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Typical clinical grade human IgG (intravenous immunoglobulin, IVIG), used for carbohydrate
analysis, is derived from thousands of healthy donors. Quantitative high-resolution glycan
profiles of IgG and its Fc–Fab fragments are presented here. Glycan profiles were established
following digestions with Fc specific endoglycosidase S and generic PNGase F under
denaturing and non-denaturing (native) conditions. The native PNGase F glycan profile of
IgG was similar (but not identical) to that of Endo S. Endo S profiles did not contain the glycans
with bisecting GlcNAc. PNGase F glycan profiles were the same for Fc fragments that were
isolated from pepsin and Ide S protease digests. Both isolated Fab fragments and the previously
deglycosylated IVIG (native conditions) yielded the same glycan profile. Glycan profiles were
established using high resolution HPLC with 2-aminobenzoic acid (2AA) labeling. An accurate
determination of sialylation levels can be made by this method. Carbohydrate content in Fc
and Fab was determined using an internal standard and corrected for both protein and glycan
recoveries. Fab portion contained about 14% of the total carbohydrate which translates to 2.3
sugar chains per mol in IVIG where 2 chains are located in the CH2 domain of the Fc. Fc glycans
consisted of neutral (N) 84.5%; mono-sialylated (S1) 15% and di-sialylated (S2) 0.5%. In
contrast, Fab contained N, 21%; S1, 43% and S2, 36%. The distribution of bisecting
N-acetylglucosamine and fucose was found to be very different in various glycans (N, S1 and
S2) found in Fab and Fc. Total IgG glycan profile (Fab plus Fc) contained N, 78.5%; S1, 17% and
S2, 4.5%. Percent distribution of glycans G0, G1 and G2 (with 0, 1 and 2 two galactoses) was 26,
49 and 25 respectively within the 78% of the neutral glycans. Glycan profiles were nearly the
same for various clinical grade IVIG preparations from various manufacturers. A fast HPLC
profiling method was developed for the separation and quantitation of IgG glycans (neutral
(G0, G1, and G2), mono- and di-sialylated) using simple procedures. The method should prove
useful for monitoring glycan changes in clinical settings.
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1. Introduction

IgG preparations were introduced in the fifties for possible
treatment of immune deficiencies. Intravenous immunoglobulin
(IVIG) therapy has been approved for primary immunodeficien-
cy, secondary immunodeficiency, immune thrombocytopenic
d States. Tel.: +1 610

ll rights reserved.
purpura, Kawasaki disease, chronic B-cell lymphocytic leukemia,
pediatric HIV type 1 infection etc. and is being used in many
other inflammatory disorders (>85) off-label. Clinical grade IVIG
is prepared from pooled human plasma typically collected from
30 to 60,000 healthy donors. A single batch of IVIG is produced
from either 4–6000 L or 8–14,000 L of plasma depending on size
of the manufacturing plant. Each preparation contains greater
than 99.8% IgG with the following distribution: IgG1 69%; IgG2

28%; IgG3 2% and IgG4 1%. Traces of other Igs, plasma proteins,
enzymes and proteases can be detected by their immunologic,
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enzymatic or biologic activity. Clinical grade preparation is likely
to represent so called true normal human IgG.

Monoclonal antibodies have gained prominence as one of
the major therapies for various diseases including cancer
and inflammation. In recent years, it has become clear that
glycosylation of Asn297 in the CH2 domain of IgG1 is essential
for their Fc-receptor mediated effector functions. Effectiveness
of the drug also depends on its glycan structure (see reviews
Jefferis, 2005; Arnold et al., 2007; Kobata, 2008). Furthermore,
it has been reported that sialylation of Fc glycans alone in IVIG
can lead to anti-inflammatory activity (Anthony et al., 2008;
Nimmerjahn, and Ravetch, 2008). In order to understand the
glycan structure–function relationship, better methods and
experimental design are required.

Glycosylation of normal human IgG has been studied in the
past. However, clear quantitative glycan profiles of normal IgG,
Fc and Fab have not emerged from published reports. Available
data is confounded by the small number of normal samples, the
use of combined data from different techniques and multiple
methods of preparation of IgG fragments and glycans. Glycan
structures present in human IgG have been reported. A good
understanding of the heterogeneity among both Fc and Fab
glycans exists (Kobata, 2008). In addition, the distributions
of glycans in Fc and Fab portionshave been reported (Youings et
al., 1996; Holland et al., 2006; Mimura et al., 2007). These
reports used multiple lengthy procedures for preparation of Fc
and Fab fractions, and chromatographic separations that include
various lectin columns. From all the combined data, one
can imagine how the glycan profiles would look like. In
addition, quantitative glycan profiles of Fc and Fab that
include sialic acids are not available. Carbohydrate distri-
butions can be interpreted as merely an estimate due to
cumbersome methodologies used.

In this paper, appropriate methods were selected for
quantitative glycan profiling based on the current understanding
of IVIG. Simple experimental approaches have been designed to
avoid problems associated with recovery of Fab, Fc and glycans.
The determination of glycan distribution in Fc and Fabwasmade
simple due to the specificity of PNGase F towards oligosaccha-
rides in IgGs and the specificity of endoglycosidase S (Endo S) for
Fc glycans. Ide S protease, which cleaves IVIG into Fc and Fab
portions, was quite useful. The quantitative profiles of IVIG, Fc
and Fab fragments are presentedhere, and are likely to represent
the normal human IgG glycosylation. Furthermore, the prefer-
ential distribution of sialic acid in Fab vs. Fc glycans is reported
for the first time.
2. Materials and methods

IVIG was obtained from Baxter, CSL Behring, Talecris,
Octapharma and Biotest. PNGase F (cat. no. P0704L) and
neuraminidase (cat. no. P0720L) were from New England
Biolabs. Endo S (IgGZero) and Ide S (FabRICATOR) were from
Genovis (Sweden). Bovine milk β1–4 galactosyltransferase
(cat. no. G5507), pepsin and asialofetuin were from Sigma.
Sialyltransferase (α2–6, cat. no. 566223)was fromCalbiochem.
β-galactosidase (jack bean) was from ProZyme. Other
reagent grade chemicals and plastic screw cap tubes (1.5 mL)
with O-ring seals (cat. no.02-681-339 and 02-681-358) were
obtained from Fisher Scientific.
2.1. Release of glycans from IgG, Fc and Fab

Intact oligosaccharides were released from IVIG and Fc
under non-denaturing (native) and denaturing conditions as
appropriate. Isolated F(ab)2 was digested with PNGase F after
denaturation in SDS containing buffer in all the experiments.
Approximately 0.05–0.2 mg of protein was denatured in 50 μL
ammonia-SDS-β-mercaptoethanol as described before, and
digested with PNGase F (2 μL or 1000 NEB units) at 37 °C for
2 h-overnight (Anumula and Dhume, 1998). Similarly, IVIG
was digested with both PNGase F and Endo S in 50 mM
sodium-PO4-10 mMEDTA Buffer pH 6.8 (native conditions) for
2 h to overnight at 37 °C. However, for rapid Fc glycan profiling,
IgG (0.1 mg) in 30–50 μL of native buffer was treated with
PNGase F (2 μL) for 30 min at 37 °C.

For selective cleavage of Fc and Fab glycans, 0.2 mg of IVIG in
50 μLwas treated first with PNGase F under native conditions for
2–4 h to release Fc glycans only. Released glycans were isolated
fromthedigest by ethanol precipitation. Proteinwasprecipitated
by adding exactly three volumes of ethanol-0.5% acetic acid. An
internal glycan standard (IS) 10 μL was added and mixed. The
supernatant was collected after centrifugation (4 k rpm, 5 min)
in a microcentrifuge (Eppendorf, 5417R), and an aliquot of 50 μL
was saved for glycan labeling and HPLC analysis. The protein
pellet was dissolved in 50 μL of 0.2 M NaOH containing 10 mM
Na2HPO4–30 mM Na2EDTA. The protein was precipitated again
with ethanol-0.5% acetic acid and the supernatantwas discarded.
After third precipitation, the pellet was dissolved in 50 μL
ammonia-SDS-β-mercaptoethanol and an aliquot was used to
determine the protein concentration by absorbance at 280 nm
using the same buffer for blank. IVIG concentrations before and
after PNGase F digestions were determined using an extinction
co-efficient of 1.4 (per mg/mL). The precipitated IgG samples
were heated at 80 °C for 10 min for complete denaturation in the
above SDS containing solution. Samples were digested with
PNGase F at 37 °C overnight in order to obtain the glycans from
Fab portion. The same internal standard, however diluted 1:10,
was added to the 2nd digest and mixed. This second digest with
IS and the supernatant (50 μL) from the first digest (Fc glycans)
were labeled with AA for HPLC analysis.

The glycans for internal standard were prepared from
asialofetuin (ASF, 0.5 mg/mL) by PNGase F digestion under
denaturing conditions. Glycans were not isolated and the
mixture was used as such. ASF glycans containing the major
tri-antennary complex structure as an IS provided a handle
to account for the recovery of IVIG glycans from the enzyme
digestion and the label cleanup steps. All the glycan peak areas
were normalized for the internal standard peak (tri-antennary
glycan). Further, a correction was made for other minor
contaminating peaks originating from the ASF.

2.2. HPLC analysis of glycans

Released oligosaccharides were labeled in situ with
2-aminobenzoic acid (2AA; anthranilic acid, AA) and analyzed
by two high-resolution chromatographic separation methods
as described before (Anumula, and Dhume, 1998). Briefly, the
derivatization reagent was prepared by dissolving 30 mg each
of AA and sodium cyanoborohydride in 1.0 ml of methanol–
borate-acetate solution. An aliquot of 0.1 mL was used for
labeling at 80 °C for 60 min. First dimension separation is based
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on normal phase anion-exchange chromatography (NP-AEX)
in which the glycans are resolved into neutral and sialic acid
containing groups e.g. neutral, mono and di-sialylated etc.
Separation in the second dimension on an amide column is
based on size and linkages. However, both of these methods
were modified for separations using 2×150 mm columns.
Purified AA labeled oligosaccharides were separated on an
amine (−NH2) bonded polymeric column (Asahipak NH2 P-
50 2D, 5 μmparticle size, 2.0×150 mm, Phenomenex, catalog #
CH0-5582). Separations were carried out at 50 °C using a flow
rate of 0.2 mL/min. Mobile phase A consisted of 2% acetic acid
and 1% tetrahydrofuran (inhibited) in acetonitrile and mobile
phase B consisted of 5% acetic acid, 3% triethylamine and 1%
tetrahydrofuran (inhibited) in water. The following gradient
was used for IgG profiling: 30% B isocratic for 10 min followed
by a linear increase to 80% B over 85 min andwas held at 95% B
for additional 15 min. The columnwas equilibrated with initial
conditions for 15 min prior to the next injection.

For rapid profiling, glycans were released and labeled in situ
with AA (30 min each). AA was separated from glycans by
filtration using a nylon syringe filter (takes ~30 min) for HPLC
analysis (Anumula, and Dhume, 1998). For manual high
throughput sample cleanup, GlykoClean™ G Cartridges
(GC250) alongwith Glycan Clean-up Station (GC100, a vacuum
filtration unit, Prozyme) were used. Glycan binding, washing
and elution steps were the same as in the nylon filter cleanup
procedure except that the glycans from the cartridges were
collected by centrifugation (2× at 4 k rpm, 2 min ea.,
Eppendorf, 2×0.5 mL of 20% acetonitrile) into 1.6 mL plastic
screw cap tubes. This procedure is used when 2–10 samples
are processed. For processing large number of samples,
glycans are collected directly into a deep-well collection plate
under vacuum. Up to 96 samples can be prepared within
30–60 min using this filtration unit. Alternatively, an automated
sample cleanup procedure based on PhyNexus system can be
used for high throughput (Prater et al., 2007).

For fast/short profiling with sufficient details, AA-labeled
samples were injected onto the Asahipak -NH2 bonded
column at initial 35% B and held isocratic for 12 min, at
12.1 min raised to 39% B and gradient initiated to reach 48% B
at 17 min followed by another increase to 95%B at 26 min.
Column was washed with 95% B for 4 min and equilibrated at
35% B for 10 min prior to next injection. Separations were
carried out at 50 °C using a flow rate of 0.2 mL/min.

For separation of the glycans based on size and structure,
a TSKgel Amide-80 (3 μm, 2×150 mm, Tosoh Bioscience,
catalog #21865) column was used. Separations were carried
out at 40 °C using a flow of 0.2 mL/min. Solvent A consisted of
0.1% each of acetic acid and ammonium hydroxide (25%) in
80% acetonitrile–water. Solvent B consisted of 0.1% each of
acetic acid and NH4OH in water. This buffer was intended to
be compatible with mass spec analysis and had a slightly
better resolution. However, it is sensitive to salts and pH of
the sample. Separation of the AA labeled oligosaccharides
was carried out using 10% B isocratic for 6 min followed by a
linear increase to 21% B at 80 min. Column was washed for
10 min with 95% B and equilibrated with 10% B for 10 min
prior to next injection. Samples containing excess water were
adjusted to >50% acetonitrile prior to injection (10 μL).
Similarly, glycans were separated using phosphoric acid–
butylamine solvent system described earlier (Saddic et al.,
2002), however, with a different gradient. Mobile phase A,
acetonitrile, contained 10% water, 0.5% o-phosphoric acid and
0.2% 1-butylamine. Mobile phase B, water, contained 0.5%
o-phosphoric acid and 0.2% 1-butylamine. All the separations
were carried out at 40 °C using a flow of 0.2 mL/min.
Separation was carried out using 17% B isocratic for 6 min
followed by a linear gradient reach 25% at 80 min, and the
column washed for 10 min with 95% B and equilibrated with
17% B for 10 min prior to next injection. This system was
tolerant to the proteins, different buffer compositions, salts and
pH of the glycan samples. It was used in all the separations
except as noted.

All the separations were carried out using Agilent 1200
and 1100 HPLC systems with fluorescence detectors and
following settings were used: Fluorescence, λex 360 nm,
λem 425 nm; PMT gain:11–12; PWResponse Time: >0.4 min
(8 s, slow); Polarity: Positive; BL behavior: Append; Ref.: On.

2.3. Exo-glycosidase digestion

Labeled glycans, neutral, 1SA and 2SA fractions from Fab and
neutral and 1SA fractions from Fc were collected manually from
the NP-AEX chromatography. About 50 μg each of bovine serum
albumin and mannitol were added to all the fractions and
dried. Each fraction was digested with neuraminidase and
β-galactosidase in citrate-acetate buffer, pH 5.5, to yield glycans
without galactose structures (Anumula and Taylor, 1991). The
resulting glycans were separated on the Amide-80 column.

2.4. Isolation of intact Fab and Fc fragments from IVIG

IVIG was digested with Ide S protease (FabRICATOR,
Genovis) as suggested by the manufacturer for 4 h at 37 °C to
generate F(ab)2 and 1/2Fc fragments. Nearly complete cleavage
(>98%) was confirmed by SDS-PAGE analysis (non-reducing
conditions). Fab and Fc fragments were separated by size
exclusion HPLC using a TSKGel G3000SWxl column (Tosoh, cat.
no. 0854). Themajority of the center portions of the F(ab)2 and
1/2Fc peaks were collected and subjected to glycan profiling.

Also, IVIG (15 mg/mL) in 0.1 M Na Acetate, pH 4.0 was
digested with pepsin (1:100 w/w) at 37 °C for 20–24 h.
Complete digestion of the IVIG was verified by SDS-PAGE
(non-reducing conditions). Fab portionwas isolated from50 μL
digest by ultrafiltration using a 50 kDa cut-off membrane filter
(Amicon, 12,000 rpm 5 min). Fab portion that retained in the
filter cup was washed extensively with native buffer. The final
retain was dissolved in ammonia-SDS-β-mercaptoethanol,
digested with PNGase F, labeled with AA and analyzed by
HPLC. Similarly, the flow through (10–30 μL) containing Fc
fragments was subjected to profile analysis.

Monosaccharides and sialic acid content in IVIG
were determined by HPLC using anthranilic acid and
o-phenylenediamine derivatization procedures as described
earlier (Saddic et al., 2002).

3. Results

3.1. Profiles of IVIG

Fig. 1 shows glycan profiles obtained from native and de-
natured IVIG following digestion with PNGase F. Glycans
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were separated into groups of neutral and sialylated species
containing one and two sialic acids. The neutral group
contained three major peaks, designated as G0, G1 and G2.
Each peak contained mainly bi-antennary complex glycans
with zero, one and two galactoses respectively. The shoulder
peak on G0 consisted of glycans mainly with bisecting
GlcNAc (see Section 3.3). The major differences between
native and de-natured samples were in sialylated glycans.
Digestion of the IVIG was complete under native conditions
as judged by the SDS-PAGE. Therefore, the profile obtained is
that of the Fc portion. Furthermore, the glycan profile from
native samples essentially resembles the profile from purified
Fc (see Fc–Fab section below). The right shoulder seen on the
glycan peak with one sialic acid (on α1–3 arm/branch, 3′
S1G2F) in the denatured sample comes from Fab, and
contains mainly glycan with bisecting GlcNAc. Glycan with
1SA on the α1–6 arm is likely to elute in this position also if
present. An increase in the total amount of the di-sialylated
glycans is mainly due to contribution from Fab. It can be
concluded that the denatured sample yields a total IgG glycan
profile whereas the native sample yields the Fc profile. The
relative percent distribution of glycans in Fc was the
following: G0, 26; G1, 39; G2, 20; 1SA, 15; and 2SA, 0.5.
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Fig. 1. Profile of IgG glycans obtained following digestion with PNGase F under nativ
carried out as described in 2.2 using the amine-bonded column. G0, G1 and G2 a
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glycan respectively. Inset shows the Fc glycan profile obtained using the rapid/shor
Similarly, the percent distribution for total glycans from IgG
was G0, 21; G1, 38; G2, 19; 1SA, 17; and 2SA, 5. When IVIG
was desialylated, the percent of total neutral glycans was G0,
26; G1, 43; G2, 31. These ratios suggest that G2 peak gained
the most with contribution from mono-sialylated Fc glycans
and the sialylated glycans found in Fab (see below).

3.2. Fc and Fab profiles

Glycan profiles of Fc and Fab were determined following
their isolation by three independent lines of IVIG fragmen-
tation. The first approach was to cleave the IVIG using pepsin
and isolate the Fab portion from Fc fragments by ultrafiltra-
tion. This was used mainly to establish the glycan profiles.
Traditional use of papain digestion for cleaving IVIG quanti-
tatively was unsuccessful. Papain was able to digest only
about 70% of the IVIG on a consistent basis. However, pepsin
was able to cleave all the IgG. The fragments were separated
from F(ab)2 by ultrafiltration cartridge. Furthermore, size
exclusion HPLC was used successfully for the separation of
Fab from Fc fragments (data not shown). In the second
approach, the IVIG was cleaved with Ide S protease. Fab/Fc
portions were isolated by size exclusion chromatography. Ide
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S cleaves IVIG completely below the disulfide bonds and
results in a clean separation of Fc and Fab. As above, the
isolated fragments were used to establish the glycan profiles.
In the third scenario, the IVIG was first digested with PNGase F
under native conditions to obtain or remove Fc glycans from
the IgG, followed by a second digestion under denaturing
conditions to obtain Fab glycans. As established above under
native conditions the Fc glycans are cleaved quantitatively
while Fab glycans are resistant to such a cleavage. PNGase F
was able to cleave the Fab glycans after denaturing the IVIG in
SDS-containing buffer. Protein concentration was determined
at each stage during the course of the experiment andwas used
in the calculation of percent glycosylation onmolar basis (mol.
wt. of 150 kDa for IVIG). Additionally, an internal standard
(asialo-triantennary glycan) was used to account for the
recovery of glycans during glycan cleanup stage. The glycan
profiles for Fc and Fab obtained by three methods were
essentially the same and are shown in Fig. 2. This is the first
report of high-resolution HPLC profile of the Fab glycans in
which various sialylated species can be seen, and quantitated
with accuracy. Selection of methods for quantitation of the
sialylated glycans is especially important since the sialic acids
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For glycan structure details, see Fig. 1. Position where internal standard (IS, asialo-tr
is magnified by about 10× to show the minor details. M8 and M9 are the high man
thyroglobulin (Anumula and Dhume, 1998).
are labile. Sialic acids are lost under acidic derivatization
conditions (DMSO-acetic acid) used in other methodologies.
Also, it is difficult to quantify these glycans using mass
spectrometry. The labeling conditions used in this study are
known to have essentially no effect on the cleavage of sialic
acids (Anumula and Dhume, 1998). Therefore, the amount of
sialylated glycans reported here is expected to be close to the
real values. The relative percent distribution of glycans in the
Fab was the following: neutrals, 21; mono-sialylated, 43; and
di-sialylated, 36. The percent neutral glycans reported here
include only the so-called G0, G1 and G2 representing the
complex bi-antennary with zero, one and two galactoses. In
addition, it should be noted that the Fab profile contains other
minor structures and these were not included. For example,
isolated Fab fragment contains the high mannose structures
(Man5–Man9) (Fig. 2). This is the first report which suggests
that IVIG F(ab)2 fragment contains high mannose structures
albeit at very low levels. The percent distribution within the
21% of neutrals was G0, 14; G1, 34; and G2, 52. It is interesting
to see rather dramatic differences in glycan distribution within
each group of oligosaccharides compared to Fc. These differ-
ences can be seen not only in terms their relative abundance
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but also glycan structures. Clearly, the glycans were highly
processed with only 21% remaining without sialic acid. A
tendency towards more processing can be seen within this
group i.e. a gradual increase towards G2 (Table 1).

For calculation of total carbohydrate distribution within
IVIG, the combined total area of all the peaks was used for
both Fab and Fc portions, normalized using internal standard
peak area, and finally, expressed as to per mol of protein. The
glycosylation of Fab was estimated to be 14% and it assumed
that the Fc glycosylation is 100%. The carbohydrate distribution
obtained translates to a total of 2.3 glycosylation sites per mole
of IgG. IVIG had the following monosaccharide composition
(mol/mol): GcN, 8.1; Gal, 2.2; Man, 6.1; Fuc, 2 and NeuNAc, 0.7
(based on 150 kDa molecular weight). Molar proportions are
not corrected for the recoveries of these monosaccharides,
however, it has been observed that it is about 85% in this
method, except for the NeuNAc which is close to quantitative.

3.3. Endo S and Endo F3 profiles

It has been demonstrated that Endo S is specific for
cleaving glycans from Fc portion of the IgG (Collin and Olsén,
2001). Also, it is well known that Fc glycans are accessible to
PNGase F cleavage. However, Endo F3 does not cleave the
glycans in Fc in spite of its cleavage site being the same as the
Endo S. Endo F3 preferentially cleaves bi-antennary glycans
with fucose when they are accessible (Anumula, 1993;
Plummer et al., 1996). Therefore, native PNGase F released
Fc glycans were treated with Endo F3 for comparison with
the Endo S glycans in the HPLC analyses. Almost all the
PNGase F released Fc glycans were cleaved by Endo F3.
Indeed, this observation suggests that the Fc glycans are
fucosylated. Clearly, the major difference between the two
profiles is the absence of additional glycan peaks, presumably
with bisecting GlcNAc, in the Endo S profile (Fig. 3, and inset).
Glycans with bisecting-GlcNAc are identified following the
separation on the Amide-80 column. The differences can be
seen in the profiles (Fig. 3, see Fig. 4 for structures). These
results demonstrate that Endo S does not cleave the bisecting
GlcNAc containing structures present in Fc. Goetze et al.
(2011) during their work on allelic variants and certain Fc
modifications by LC-MS, noted that glycopeptides with
bisecting GlcNAc could be detected after digestion of IgG
with Endo S. However, neither the data nor discussion was
presented in support of such observation. In contrast,
specificity of the Endo S towards glycans in Fc is established
here with high-resolution glycan analysis. Additionally, Endo
S was able to cleave the PNGase F released Fc glycans
Table 1
Percent distribution of neutral, mono and di-sialylated glycans in IVIG
Fc and Fab.

Glycans1 IVIG Fab Fc

G0 21 3 26
G1 38 7 39
G2 19 11 20
S1 17 43 15
S2 5 36 ~0.5
Total Neutrals 78 21 85

1 Calculated from total glycan profile of IVIG, Fab and Fc. Percent of glycans
are rounded to nearest value. For explanation of glycans, see legend in Fig. 1.
,

between the chitobiose core. This property is rather unique in
that Endo S does not cleave any other glycoproteins in human
serum except IgG, however, it readily cleaves free glycans.

As described above, the sialylation is restricted exclusively
to the α1–3 arm of the bi-antennary glycans in Fc. A small
increase in the 2SA glycans is seen in the PNGase F-Endo F3
digested profile. Perhaps, this increase could be due to
quantitative cleavage of all the glycans compared to Endo S
and/or may include a very small amount of glycans from Fab.
Endo F3 was used to establish the glycan structures present in
the Endo S profile, since both enzymes are expected to yield the
same glycans by cleaving between the two GlcNAcs of the
N-linked core structure. Endo S glycans cleavage specificitywas
further confirmed by the analysis of the glycans on the Amide
column. The missing peaks in the Endo S profile compared to
the PNGase F-Endo F3 are those belong to the glycans with
bisecting GlcNAc (Fig. 3 inset). Obvious differences between
the Endo S and PNGase F-Endo F3 glycans suggest that in fact
Endo S is specific for simple bi-antennary glycans (Fig. 3). Endo
enzyme cleaved glycans eluted about 12–14min earlier than
those cleaved by PNGase F on the Amide-80 column. Also, the
resolution of glycans with single GlcNAcwas poor compared to
the glycans with two GlcNAcs in the core (Fig. 3 inset and
Fig. 4). For example, the two G1 structures are not separated
compared to the PNGase F glycans.

3.4. Distribution of fucose and bisecting GlcNAc

Characterization of glycans was carried out by comparison
of the retention times to known glycan standards, β1–4
galactosyl- and α2–6 sialyl-transferase reactions, and glyco-
sidase digestions. HPLC analysis of the products was carried
by both NP-AEX and on Amide-80 column using normal
phase conditions. Typical profile of the total IgG glycans
obtained using the Amide-80 column is shown in Fig. 4. The
separation is remarkably similar to 2-AB labeled glycans
(Guile et al., 1996) and the profile can be used as a guide to
identification of the peaks. However, a better resolution is
obtained with the current conditions using ammonia-acetic
acid buffer system. Availability of new ultra high perfor-
mance systems and columns can improve resolution further
with savings in time (Ahn et al., 2010).

It has been known that the sialyltransferase (ST-6)
preferentially adds sialic acid to α1–3 arm (Barb et al.,
2009). The sialic acid is present exclusively on the α1–3 arm
irrespective of the fact that the more galactose (~2.3×) is
available on the α1–6 arm of the glycan in Fc. In fact, the peak
corresponding to the single galactose on the α1–3 branch (3′
G1F, Fig. 4) is consumed first in the α2–6 sialyltransferase
reaction with IVIG as the substrate (Anumula, 2012) (data
not shown). This observation adds additional support to the
identity of the peak in the profile.

PNGase F cleaved glycans from Fc and Fab were separated
by NP-AEX and pool of neutrals, 1SA and 2SA were collected.
All the collected fractions were dried and digested with
neuraminidase and β-galactosidase to yield G0 structures.
The resulting G0 glycans are expected to differ only in
combinations of ±fucose and ±bisecting GlcNAc. The
separation of these glycans was achieved on an Amide-80
column (Fig. 5), and the results are summarized in Table 2.
The total amount of bisecting GlcNAc was much higher
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Table 2
Percent distribution of fucose and bisecting GlcNAc in various glycan pools.

Glycans Fucosea Bi-GlcNAc

Fab
Neutral 78 68
1SA 78 70
2SA 80 50

Fc
Neutral 95 13
1SA 95 5
2SA ND ND

Percent of glycans is rounded to the nearest value.
ND, not determined due to limited abundance.

a Distribution of fucose and bisecting GlcNAc in various sub-fraction of
glycans in Fc and Fab.
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(~65%) in Fab compared to Fc (~15%). In Fab, distribution
was nearly the same in N and 1SA glycans and somewhat less
in 2SA glycans. The bisecting GlcNAc content was much less
(~15%) in Fc, and was present mostly (~95%) in the neutral
glycans. Fucosylation of glycans in Fc was higher (>95%)
compared to Fab (~80%).

4. Discussion

The structure-function relationship of glycans in human
IgG has been a great deal of interest in recent years. It is now
well established that Fc glycans play a major role in effector
functions (Jefferis, 2005; Arnold et al., 2007; Kobata, 2008). In
addition, sialylation of the Fc glycans leads to a potent anti-
inflammatory molecule (Anthony et al., 2008; Nimmerjahn
and Ravetch, 2008). Fc glycans are composed of complex
biantennary type with varying amounts of fucose, bisecting
GlcNAc and α2–6 linked sialic acid. About 30 such glycans
can be found at Asn-297 in Fc albeit some at very low levels
and the structures for these have been reported (Kobata,
2008; Mimura et al., 2007; Jefferis et al., 1990; Dwek et al.,
1995). In contrast, there are more structures present in Fab
and only limited amount of information is available. When
the available Fab glycan data is assimilated, only a sketchy
picture emerges for its profile. In this paper, an attempt has
beenmade to simplify the methodologies and to provide high
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quality quantitative glycan profiles of normal human IgG and
its Fab and Fc fragments. Availability of Ide S protease and
endoglycosidase S simplified glycan characterization of Fab-Fc
fragments. It was found that Endo S does not cleave glycans
quantitatively from Fc due to previously unknown specificity
(Fig. 3). Endo S specifically cleaved bi-antennary Fc glycans
without the bisecting GlcNAc. This observation could be of
some value for determining the role of bisecting GlcNAc in Fc.
For example, IgG with bisecting glycans in Fc can be prepared
for structure-function studies following the treatment with
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.
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Endo S. Additionally, Endo S can be used for monitoring
changes in the Fc glycan profile of individuals with disease/
physiologic states using the fast and simple HPLC methods
described here. Thesemethods are designed to reduce the time
of sample preparation for HPLC analysis. For instance, neither
isolation of IgG from serum/plasma nor the glycans from
enzyme digestions for labeling is required. The short profiling
method is suitable for measuring the changes in both neutral
and sialic acid containing glycans in a single run with great
accuracy.

Isolation of Fab and Fc fragments was made simple by the
availability of Ide S protease. In addition, traditional cleavage
methods were used to confirm the results from the isolated
Fab and Fc cleaved by Ide S protease. Quantitative HPLC
profiles of Fab and Fc that include sialic acids are established
for the first time using high-resolution and high-sensitivity
methods. The percent relative distribution of glycans within
Fab and Fc were somewhat different from those published
reports (Arnold et al., 2007; Kobata, 2008; Youings et al.,
1996; Holland et al., 2006; Mimura et al., 2007; Mizuochi et
al., 1982). Perhaps these differences may be attributed to
small number of normal samples used, and also, the use of
rather laborious chain-linked methodologies. Typical IVIG
preparation is derived from a large pool of individuals and it
is prepared using mild isolation procedures. Perhaps, such
commercial IVIG should be considered as a true representa-
tive of normal human IgG. Therefore, it is likely that the
profiles and the distribution of glycans reported here reflect
true nature of these oligosaccharides. However, it is expected
to see individual variation. Indeed, a recent study on IgG
glycosylation among three isolated human populations
suggests a high variability between individuals (Pucić et al.,
2011).Methods used in such studies dealingwith a largenumber
of subjects can be simplified by the use of Endo S for Fc specific
glycan release directly from serum/plasma samples. Further-
more, variation in glycans including sialylated ones can be
determinedby the simple analytical procedures described above.

Structural diversity between Fab and Fc is rather striking
and can be seen in the profiles presented here. Profiles
suggest that extensive processing has taken place in Fab
glycans (Fig. 3). Fab glycans are enriched in both sialic acid
and bisecting GlcNAc compared to Fc in addition to varying
amounts of fucose (Table 2). It is interesting to note that
distribution of the bisecting GlcNAc varies greatly among the
various glycans of Fab (Fig. 5, Tale 2). Distribution of fucose,
bisecting GlcNAc and sialic acid among the Fab and Fc glycans
is simplified for better understanding of the scenarios that
exist in IgG glycosylation. Such information may help in
designing better structure-function studies in future. A
number of reports on Fc glycan structure-function suggest
that conformation of the recognition sites by the Fc receptors is
influenced by the glycan structures within (Arnold et al., 2007;
Kobata, 2008; Jefferis, 2009). One should bear in mind that
additional complication arises from the pairing of glycans
within the Fc given heterogeneity of oligosaccharides found at
this site (Masuda et al., 2000). Such considerations are
important in the development of highly effective therapeutic
antibodies.

In conclusion, simple methods combined with the use of
observed enzyme specificities provided an excellent picture
of state of glycosylation in normal human IgG. These tools
and observations should help in understanding themechanism
of action and the development of therapeutic antibodies.
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