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Impact of Fc N-glycan sialylation on IgG structure
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ABSTRACT
Human IgG antibodies containing terminal alpha 2,6-linked sialic acid on their Fc N-glycans have been shown
to reduce antibody-dependent cell-mediated cytotoxicity and possess anti-inflammatory properties. Although
terminal sialylation on complex N-glycans can happen via either an alpha 2,3-linkage or an alpha 2,6-linkage,
sialic acids on human serum IgG Fc are almost exclusively alpha 2,6-linked. Recombinant IgGs expressed in
Chinese hamster ovary (CHO) cells, however, have sialic acids through alpha 2,3-linkages because of the lack of
the alpha 2,6-sialyltransferase gene. The impact of different sialylation linkages to the structure of IgG has not
been determined. In this work, we investigated the impact of different types of sialylation to the conforma-
tional stability of IgG through hydrogen/deuterium exchange (HDX) and limited proteolysis experiments.
When human-derived and CHO-expressed IgG1 were analyzed by HDX, sialic acid-containing glycans were
found to destabilize the CH2 domain in CHO-expressed IgG, but not human-derived IgG. When structural
isomers of sialylated glycans were chromatographically resolved and identified in the limited proteolysis
experiment, we found that only alpha 2,3-linked sialic acid on the 6-arm (the major sialylated glycans in CHO-
expressed IgG1) destabilizes the CH2 domain, presumably because of the steric effect that decreases the
glycan-CH2 domain interaction. The alpha 2,6-linked sialic acid on the 3-arm (the major sialylated glycan in
human-derived IgG), and the alpha 2,3-linked sialic acid on the 3-arm, do not have this destabilizing effect.
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Introduction

Monoclonal antibodies (mAbs), especially immunoglobulin
gamma (IgG) antibodies are used as therapeutic agents for
their high target specificity, long serum half-life, and the
capability to be produced routinely with consistency.
Human IgG antibodies have a conserved N-glycosylation site
at their Fc CH2 domain (Asn-297 according to the Eu num-
bering system1). As many studies have demonstrated, Fc
N-glycosylation plays important roles in pharmacokinetics,2,3

antibody stability, and effector functions.4–11

N-linked glycans have a basic common trimannosyl core
structure, with the two mannose residues attached to the 3- and
6-carbon positions of the core mannose, forming the 3-arm and
6-arm antennas. N-linked glycans are classified into oligoman-
nose (or high-mannose), hybrid, and complex types.12 As glyco-
proteins pass through the endoplasmic reticulum, the non-
reducing ends of the oligosaccharides are trimmed by multiple
enzymes to form oligomannose typeMan9GlcNAc2 (referred to as
Man9 or M9) or Man8GlcNAc2 (referred to as Man8 or M8),
which are further processed in theGolgi apparatus for the removal
of mannose residues and the addition of N-acetylglucosamine
(GlcNAc), fucose, galactose, and sialic acid residues to form
hybrid and complex glycans. Examples of N-glycans of each
type are shown in Table S1.

Most therapeutic recombinant antibodies are expressed in
mammalian cells, with Chinese hamster ovary (CHO) cells
being the most common host. For mAbs expressed in CHO
cells, major Fc N-glycans are asialo biantennary complex type

with zero to two galactose residues, plus small amounts of oligo-
mannose type, hybrid type, and sialylated glycans. In general,
recombinant IgGs expressed in CHO cells contain similar types
of glycans compared to those present in natural human IgGs.

It has been reported that Fc-glycans lacking the 6-arm
GlcNAc (e.g., unglycosylated, oligomannose type and some
hybrid type glycans) destabilize the CH2-domain conforma-
tion compared to other complex glycans because of the lack of
interaction between the 6-arm antenna GlcNAc to the Phe-
243 side chain.5,10 Sialylation was also found to destabilize the
CH2 domain in CHO-expressed antibodies.5,13

Human IgG antibodies containing terminal α2,6-linked sialic
acid on their Fc N-glycans have been shown to reduce antibody-
dependent cell-meditated cytotoxicity14 and possess anti-
inflammatory properties,15,16 although some evidences also sug-
gest otherwise.17 Terminal sialylation on complex N-glycans can
happen via either an α2,3-linkage or an α2,6-linkage. Sialic acids in
natural human IgG Fc are almost exclusively α2,6-linked.16 Due to
the lack of α2,6-sialyltransferase gene, recombinant IgGs
expressed in CHO cells have sialic acids solely through
α2,3-linkages.18 Additionally, sialic acid on monosialylated gly-
cans can reside on either the 6-arm or the 3-arm in CHO-
expressed IgGs. For human IgGs, sialylation is mostly on the
3-arm.19 While the level of terminal monosialylated glycans in
human-derived IgG is at about 10%,20 sialylated glycans are
usually present in trace amount in CHO-expressed IgGs.

To understand the impact of sialylation with different lin-
kages and locations on IgG structure, we usedmass spectrometry
(MS)-based tools21 to compare the CH2-domain conformational
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differences between human-derived IgGs and CHO-expressed
IgGs with different glycoforms. Specifically, we examined the
conformational stability of the CH2-domain residues near the
glycosylation site by hydrogen/deuterium exchange-mass spec-
trometry (HDX-MS),5,22,23 as well as limited proteolysis under
a native-like condition.5,13 Monitoring the glycopeptides con-
taining different glycoforms in both HDX and proteolysis
experiments by MS allows direct assessment of the impact of
different glycoforms to CH2-domain stability without the need
of purified glycoforms. Understanding the effect of different
sialylation isomers to IgG structure facilitates, for example, bet-
ter understanding of how Fc-glycans participate in effector func-
tions and the design of better antibody therapeutics through
glycan-engineering.24,25

Results

Glycan nomenclature

Nomenclature of glycans follows that described by Zhang and
Shah.26 Specifically, the name of a complex glycan starts with
the number of antenna, followed by the number of each
terminating residue. For example, A2S1G1F represents a core-
fucosylated glycan with two antennas, one antenna terminat-
ing with a sialic acid, and the other antenna terminating with
a galactose. For hybrid type with more than three mannose
residues, the number of mannose residue is also given.
Oligomannose type glycans are named by the number of
mannose residues. Detailed structures and nomenclature of
each glycoform described in this report are listed in Table S1.

HDX of human-derived and CHO-expressed IgG1

In earlier works on CHO-expressed antibodies, we and others
have found that the CH2 domain containing sialylated glycans
is less stable than asialylated complex glycans.5,13 This obser-
vation contradicts previous observations made by both NMR
and X-ray crystallography that sialylation does not alter the
interaction between the glycan and the CH2 domain for

human-derived antibodies,27–29 although other evidence sug-
gests that sialylated Fc-glycans do slightly alter the CH2
domain conformation.30 It was suspected that the discrepancy
was the result of different location and linkage of sialic acid
residues between human-derived and CHO-expressed
antibodies.5,13 To confirm this hypothesis, we performed
HDX-MS experiments on a human myeloma IgG1 and
a CHO-expressed recombinant IgG1, and compared the deu-
terium incorporation curves for the proteolytic glycopeptides
containing different glycoforms (Figure 1). Indeed, sialylated
glycans were found to destabilize the CH2 domain in CHO-
expressed IgG1 but not human-derived IgG1, confirming the
hypothesis. The HDX-MS experiment on the IgG2 materials,
however, did not generate good-quality results due to the low
levels of sialylated glycans in the IgG2 materials.

Characterization of N-glycans released from
human-derived and CHO-expressed IgGs by HILIC

Glycans released from human myeloma and CHO-expressed
IgG1 and IgG2 were labeled with 2AB and, together with the
α2,3- and α2,6-sialylated glycan libraries, analyzed by hydrophi-
lic interaction liquid chromatography (HILIC)-MS in negative-
ion mode. Figure 2 shows the selected-ion chromatograms (SIC)
of each sialylated glycan species. The glycan structure for each
peak is identified (described below) and labeled in Figure 2.

First, the structures of sialylated glycans in the α2,3- and
α2,6-sialylated glycan libraries (Figure 2(a,b)) were identified
based on their relative retention time in HILIC: (1)
α2,3-sialylated N-glycans elute earlier in HILIC than isomeric
α2,6-sialylated N-glycans;31 (2) sialylated N-glycans with the
sialic acid on the 6-arm elute earlier than isomeric sialylated
N-glycans with the sialic acid on the 3-arm.32 The identity of
glycans released from human-derived and CHO-expressed
IgGs were determined by comparing the retention time of
each isomeric species to those in the sialylated glycan libraries
as shown in Figure 2.

To further confirm the location of each sialic acid in the
monosialylated species, MS/MS of each glycan isomer was

Figure 1. Deuterium uptake curves of glycopeptides (YVDGVEVHNAKTKPREEQYN*STYRVVSVL) containing different glycoforms in human-derived (a) and CHO-expressed (b)
IgG1. Data is not corrected for deuterium back exchange. Sialylated glycopeptides are found to have faster H/D exchange rate than other complex glycans in CHO-expressed
IgG1, but not human-derived IgG1, indicating that sialylated glycans destabilize the CH2 domain in CHO-expressed IgG1, but not human-derived IgG1.
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examined for the D-ions, which are indicative of the location of
the sialic acid in monosialylated species.32,33 As shown in Figures
S1 to S6, sialic acid locations of virtually all monosialylated
A2S1G0 and A2S1G0F isomers were confirmed by the presence
of diagnostic D-ions. Isomers of A2S1G1 and A2S1G1F were not
resolved by the chromatography under the conditions used in this
study (Figure 2a-e).

Human-derived IgG1 contains two A2S2F isomers (Figure
2(c)). One of them (~33.5 min) eluted at the same time as
the A2S2F in the α2,6-sialylated glycan library. The other
one (~31.4 min) eluted between the A2S2F peaks in the
α2,3- and α2,6-sialylated glycan libraries, indicating that it
has α2,6-linked sialic acid on one arm and α2,3-linked sialic
acid on the other arm. As will be demonstrated below, this
isomer has α2,6-linked sialic acid on the 3-arm and
α2,3-linked sialic acid on the 6-arm.

From analysis of release glycans, we concluded that, in the
human-derived IgG1 and IgG2, the sialic acids are primarily
α2,6-linked on the 3-arm. This conclusion is consistent with
previously reported observations.16,19 In the CHO-expressed
IgG1 and IgG2, the sialic acids are all α2,3-linked as expected,
and are located on either the 3-arm or the 6-arm. No antigen-
binding fragment (Fab) N-glycans are present in the CHO-
expressed IgG1 and IgG2 based on the Fab amino acid
sequences. Based on the low level of disialylated species
observed in the human-derived IgG1 and IgG2, it is clear
that the human myeloma IgG1 and IgG2, being mAbs, do
not contain Fab glycans either, because Fab N-glycans often
contain large amount of disialylated complex glycans.34–36

This conclusion is also supported by intact mass analysis of
the human myeloma IgG1, which showed a typical mAb Fc
glycosylation heterogeneity from different number of galac-
tose residues37 (Figure S7). Therefore, the glycan profile deter-
mined from released glycans largely represents the Fc-glycans.
As discussed below, the human myeloma IgG2 material may
be contaminated with a small amount of other IgGs, but this
does not affect the conclusion described here.

Identification of glycopeptides generated from limited
proteolysis

Stability of the CH2 domain containing different glycans can be
conveniently monitored by their susceptibility to proteolytic
digestion under a native-like condition.5,13 To determine the
impact of different linkage and positional isomers of sialylated
glycans on the CH2-domain conformation, the structure of each
glycan isomer on the proteolytic glycopeptides that are resolved
in the chromatogram must be identified.

Figure 3 shows the SIC of sialylated glycopeptides, after
tryptic digestion of the four IgG antibodies for 24 h under
a native-like condition. It has been shown previously that after
24 h of digestion the CH2-domain glycopeptides are nearly fully
released, as the glycoform profile is similar to that from a full
digestion.5,13 As described below, glycoforms were identified
based on a combination of evidences, including the glycan
profiles determined from HILIC-MS/MS analysis of released
glycans, exoglycosidase digestion, as well as the order of elution.

First, in HILIC of 2AB-labeled N-glycans, glycans contain-
ing an α2,3-linked sialic acid elute much earlier than glycans
containing an α2,6-linked sialic acid (Figure 2). Additionally,
glycans with a sialic acid on the 6-arm elute slightly earlier
than glycans with a sialic acid on the 3-arm. Because reversed-
phase chromatography uses opposite molecular property for
elution, it is rational to believe that glycopeptides containing

Figure 2. HILIC profiles (SIC of each glycoform) of sialylated N-glycans released
from human myeloma and CHO-expressed IgG1 and IgG2, compared to the
profiles of α2,3- and α2,6-sialylated glycan libraries. The vertical axes represent
the relative signal intensities of each SIC. Panels a and b are profiles of α2,3- and
α2,6-sialylated glycan libraries, respectively, panels c and d are profiles of
human-derived and CHO-expressed IgG1, respectively, and panels e and f are
profiles of human-derived and CHO-expressed IgG2, respectively.
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monosialylated glycan isomers elute with opposite order of
retention time, i.e., α2,6-linked sialic acid on 3-arm (a) <
α2,6-linked sialic acid on 6-arm (b) < α2,3-linked sialic acid
on 3-arm (c) < α2,3-linked sialic acid on 6-arm (d); they are
labeled here with suffix of – a, -b, -c, and – d, respectively.

For the human-derived IgG1 (Figure 3(a)), it has been deter-
mined from HILIC analysis of released glycans (Figure 2(c)), as
well as reported in the literature,16,19 that the sialic acid is
primarily α2,6-linked on the 3-arm, and therefore the major

monosialylated N-glycans are identified as such (labeled as
A2S1G1F-a and A2S1G0F-a).

For CHO-expressed IgG1 (Figure 3(b)), only α2,3-linked
sialic acids are present (Figure 2(d)). Because the glycopeptide
with a sialic acid on the 3-arm should elute earlier than on the
6-arm, the two peaks labeled A2S1G1F-c and A2S1G1F-d are
therefore identified as α2,3-linked sialic acid on the 3-arm and
6-arm, respectively. These assignments are supported by the
observation that a sialic acid on the 6-arm has about twice the
abundance as a sialic acid on the 3-arm in both HILIC analysis of
released glycans (Figure 2(d)) and reversed-phase analysis of the
glycopeptides (Figure 3(b)). The minor A2S1G1F peak coeluting
with A2S2F (Figure 3(b)) is from in-source fragmentation of
A2S2F. The two positional isomers for A2S1G0F are not well
resolved, but we believe the major form is A2S1G0F-d
(α2,3-linked sialic acid on the 6-arm) based on its peak shape
(the minor form appears to elute earlier) and the fact that
A2S1G0F-d is more abundant than A2S1G0F-c (Figure 2(d)).
The two very small coeluting peaks of A2S1G0F and A2S1G1F at
9.5 min in human IgG1 (Figure 3(a)) elute at the same retention
time as A2S1G0F-d and A2S1G1F-d in CHO IgG1 (Figure 3(b)),
suggesting that they are the same species. The minor unresolved
peak between A2S1G1F-a and A2S1G1F-d in the human-
derived IgG1 (Figure 3(a)) is likely A2S1G1F-b (α2,6-linked
sialic acid on the 6-arm).

To further confirm the structure of the monosialylated
glycans, we digested human-derived and CHO-expressed
IgG1 with trypsin under the native-like condition for 3 h,
followed by sialidase α-(2–3) treatment. The sialidase α-
(2–3) treatment should remove all α2,3-linked sialic acid
residues from each glycan. Figure 4 shows the reversed-
phase SIC of each glycoform of interest before and after
the sialidase α-(2–3) treatment of human myeloma IgG1.
While the two major monosialylated forms (A2S1G1F-a
and A2S1G0F-a) remained constant, the two minor peaks
at 9.9 min (corresponding to the 9.5-min peaks in (Figure
3(a)) because of retention time shift from use of
a different column of the same type) clearly disappeared,
confirming the sialic acids are α2,3-linked in both forms
(A2S1G1F-d and A2S1G0F-d). The disialylated species at
11.5 min also disappeared, indicating it also contains
α2,3-linked sialic acid. The same experiment is also per-
formed on CHO-expressed IgG1, in which all sialylated
glycopeptides disappeared (Figure S8), confirming that all
sialic acids in the CHO-expressed IgG are α2,3-linked.

To determine the structure of the two disialylated glycoforms
(A2S2F) in human-derived IgG1 (Figure 3(a)), human myeloma
IgG1 was digested under the native-like condition for 24 h,
followed by reversed-phase separation. The fractions covering
the retention time range of the two disialylated peaks were
collected, followed by sialidase α-(2–3) treatment and chromato-
graphic analysis (Figure 5). After sialidase treatment, the later-
eluting peak clearly diminished, with increased abundance of
A2S1G1F-a (α2,6-linked sialic acid on 3-arm), indicating the
late-eluting disialylated glycans have an α2,3-linked sialic acid
on the 6-arm and an α2,6-linked sialic acid on the 3-arm. The
earlier-eluting disialylated glycopeptide has α2,6-linked sialic
acids on both arms. It is interesting to note that, although the
3-arm strongly favors the α2,6-linked sialic acid in human-

Figure 3. Reversed-phase profile (SIC of each glycoform) of sialylated glycopep-
tides released after 24-h tryptic digestion of the human-derived and CHO-
expressed IgG1 and IgG2 under a native-like condition. The vertical axes repre-
sent the relative signal intensities of each SIC.
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Figure 4. Reversed-phase profile of sialylated glycopeptides after a 3-h tryptic digestion of human-derived IgG1under a native-like condition (a) and followed by
sialidase α-(2–3) treatment (b). Disappearance of the minor peaks (A2S1G0F-d, A2S1G1F-d and A2S2F) indicates that all of these minor peaks contain α2,3-linked
sialic acid. The vertical axes represent the relative signal intensities of each SIC.

Figure 5. Reversed-phase profiles of sialylated glycopeptides after a 24-h tryptic digestion of human myeloma IgG1under a native-like condition (a), followed by collection
of fractions containing the disialylated glycopeptides (b), then followed by sialidase α-(2–3) treatment (c). Disappearance of A2S2F-b and appearance of A2S1G1F-a indicates
that A2S2F-b has α2,3-sialic acid on the 6-arm and α2,6-sialic acid on the 3-arm. The vertical axes represent the relative signal intensities of each SIC.
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derived IgG1, the 6-arm favors the α2,3-linked sialic acid. This
observation also supports the A2S1G1F-d assignment
(α2,3-linked sialic acid on the 6-arm) of the minor peak at
9.5-min in (Figure 3(a)), and thus the A2S1G1F-d assignment
of the major peak at the same retention time in CHO-expressed
IgG1 (Figure 3(b)).

For human-derived IgG2 (Figure 3(c)), the disialylated
glycans are not detected. The major glycoform in the human-
derived IgG2 was identified based on the major isomeric
component determined by the HILIC analysis of the released
glycans (Figure 2(e)). It is interesting that, while A2S1G0F
and A2S2F are observed in the released glycans of human-
derived IgG2 (Figure 2(e)), they are not observed in the
glycopeptides (Figure 3(c)). This is likely because the human
myeloma IgG2 material used here is contaminated with
a small amount of other IgGs. For CHO-expressed IgG2
(Figure 3(d)), the A2S1G0F isomer was identified based on
the major isomeric component determined by HILIC (Figure
2(f)), and the A2S1G1F isomers were identified based on the
retention order (not resolved in HILIC).

Glycopeptides identified in the four IgG samples, together
with their retention times, determined masses and theoretical
masses are shown in Tables S2 to S5.

Impact of sialylation on CH2 stability by limited
proteolysis

Decreased conformational stability of the CH2 domain can be
monitored via tryptic digestion of the antibody under a native-
like condition and examination of the release of the glycopep-
tides containing different glycoforms,5,13 because a less stable
domain is more susceptible to enzymatic degradation. The

human-derived and CHO-expressed IgG1 and IgG2 were sub-
jected to trypsin digestion under a native-like condition (pH 7,
37°C). The glycan profiles (abundance of each glycoform as
a percentage of total glycan abundance) of released glycopeptides
(EEQYN*STYR for IgG1 and EEQFN*STFR for IgG2) contain-
ing several representative glycoforms are plotted against diges-
tion time in Figure 6. When structural isomers are resolved
chromatographically, they are plotted separately with appropri-
ate suffix, e.g., – a, -b, based on elution order. If the abundance of
a glycoform starts high and then decreases with the digestion
time (show as red line in Figure 6), it means that the glycoform
destabilizes the CH2 domain and therefore makes it more sus-
ceptible to enzymatic degradation. Note that a much larger
number of glycoforms are reported in Figure 6 than in the HDX-
MS experiment (Figure 1) because of the better sensitivity of the
LC-MS peptide mapping experiment described here.

As expected from our previous study,5 the unglycosylated
peptide and the glycopeptides lacking the 6-arm GlcNAc
(including oligomannose type and some hybrid type glycans)
are released early, indicating the CH2 domain containing these
glycoforms are less stable and more susceptible to enzymatic
degradation. Among the monosialylated glycans, only the (d)
isomers (A2S1G1F-d and A2S1G0F-d) exhibit this destabiliz-
ing behavior, while the (a) and (c) isomers exhibit stabilizing
effects as other asialo complex glycans. The (b) isomers are
not detected because of their low abundance in all four IgGs.

The (d) isomers of monosialylated glycans have an
α2,3-linked sialic acid on the 6-arm, indicating an α2,3-linked
sialic acid on the 6-arm as a necessary condition for the desta-
bilizing effect. Among the disialylated glycans, A2S2F-b and
A2S2F-c have the destabilizing effect, while A2S2F-a does not.
Both A2S2F-b and A2S2F-c contains an α2,3-sialic acid on the

Figure 6. Glycan profiles of released glycopeptides (EEQYNSTYR for IgG1 and EEQFNSTFR for IgG2) after tryptic digestion of human-derived and CHO-expressed IgGs
for varying lengths of time under a native-like condition. Glycoforms that increase or do not change with time are shown in blue lines and glycoforms that decrease
with time are shown in red lines.
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6-arm, supporting the same conclusion. The A2S2F-a isomer, on
the other hand, has α2,6-linked sialic acid on both arms, indicat-
ing α2,6-linked sialic acid does not have the destabilizing effect
regardless of its location.

The limited proteolysis experiment was applied to addi-
tional CHO-expressed IgG molecules (Sigma-Aldrich or
Amgen). The results support the same conclusion (Figure S9).

Discussion

Results from the limited proteolysis experiment demonstrated
that an α2,3-linked sialic acid on the 6-arm of the complex
N-glycan weakens the interaction between the Fc glycan and
the peptide backbone and destabilizes the CH2 domain. For
a mechanistic understanding of this phenomenon, the crystal
structure of the CH2-domain containing α2,6-disialylated
glycan28 is shown in Figure 7. The IgG1 antibody containing
α2,6-disialylated glycans were prepared by sequential treatment
of serum IgG with β-1,4-galactosyltransferase and
α2,6-sialyltransferase.38 The 3-arm is entirely solvent accessible,
and as a result, the sialic acid residues on the 3-arm are too
flexible to be defined by crystallography. Sialylation on the
3-arm, therefore, does not affect the CH2-domain stability. The
GlcNAc and Gal residues on the 6-arm, on the other hand,
closely interact with the protein backbone to stabilize the CH2
domain. Addition of sialic acid on the 6-arm may introduce
steric hindrance that weakens the glycan–protein interaction.
Closer examination of the orientation of the galactose residue
on the 6-arm reveals that while the 6-position of the galactose
points away from the protein backbone, the 3-position points
towards the backbone. As a result, sialylation on the 3-position
potentially causes steric effects that weaken the glycan–protein
interaction, resulting in a less stable CH2-domain conformation.
Interestingly, Raju and Scallon also observed that when terminal
sialic acids were added to Fc-glycan in vitro using
α2,3-sialyltransferase, the antibody became less resistant to
papain digestion.39 The model described above predicts that
the effect will not be observed, or become less prominent,
when α2,6-sialyltransferase is used.

In human-derived IgGs, sialylation is mostly on the solvent-
exposed 3-arm by an α2,6-linkage, although α2,3-sialyltransferase
is present. Therefore, sialylation on a human-derived IgG does not
cause any changes in conformation as revealed by HDX in this
work, as well as previous work by X-ray crystallography and
NMR.27–29 It is also interesting to note that α2,6-linked sialic
acid on the 6-arm is not favored, presumably related to the
specificity of the α2,6-sialyltransferase.40

In CHO-expressed IgG1, α2,3-linked sialic acids are more
favored on the 6-arm than the 3-arm, which explains the HDX
result that CHO-expressed IgG1 experiences CH2 domain desta-
bilization upon sialylation. This is not true for monogalatosy-
lated A2S1G0F form in IgG2 (Figure 2(f)), in which the
α2,3-linked sialic acid favors the 3-arm, presumably because
the galactose residue favors the 3-arm in IgG2 antibodies.20

In human-derived IgG1, α2,6-linked sialic acid favors the
3-arm, while α2,3-linked sialic acid favors the 6-arm, although
the 3-arm is more solvent accessible. This explains why CHO-
expressed IgGs have only trace amount of Fc-sialylated gly-
cans, because of the lack of α2,6-sialyltransferase to add sialic
acid to the solvent accessible 3-arm.

In conclusion, through HDX and limited proteolysis, we
discovered that α2,3-linked sialic acid on the 6-arm of the Fc-
glycan (the major sialylated glycans in CHO-expressed IgG)
destabilizes the CH2 domain. This discovery is important in
the understanding of the impact of sialylation to the IgG
structure, as how the site- and linkage-specific sialylation
affects the Fc conformations and binding to respective recep-
tors remains an open question.

Materials and methods

Materials

Recombinant IgG1 and IgG2 antibodies were expressed from
CHO cells (Amgen or Sigma-Aldrich). Human-derived IgG1
and IgG2 antibodies (both with kappa light chain) were purified
from the plasma of a human myeloma patient (Sigma-Aldrich
part number I5154 and I5404). The 2-AB (2-aminobenzamide)

Figure 7. Crystal structure of the α2,6-disialylated glycan in the CH2 domain (PDB id: 4BYH). The 3-arm is pointing inward, and the 6-arm is pointing outward. Sialic
acid on the 3-arm is not observable because of its flexibility. Galactose (yellow) carbon positions are labeled. While sialic acid (purple) linked to the 6-position are
exposed to the solvent, linking to the 3-position will likely cause steric effect as it points toward the protein backbone.
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labeled α2,3 and α2,6 sialylated biantennary glycan libraries and
Glycoclean S cartridges were purchased from Prozyme. Trypsin
(proteomics grade) was purchased from Roche. Sialidase sp α-
(2–3) (part # E-S007) and the 2-AB labeling kit were purchased
from QA Bio. PNGase F was purchased from New England
Biolab. Extract-Clean cartridges were purchased from Alltech
Associates.

HDX-MS

The detailed experimental setup for deuterium labeling and MS
analysis has been described previously.23 Briefly, H/D exchange
was initiated by diluting themAb solutions (10mg/ml) 10-fold (v/
v) into a D2O buffer at 25ºC and pH 7 (87 mM phosphate, pH
values were directly read from a pH meter). After a certain length
of labeling time (0.5, 2, 8, 30, 120, and 480min, each in duplicate),
the reactionwas quenched bymixing 20 µL of the solutionwith 80
µL quenching/denaturation/reduction buffer (7.25 M urea,
625 mM tris(2-carboxyethyl)phosphine, 0.45 M glycine, pH 2.7)
at 1ºC. A 40 µL aliquot of the quenched solution was transferred
into 120 µL of 0.4 mg/mL pepsin (Sigma-Aldrich) solution. The
digestion solution was immediately injected into a sample loop at
1ºC and stayed for 6 min for digestion. The digest was separated
on a Waters 1 × 50 mm CSH C18 column. The HPLC separation
was performed at 1ºC with a 6-min acetonitrile gradient of 2% to
40% at a flow rate of 100 µL/min. Each mobile phase contained
0.04% trifluoroacetic acid and 0.1% formic acid. Deuterium label-
ing, quenching, proteolytic digestion and injection were all per-
formed on a LEAP HD-X PAL system controlled by LEAP HDx
Chronos (LEAP Technologies). A peptide mixture (containing
equal molar concentration of bradykinin, angiotensin I, and leu-
cine enkephalin) was added to the samples to track and correct
back-exchange variability.

The digests were analyzed by LC-MS on an Agilent 1290
Infinity system coupled to a Thermo Scientific Orbitrap Fusion
high-resolutionmass spectrometer with an electrospray ionization
interface (spray voltage of 4400 V). Mass spectrometric data were
acquired in the Orbitrap with a resolution of 120,000 in centroid
mode, a scan range of 260–2000, anAGC (automatic gain control)
target of 2E5, and amaximum injection time of 50ms. Prior to the
HDX experiment, each unlabeled protein digest was analyzed
three times by data-dependent LC-MS/MS for peptide identifica-
tion and glycan profiling. MS/MS data was collected in the linear
ion trap using collision induced dissociation (CID) (normalized
collision energy of 35%), and a dynamic exclusion duration of
10 s.

All HDX-MS data were processed on MassAnalyzer41

(available from Thermo Scientific in BioPharma Finder) in
a fully automated fashion. First, glycopeptides were identified
by comparing the experimental MS/MS to theoretically pre-
dicted MS/MS.26 Then, using the HDX data processing func-
tion, MassAnalyzer generates the deuterium-uptake time
course for each proteolytic peptide.23

Characterization of released glycans by HILIC

To release N-glycans from IgGs for HILIC analysis, 1 mg of
each human-derived and CHO-expressed IgG antibodies was
separately diluted into 200 µL of 50 mM phosphate buffer at

pH 7.5. To each IgG, a total of 12 µL of PNGase F was added
in two steps, along with incubation at 37°C for 24 h. The
released glycans were purified using Extract-Clean cartridges
(Alltech Associates) following the manufacturer recom-
mended procedure. Glycans from ~0.5 mg of glycoprotein
was labeled with 2-aminobenzamide using the 2-AB labeling
kit. Labeled glycans were cleaned with a Glycoclean
S cartridge (Prozyme) following the manufacturer recom-
mended procedure. 2-AB labeled glycans were dissolved in
75% acetonitrile for HILIC analysis.

HILIC analysis of 2-AB labeled glycans were performed on an
Agilent 1260 HPLCwith aWaters glycan BEH amide column (2.1
× 100 mm, 1.7 µm) at 60°C. Glycans were separated with gradient
elution with the following mobile phases: (A) 100 mM ammo-
nium formate pH 4.5 and (B) acetonitrile. The elution started by
maintaining at 72%B for the first 4.0 min and then decreased to
62%B in 30 min at 0.2 mL/min. Then, the flow rate decreased to
0.1 mL/min at 0%B to clean the column for 3.0 min, followed by
equilibration at 72%B for 10 min at 0.2 mL/min. Glycans were
detected by fluorescence (wavelengths, Ex: 330nm/Em: 420nm) as
well as MS in negative-ion mode (spray voltage = −3200 V) on
a Thermo Scientific Orbitrap Fusion Lumos instrument
(Resolution = 60,000, AGC target = 5E5 and maximum injection
time = 50 ms). Data-dependent MS/MS were collected with HCD
(normalized collision energy 20%) in the orbitrap or CID (nor-
malized collision energy of 35%) in the linear trap.

Trypsin digestion under a native-like condition

To test the proteolytic stability of IgG molecules with different
glycoforms, human myeloma and CHO-expressed IgG1 and
IgG2 antibodies were digested by trypsin under a native-like
condition and analyzed by LC-MS/MS as described
previously.5 Briefly, each antibody was diluted to 1 mg/mL
into a 0.2 M tris buffer at pH 7.5, followed by adding trypsin
(Roche) to a concentration of 0.05 mg/mL (20: 1 substrate to
enzyme ratio). The digestion was carried out at 37°C for 1 to
24 h, followed by LC-MS/MS analysis on an Agilent 1290
HPLC connected to a Thermo Scientific Orbitrap Fusion
Lumos (IgG1s) or Oribtrap Elite (IgG2s) mass spectrometer.
Released peptides were separated on a Waters CSH reversed-
phase column (2.1 × 100 mm) with a 40-min acetonitrile
gradient (1% to 40%) containing 0.1% formic acid in the
mobile phase, at a flow rate of 0.3 mL/min. The MS data
were collected in the high-resolution orbitraps (resolution of
120,000 for the Fusion and 60,000 for the Elite), and data-
dependent CID MS/MS data were collected in the linear ion
traps at a normalized collision energy of 35%. Glycans in the
released glycopeptides were identified and quantified on
MassAnalyzer.41 After feature extraction, glycopeptides were
identified by comparing experimental MS/MS to theoretically
predicted MS/MS.26 With automated retention time
alignment,42 different glycoforms in different samples were
conveniently quantified and tabulated.43

Digestion with sialidase

To confirm sialic acid linkages, the human-derived and CHO-
expressed IgG1 antibodies (0.3 mg) were each digested with
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trypsin under a native-like condition at 37°C for 3 h as
described previously, then treated with 10 µL sialidase α-
(2–3) at 37°C for 2 h after adjusting to pH 6.0 with
1 M phosphate buffer. Sialidase treated samples were analyzed
by the same LC-MS/MS method for tryptic digested IgGs.

To confirm sialic acid linkages in disialylated biantennary
glycans (A2S2F), glycopeptides from 11 to 12.5 min of peptide
map were collected for human-derived and CHO-expressed
IgG1 antibodies after tryptic digestion under the native-like
condition for 24 h. Glycopeptides from ~ 90 µg of digested
protein were collected and dried completely. Glycopeptides
were redissolved in 75 µL of 50 mM phosphate buffer at pH
6.0. To 25 µL of this solution, 2 µL of sialidase α-(2–3) was
added and incubated at 37°C for 2 h. Sialidase treated glyco-
peptides were analyzed by the same LC-MS/MS method for
tryptic digestion.
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