to distinguish Fab from Fc glycans.

Site Specific N-Glycosylation of Immunoglobulin A (IgA)
Subclasses—Methods that rely on the release of N-linked
glycans are poorly suited for the site-specific analysis of IgA1,
IgA2, and IgM, because of the presence of multiple N-glyco-
sylation sites on each of these molecules. Secretory IgA1 has
two N-glycosylation sequons: one in the CH2 domain that
interacts with its cognate receptor, and the other on the tail
domain whose function is unknown. An additional challenge
arises from the fact that IgA1 and IgA2 share a region of partial
sequence identity within the CH2 domain, and this region
contains an N-glycosylation sequon.

To address these challenges and to obtain glycopeptides of
a convenient size for tandem MS analysis, IgA1 and IgA2 were
separated, treated with Glu-C and trypsin and analyzed via
nLC-MS/MS. We subsequently confirmed that our separation
was successful by identifying sequences unique to each of
the subclasses via Mascot analysis (see supplementary infor-
mation). Separation of IgA1 and IgA2 enabled us to examine
how glycan heterogeneity at the shared N-glycosylation se-
quon differs between the subclasses. We determined that
IgA1 glycopeptides from the IgA1 CH2 site at N144 are dom-
inated by N-glycans with free terminal galactose, with the
exception of one glycoform (GOB) (Fig. 4A, and supplemental
Fig. S2). We found that four of the six most abundant glyco-
forms are monosialylated. Most interestingly, we detected no
fucosylation and very little disialylation, and it therefore be-
came clear that the glycan repertoire of IgA1 is distinct from
that of IgG1. For example, in IgG1 and IgG4, we determined
that G2S1 is scarce; however, we found that it was the most
abundant glycoform in IgA1. Additionally, at this site, we also
determined the presence of N-glycans with compositions
consistent with bisecting GIcNAc and a low level of minimally
processed high mannose N-glycans. As previously dis-
cussed, IgA1 and IgA2 share sequence identity at this site; we
determined that the glycoform distributions of the two iso-
forms were the same (Fig. 5B). Given that this site is within the
CH2 domain, which is known to interact with the Fc receptor,
IgA1 and IgA2 may have similar potential to interact with the
receptor. We determined that the glycans on IgA1 site 2
(N340) were larger than those on the first site and consisted
mostly of biantennary (disialylated and digalactosylated)
forms (Fig. 4B-4C, and supplemental Fig. S3). Perhaps the
most interesting difference we found between the two sites
was that almost all complex N-glycans on this tailpiece were
core fucosylated (Fig. 4C). Like the CH2 domain site, this site
also had some high-mannose type glycans, suggesting that
these regions are less accessible to processing by glycosyl-
transferases than is the single site in IgG1 which contains only
complex N-glycans. We also estimated the site occupancy of
IgA1 glycosylation sites after treatment with PNGase F in the

presence of H,"'®0 and determined that both IgA1 sites were
>99.2% occupied (Table II).

Next, we investigated the N-glycosylation of IgA2, which
has 4-5 N-glycosylation sites, as the number of N-glycosyla-
tion sequons present varies between IgA2 allotypes (29, 51).
IgA2 is ~10-fold less abundant than IgA1. We purified IgA1
and IgA2 separately, analyzed equal amounts of IgA1 and
IgA2, and verified the success of our purification by identifying
sequences unique to each isoform (see Supplementary Infor-
mation), and we were able to observe glycopeptides spanning
all the N-glycosylation sites, except for the last site, N327.
IgA2 has three known allotypes, and two of these allotypes,
IgA2m(2) and IgA2n, share an additional N-glycosylation se-
quon on the CH1 domain that is absent in the IgA2m(1)
allotype (52). IgA2m(1), the third known allotype, contains a
proline residue at position 93 and hence N92 is not within a
N-glycosylation sequon (NXS/T, X#P). IgA2m(2) and IgA2n
have serine at position 93 and may be glycosylated at N92.
We detected both the proline- and serine-containing peptides
in donor samples (see supplemental Fig. S4-S5); two out of
four samples used in this study had the IgA2m(1) allotype,
with a proline at position 93 and a total of four N-glycosylation
sequons (51). We also documented glycosylation at IgA2 site
N92 in the donor samples with the IgA2m(2) allotype, both by
detection of the formerly-glycosylated, '®0-labeled peptide
(supplemental Fig. S6) and by direct observation of glycopep-
tides with complex N-glycans at this site (supplemental Fig.
S7). We found that all N-glycans on IgA2 site N47 are highly
fucosylated, digalactosylated, and sialylated (Fig. 5A, 5D, and
supplemental Fig. S8). The observed glycan compositions
indicate that there are similar ratios of N-glycans with and
without bisecting GIcNAc. In total, we detected a limited
number of glycans at this site. Notably, IgA2 Site N47 was the
only site that we found glycopeptide evidence of N-glycosy-
lation where were unable to estimate site occupancy. After
treatment with PNGase F in the presence of H,'80, we de-
tected a precursor m/z that matched the theoretical m/z,
charge state and predicted retention time predicted for this
deglycosylated, labeled peptide. However, despite repeated
attempts to target and fragment this ion, we were unable to
obtain a well-defined MS2 spectrum, probably because of the
extremely low abundance of the precursor ion. It is possible
that some of this peptide was lost during the peptide cleanup
step that we performed after PNGase F treatment and before
nLC-MS/MS analysis.

IgA2 site N131 is the CH2 domain glycosylation site that
shares sequence identity with IgA1. As previously discussed,
the glycoforms at this site are the same in the two subclasses
(Fig. 5B, and supplemental Fig. S2). At site N205, G2S1F and
G2S1FB are the dominant N-glycoforms (like IgA2 Site N47),
and several lower abundance N-glycans are also present (Fig.
5C, and supplemental Fig. S9). There is a fifth N-glycosylation
sequon (“site 5”) at N327, but we did not detect any glyco-
peptides at this site, nor could we detect any '®0-labeled
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Fic. 4. IgA1 Glycoforms at Sites N144 and N340. A, IgA1 site N144 N-glycopeptide relative abundance, based on nLC-MS/MS analysis
of IgA1 site N144 trypsin/Glu-C peptides. Immunoglobulin subclasses were isolated from a set of healthy donors (n = 4) and each sample was
analyzed in triplicate. Glycopeptide assignments were made based on precursor m/z, peptide backbone fragment ions, carbohydrate fragment
ions, and retention time. B, IgA1 site N340 N-glycopeptide relative abundances, based on nLC-MS/MS analysis of IgA1 site N340 trypsin/Glu-C
peptides. C, Heat map of IgA1 glycoforms. The heat map shows the N-glycosylation site, putative N-glycan, and average relative abundance
(%) for each glycoform for donors 1, 3, and 4. Donor 2 was excluded, as an insufficient amount of IgA1 was isolated for glycopeptide detection.
The heat map is scaled according to relative abundance for each donor sample, with the highest abundance glycoform at each site and within
each sample colored red, the lowest colored white, and intermediate glycoforms colored on a linear intensity scale between the two extremes.

peptide at this site after treatment with PNGase F in the
presence of H,"'®0. However, studies performed on IgA2 de-
rived from saliva and human milk have found evidence of
N-glycosylation at IgA2 site N327 (53-55). Based on our es-
timates of N-glycosylation site occupancy, IgA2 sites N131
and N205 are highly occupied (Table lll). Although IgA1 and
IgA2 function(s) are not understood as well as those of the IgG
subclasses, there is speculation that the functions of these
subclasses differ from one another. Consistent with this idea,
we have found that there are significant differences in the
N-glycosylation of IgA1 and IgA2.

Site Specific N-Glycosylation of Immunoglobulin M (IgM)—
The IgM heavy chain has five N-linked glycosylation sites,
located at N46, N209, N272, N279, and N439 (all enumerated
starting from the N terminus of the heavy constant chain); it is
known that the first three sites have high levels of complex
glycans, whereas high-mannose N-glycans predominate on
the last two sites (56-59). IgM samples from our set of donors
(n = 4) were treated with trypsin and endoproteinase Glu-C,
and these proteolytic digests were analyzed directly via nLC-
MS/MS, in triplicate, to determine how site-specific N-glyco-
sylation varied among the five heavy chain sites in the serum
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Fic. 5. IgA2 Glycoforms at Sites N47, N131, and N205. A, IgA2 site N47 N-glycopeptide relative abundance. B, IgA2 site N131
N-glycopeptide relative abundance. C, IgA2 site N205 N-glycopeptide relative abundance. For both sites, abundances and standard deviation
are shown for IgA2 from four healthy individuals, each run in triplicate. D, Heat map of IgA2 glycoforms. The heat map shows the
N-glycosylation site, putative N-glycan, and average relative abundance (%) for each glycoform for donors 1-4. The heat map is scaled
according to relative abundance for each donor sample, with the highest abundance glycoform at each site and within each sample colored
red, the lowest colored white, and intermediate glycoforms colored on a linear intensity scale between the two extremes.

TABLE Il

Estimated site occupancy of IgA1 N-glycosylation sites N144 and N340

v S WREDR wowpes  waon Ui WRGDD s owos
Donor 1A ND 4.46E+08 HIGH Donor1A ND 1.08E+07 HIGH
Donor 1B 4.11E+06 4.84E+08 99.16% Donor1B ND 2.09E+07 HIGH
Donor 1C 4.00E+06 4.75E+08 99.17% Donor1C ND 2.26E+07 HIGH
Donor 2A ND 1.15E+09 HIGH Donor2A ND 4.12E+07 HIGH
Donor 2B ND 1.18E+09 HIGH Donor2B ND 4.39E+07 HIGH
Donor 2C ND 1.18E+09 HIGH Donor2C ND 4.49E+07 HIGH
Donor 3A 2.12E+06 4.22E+08 99.50% Donor3A ND 2.43E+06 HIGH
Donor 3B 2.58E+06 4.23E+08 99.39% Donor3B ND 2.33E+06 HIGH
Donor 3C 2.63E+06 3.91E+08 99.33% Donor3C ND 2.59E+06 HIGH
Donor 4A 5.85E+06 7.33E+08 99.21% Donor4A ND 2.45E+07 HIGH
Donor 4B 5.23E+06 6.99E+08 99.26% Donor4B ND 2.81E+07 HIGH
Donor 4C 5.72E+06 6.72E+08 99.16% Donor4C ND 2.88E+07 HIGH

Results of triplicate analyses are shown.
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TaBLE Il
Estimated site occupancy of IgA2 N-glycosylation sites N131 and N205

onior  Umedfed  dedD0  youpes  groteos  Ymedfed  LabdedDIO o occupieg
Donor 1A 2.54E+06 1.38E+09 99.82% Donor1A ND 9.87E+08 HIGH
Donor 1B 3.02E+06 1.29E+09 99.77% Donor1B ND 9.41E+08 HIGH
Donor 1C 2.57E+06 1.21E+09 99.79% Donor1C ND 9.90E+08 HIGH
Donor 2A ND 6.25E+09 HIGH Donor2A ND 4.03E+09 HIGH
Donor 2B ND 6.18E+09 HIGH Donor2B ND 3.76E+09 HIGH
Donor 2C ND 5.74E+09 HIGH Donor2C ND 3.84E+09 HIGH
Donor 3A 1.11E+06 5.21E+08 99.79% Donor3A ND 8.33E+08 HIGH
Donor 3B 1.07E+06 5.23E+08 99.80% Donor3B ND 7.96E+08 HIGH
Donor 3C 8.35E+05 4.53E+08 99.82% Donor3C ND 8.39E+08 HIGH
Donor 4A 7.25E+06 2.11E+09 99.66% Donor4A ND 1.72E+09 HIGH
Donor 4B 3.22E+06 2.20E+09 99.85% Donor4B ND 1.87E+08 HIGH
Donor 4C 2.88E+06 1.97E+09 99.85% Donor4C ND 1.73E+09 HIGH
Results of triplicate analyses are shown.
DISCUSSION

IgM of healthy individuals. At site N46, two of the three most
abundant glycans were sialylated and fucosylated, but did not
contain a bisecting N-acetylglucosamine (Fig. 6A, 6F, supple-
mental Fig. S10). This is in contrast to the N-glycans at site
N209, where the most abundant glycoform has a composition
consistent with that of a bisected N-glycan (Fig. 6B, supple-
mental Fig. S11), and site N272, where two of the top three
most abundant glycans also have compositions consistent
with those of bisected N-glycans (Fig. 6C, supplemental Fig.
S12). At site N279, high-mannose glycans were among the
most abundant forms observed, and at site N439, high man-
nose glycans were detected exclusively (Fig. 6D, 6E; supple-
mental Figs. S13-14). IgM heavy chain sites 1-4 are highly
occupied (Table 1V), whereas site 5 demonstrated much lower
site occupancy. Indeed, our estimates suggest that only
about one third of IgM molecules in serum are have N-glycan
occupancy at site 5. This differs from the findings of ES Moh
et al. (59), who analyzed glycans from pentameric and hexa-
meric recombinant IgM, and found that the occupancy of IgM
site 5 was ~60%. This observed discrepancy may arise from
the fact that their study was performed on recombinant IgM,
whereas our findings are drawn from IgM isolated from human
sera. Indeed, this highlights the need for our sensitive, high-
throughput nLC-MS/MS approach, which can be applied to
the analysis of patient-derived immunoglobulins. Of note, we
detected IgM HC glycopeptides of variable lengths that con-
tained N439 but differed by the presence/absence of the
C-terminal tyrosine residue. Although this may be an experi-
mental artifact because of nonspecific proteolysis, it is also
possible that this arises from variable termination of the
protein translation or in vivo C-terminal truncation. We also
released IgM glycans using PNGase F and analyzed per-
methylated glycans via nLC-MS/MS to assess the glycan
composition of bulk IgM glycans (see supplemental informa-
tion). The glycan compositions observed via nLC-MS/MS are
consistent with our glycopeptide analyses; the released gly-
cans included high mannose and bisected N-linked glycan
structures.

Over several decades, evidence has accumulated that im-
munoglobulin Fc N-glycosylation influences antibody:Fc re-
ceptor binding, with profound implications for the subsequent
inflammatory and immune responses (8-14, 22-24, 60).
Moreover, the N-glycosylation of immunoglobulins varies
based on the exposure of individuals to specific pathogens
(22, 35, 36), and geographical location (33), and this variation
provides strong evidence that glycosylation is not random or
stochastic but programmed in response to environmental
stimuli. Therefore, the potential exists to design vaccines that
maximize antibody function by teaching cells how to favor
production of specific glycosylated forms. If this can be
achieved, it will empower vaccination strategies for HIV and
many other infectious diseases. However, achieving this vi-
sion requires a deeper understanding of how antibody N-gly-
cosylation impacts function, which in turn requires a robust
method to analyze antibody N-glycosylation.

N-glycosylation is a heterogeneous protein modification,
and development of an understanding of which antibody gly-
coforms promote favorable immune responses is essential to
the development of more effective vaccines. Although the role
of 1gG1 N-glycosylation in relation to antibody function is
well documented, less is known about the N-glycosylation of
IgG2, 19G3, IgG4, IgA1, IgA2, and IgM. Several groups have
developed methods for surveying immunoglobulin Fc N-gly-
cosylation (25, 26, 51, 56-59, 61-63). However, these meth-
ods frequently focus on a single antibody isotype, and, in
several cases, the reports were based on the analysis of
recombinant protein rather than antibodies isolated from hu-
man donors (51, 59, 62). We sought here to develop a com-
plete nLC-MS/MS method for site-specific N-glycosylation
analysis of the IgG, IgA and IgM isotypes and subclasses from
the same set of human serum samples. Site-specific analysis
of N-glycosylation, via the analysis of glycopeptides, is a
particularly important feature of this effort, as IgA1, IgA2, and
IgM each contain multiple N-glycosylation sites, and determi-
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Fic. 6. IgM Glycoforms at Sites N46, N209, N272, N279, and N439. A, IgM site N46 N-glycopeptide relative abundance. B, IgM site N209
N-glycopeptide relative abundance. C, IgM site N272 N-glycopeptide relative abundance. D, IgM site N279 N-glycopeptide relative abundance.
E, IgM site N439 N-glycopeptide relative abundance. For all sites, abundances and standard deviation are shown for IgM from four healthy
individuals, each run in triplicate. F, Heat map of IgM glycoforms. The heat map shows the N-glycosylation site, putative N-glycan, and average
relative abundance (%) for each glycoform for donors 1-4. The heat map is scaled according to relative abundance for each donor sample,
with the highest abundance glycoform at each site and within each sample colored red, the lowest colored white, and intermediate glycoforms
colored on a linear intensity scale between the two extremes.
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TABLE IV
Estimated site occupancy of IgM N-glycosylation sites N46, N209, N272, N279 and N439

Labeled D80
peptide area

Unmodified

peptide area % Occupied

Labeled D'®0
peptide area

Unmodified

peptide area % Occupied

IgM-N46
Donor 1A ND 2.38E+08 HIGH
Donor 1B ND 2.41E+08 HIGH
Donor 1C ND 2.49E+08 HIGH
Donor 2A ND 3.10E+08 HIGH
Donor 2B ND 2.96E+08 HIGH
Donor 2C ND 3.05E+08 HIGH
Donor 3A ND 1.18E+08 HIGH
Donor 3B ND 1.15E+08 HIGH
Donor 3C ND 1.14E+08 HIGH
Donor 4A ND 1.10E+08 HIGH
Donor 4B ND 9.49E+07 HIGH
Donor 4C ND 9.91E+07 HIGH

IgM-N272
Donor 1A ND 9.43E+06 HIGH
Donor 1B ND 8.63E+06 HIGH
Donor 1C ND 7.26E+06 HIGH
Donor 2A ND 6.78E+06 HIGH
Donor 2B ND 7.08E+06 HIGH
Donor 2C ND 7.75E+06 HIGH
Donor 3A ND 8.21E+06 HIGH
Donor 3B ND 8.20E+06 HIGH
Donor 3C ND 8.09E+06 HIGH
Donor 4A ND 2.83E+06 HIGH
Donor 4B ND 1.86E+06 HIGH
Donor 4C ND 1.37E+06 HIGH

IgM-N439
Donor 1A 1.85E+07 9.29E+06 33.39%
Donor 1B 1.65E+07 8.16E+06 33.09%
Donor 1C 1.70E+07 7.73E+06 31.21%
Donor 2A 2.81E+07 1.43E+07 33.70%
Donor 2B 2.68E+07 1.52E+07 36.13%
Donor 2C 2.82E+07 1.47E+07 34.31%
Donor 3A 3.36E+06 1.73E+06 34.06%
Donor 3B 2.95E+06 1.55E+06 34.46%
Donor 3C 3.40E+06 1.77E+06 34.26%
Donor 4A 7.37E+06 6.01E+06 44.91%
Donor 4B 7.50E+06 4.76E+06 38.84%
Donor 4C 6.34E+06 4.54E+06 41.73%

IgM-N209
Donor 1A ND 5.11E+07 HIGH
Donor 1B ND 5.52E+07 HIGH
Donor 1C ND 6.10E+07 HIGH
Donor 2A ND 4.76E+07 HIGH
Donor 2B ND 5.35E+07 HIGH
Donor 2C ND 6.36E+07 HIGH
Donor 3A ND 1.79E+07 HIGH
Donor 3B ND 1.80E+07 HIGH
Donor 3C ND 3.30E+07 HIGH
Donor 4A ND ND -
Donor 4B ND ND -
Donor 4C ND 1.16E+05 HIGH
IgM-N279
Donor 1A ND 3.42E+09 HIGH
Donor 1B ND 3.26E+09 HIGH
Donor 1C ND 3.22E+09 HIGH
Donor 2A ND 4.42E+09 HIGH
Donor 2B ND 4.49E+09 HIGH
Donor 2C ND 4.62E+09 HIGH
Donor 3A ND 1.85E+09 HIGH
Donor 3B ND 1.75E+09 HIGH
Donor 3C ND 1.65E+09 HIGH
Donor 4A ND 1.64E+09 HIGH
Donor 4B ND 1.51E+09 HIGH
Donor 4C ND 1.32E+09 HIGH

Results of triplicate analyses are shown.

nation of the N-glycoform distribution associated with each
site is critical to developing an understanding of the role of
N-glycosylation in immunoglobulin function.

To our knowledge, this study represents the first examina-
tion of site-specific immunoglobulin N-glycosylation spanning
multiple isotypes and subclasses from individuals within a
single set of human serum samples. It was achieved without
glycopeptide enrichment; this feature makes it more amena-
ble to high-throughput use and avoids the potential for bias
during enrichment. Site-specific glycosylation analysis is well
suited for the analysis of immunoglobulins purified from bio-
logical samples, as it enables differentiation between glycans
derived from the target protein versus those from co-isolated
proteins. To emphasize this point, we remind the reader that,
after purification, protein identity was verified by performing a
protein sequence database search on each nLC-MS/MS data

file, and the results demonstrated that, despite our best at-
tempts to purify each immunoglobulin, nontarget proteins
were still present. Nevertheless, because the N-glycans were
still attached to definitive peptides, nLC-MS/MS enabled us to
focus specifically on glycosylation of target proteins by en-
suring that the glycopeptides of interest were derived from the
target glycoprotein. This is a huge advantage over ap-
proaches that employ N-glycan release as the first step, fol-
lowed by analysis (such as CE, MALDI-TOF MS, or LC-MS/
MS) of native or derivatized glycan pools. Indeed, these
alternative approaches likely err in reporting the abundance of
certain glycoforms because of the presence of glycans re-
leased from non-target proteins. Similarly, this method has an
advantage over CE of chromophore-tagged N-glycans, as
demonstrated by the nLC-MS/MS separation and detection of
multiple IgG1 glycoforms that co-eluted during CE (Fig. 2, 3).
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Of course, the method also distinguishes Fc from Fab gly-
cans, which have different functional outcomes, specifically
for IgAs and IgMs where no available enzyme successfully
cleaves Fab from the Fc domain. Nevertheless, the reader
should note that, compared with nLC-MS/MS, the CE results
indicated higher levels of the low abundance disialyated spe-
cies (Fig. 3A, 3B), and it has not yet been determined whether
this is because of CE’s higher-efficiency detection of the
target glycans or the presence of co-precipitated glycopro-
teins in the CE-analyzed samples.

Site-specific N-glycosylation analysis can enable a greater
understanding of how Fc glycosylation impacts function.
General trends observed in this study included the detection
of differences in the abundances of specific glycoforms in
IgG1 versus 1gG4, in which we found higher levels of the
fucosylated, bisected N-glycan G1FB in IgG1, and lower lev-
els of the sialylated and fucosylated glycoform G1S1F. In the
multimeric immunoglobulins I1gA1, IgA2 and IgM, we were
able to discern clear differences in glycoform types and abun-
dances between glycosylation sites, which can serve as the
basis for functional studies. For example, there are higher
levels of complex, fucosylated N-linked glycans on IgA1 site
N340 compared with site N144. In IgA2, a similar pattern
emerged, in which sites N47 and N205 contained mostly
fucosylated N-glycans, whereas site N131 (which shares a
common sequence with IgA1 site N144) has a profile very
similar to the equivalent IgA1 site, with higher relative abun-
dances of non-fucosylated glycoforms. We also detected
multiple allotypes of IgA2, one with a unique N-glycosylation
sequon. Glycoproteomic methods are particularly well suited to
understanding changes in glycosylation between sequence
variants, as both the glycan and sequence information are pre-
served. Finally, in IgM we found that sites N46, N209, and N272
have mostly complex glycoforms, whereas sites N279 and
N439 display primarily high-mannose N-linked glycans, high-
lighting the complex mechanism by which glycosylation ma-
chinery works, in addition to antibody-specific glycosylation.

The development of this nLC-MS/MS workflow using
stepped normalized collision energy enables production of
(glyco)peptide backbone fragments and glycan fragments
that aid in the interpretation of peptide sequence and glycan
topology that are essential for site-specific characterization of
immunoglobulin N-glycosylation. The results presented here
show differences in immunoglobulin N-glycosylation between
well studied and less accessible isotypes and subclasses, and
we were able to gauge donor-to-donor variability, and therefore
distinguish changes in lg isotype, subclass glycosylation inde-
pendent of donor-to-donor variability. It is essential to under-
stand immunoglobulin N-glycosylation from human serum, as
this gives us the most relevant readout of the glycosylation.

The motivation for this work is to elucidate the glycoform
patterns of circulating immunoglobulins and facilitate studies
of N-glycan structure-function relationships in immunoglobu-
lin subclasses, with the goal that antibody N-linked glycosy-

lation can be controlled via vaccination to produce respon-
sive, functional (favorably glycosylated) immunoglobulins. The
data presented herein demonstrate that nLC-MS/MS has the
analytical capability to define site-specific glycoform distribu-
tions of individual Ig classes derived from human serum.
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