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ABSTRACT: N-Linked glycosylation of the fragment crystallizable (Fc) domain of
immunoglobulin G (IgG) is considered a significant modulator of antibody functions,
which is known to be subclass-specific. As mice are the most widely used model
organisms in immunological research, determining the variation in Fc glycosylation
among each murine IgG subclass in different physiological or pathological statuses is
beneficial for studying how the IgG subclass effector function is affected by Fc
glycosylation. In this study, we established a method to quantify murine IgG Fc
glycoforms normalized to the protein abundance at a subclass-specific level for various
mouse strains using multiple reaction monitoring. The glycoform level was normalized to
the subclass protein abundance (subclass-specific peptide intensity) in each IgG subclass
to eliminate the contribution from the subclass protein abundance. Both good linearity
and high repeatability of the method were validated by investigating a mixed mouse
serum sample. The method was applied to quantify the differences in subclass-specific
IgG Fc N-glycoforms between systemic sclerosis (SSc) mice and healthy control mice.
The results demonstrated that each IgG subclass had its own characteristic-altered glycosylation, implying the close association of
subclass-specific IgG Fc glycosylation with SSc in mice. This report demonstrates a method with great reliability and practicality that
has promising potential for the relative quantitation of subclass-specific IgG Fc N-glycoforms in multiple mouse models.

■ INTRODUCTION

Immunoglobulin G (IgG) is a vital immune molecule for
homeostasis in organisms. As the most abundant immunoglo-
bulin in circulation, IgG participates in many physiological and
pathological processes, including pregnancy,1 diabetes,2 and
cancers.3 Glycosylation, an important post-translational mod-
ification, impacts the biological functions of IgG by regulating
its structure and affinity.4−6 IgG has conserved glycosylation
sites on its fragment crystallizable (Fc) region, and the N-
linked glycans in these sites affect its interaction with FcγRs or
complement.7 Although numerous studies have claimed the
important role of IgG glycosylation in physiological and
pathological phenomena,8,9 it remains unclear how IgG
glycosylation operates.
Mice are the most commonly used experimental subjects in

life science studies. Many mouse models have been developed
to explore their underlying implication for human life events,
such as aging,10,11 cancer,12 and autoimmune diseases.13

Furthermore, mice are often used to study the structure and
function of IgG.14,15 Some mechanism studies on IgG
glycosylation have been carried out in mouse models.15−17

Different IgG subclasses have different functions,18 which are
influenced by the glycans attached to them.19 Thus, it is
necessary to elucidate subclass-specific IgG glycosylation in
order to study the functions of each murine IgG subclass.

Studying the changes in the glycosylation of different IgG
subclasses in various mouse models is beneficial to understand
how IgG subclasses function. However, there is a lack of
methods for quantifying murine IgG Fc glycoforms based on
IgG subclasses.
Multiple reaction monitoring (MRM) technology has great

capacity for accurate quantitation of low-abundance compo-
nents in complex mixtures owing to its high sensitivity and
selectivity.20 The MRM technology has been applied to the
quantitation of subclass-specific human IgG Fc N-glyco-
forms.21,22 However, murine IgG is different from human
IgG in several aspects because of species difference, such as
amino acid sequence, spatial structure, subclass type, and
glycoform. Human IgG is composed of four types of
subclasses: IgG1, IgG2, IgG3, and IgG4. In contrast to
human IgG subclasses, the murine IgG subclasses include
IgG1, IgG2a/2c, IgG2b, and IgG3.23 IgG1 and IgG2b have
their sequence variants IgG1* and IgG2b*, respectively. IgG2a
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contains two allotypes: IgG2a A allotype (IgG2aA) and IgG2a
B allotype (IgG2aB). IgG2a and IgG2c were reported as the
allelic variants in most mouse strains.24 The allotypes of IgG
subclasses may be different in different murine strains.23,25 For
example, IgG2c was observed in the C57BL/6 mouse serum,
while the BALB/c mouse serum had IgG2aA but not IgG2c.23

In addition, Swiss Webster mice may secrete only IgG2a or
IgG2c or both IgG2a and IgG2c.24 Mice mainly express IgG
with N-glycolylneuraminic acid, but the sialic acid on human
IgG is solely N-acetylneuraminic acid.25,26 In addition, α-1,3-
galactosylation is a special trait of murine IgG Fc
glycosylation.25,27 Therefore, the development of MRM
methods suitable for the determination of Fc N-glycoform
levels for murine IgG subclasses is yet needed.
The level of IgG glycosylation is determined by the

abundance of both proteins and attached glycans. To quantify
the glycoform at the subclass protein level, it is essential to
separate out the contribution from subclass protein abundance.
In this study, we developed a subclass-specific IgG Fc N-
glycoform quantitation method for various mouse strains based
on MRM. Subclass-specific peptides and Fc N-glycopeptides of
almost all the reported murine IgG subclasses could be
monitored in this method. First, peptides specific to each
murine IgG subclass were identified by quadrupole time-of-
flight (QTOF) mass spectrometry (MS). Then, the MRM
method was built by monitoring the subclass-specific IgG
peptides and Fc N-glycopeptides simultaneously. The subclass-
specific IgG Fc N-glycoform level is gained after normalization
of glycopeptide intensity to the subclass-specific peptide
intensity by eliminating the contribution from the subclass
protein abundance. In this way, each subclass- and site-specific
N-glycoform of IgG can be compared independently in
different samples. The trypsin digest of IgG was directly
analyzed by the MRM method without any purification. The
protocol displayed high repeatability and good linearity.
Furthermore, the quantitation method was successfully applied
to the investigation of the subclass-specific IgG Fc N-glycoform
changes in a bleomycin (BLM)-induced systemic sclerosis
(SSc) mouse model compared to healthy control mice.

■ RESULTS AND DISCUSSION
Identification of Peptides Specific to Murine IgG

Subclasses. To elucidate the peptides specific to each murine
IgG subclass, we first measured the peptides from the trypsin
digestion of mouse IgG standard by nanohigh performance
liquid chromatography (NanoHPLC)-electrospray ionization
(ESI)-QTOF MS/MS in the parallel accumulation-serial
fragmentation (PASEF) mode. IgG1 (UniProt entry,
P01868), IgG1* variant (A0A075B5P4), IgG2aA (P01863),
IgG2b (P01867), and IgG2c (A0A0A6YY53) were identified
in the IgG standard. Other subclasses were not detected in the
mouse IgG standard. Hence, IgG from the C57BL/6 serum
was detected for more subclass information, and we identified
IgG1, IgG1* variant, IgG2b* variant (A0A075B5P3), IgG2c,
and IgG3 (A0A075B5P5), consistent with the previously
reported results.23 By combining the results obtained for the
mouse IgG standard and IgG from the C57BL/6 mouse serum,
specific peptide candidates for each IgG subclass were
determined to be DVLTITLTPK and VNSAAFPAPIEK for
IgG1/1*, DLPAPIER and NTEPVLDSDGSYFMYSK for
IgG2aA, DLPSPIER and TDSFSCNVR for IgG2b/2b*,
ALPSPIEK and NTATVLDSDGSYFMYSK for IgG2c, and
ALPAPIER and NTPPILDSDGTYFLYSK for IgG3. In the

subclass-specific peptide selection procedure, peptides con-
taining no post-translational modifications and relatively stable
amino acids were chosen,21 which promoted the repeatability
of the MRM quantitation method by reducing the variations
arising from sample pretreatment and MS analysis. IgG2aB
(P01864) was not detected in this study or in a previous
study.23

Quantitation of Subclass-Specific IgG Fc N-Glyco-
forms. MRM Transitions for Subclass-Specific IgG Peptides
and Fc N-Glycopeptides. To find the optimal fragment ions
with good sensitivity and specificity in the MRM mode, the
fragmentation patterns of subclass-specific peptides were
investigated by ultraperformance liquid chromatography
(UPLC)-ESI-triple quadrupole (QqQ) MS/MS based on
MRM analysis. In this analysis, the peptides DVLTITLTPK
for IgG1/1*, NTEPVLDSDGSYFMYSK for IgG2aA,
NTATVLDSDGSYFMYSK for IgG2c, and NTPPILDSDGTY-
FLYSK for IgG3 were observed to be strongly retained during
LC, and they could not be removed entirely in the washing
step. Moreover, the intensity of the peptide TDSFSCNVR for
IgG2b/2b* was relatively weak. Threonine in these peptides
can be potentially phosphorylated. For accurate quantitation,
these five peptides were not involved in the MRM method.
Tandem spectra of the peptides specific to IgG subclasses used
for MRM analysis are shown in Figure S1. The most abundant
fragment ions from the fragment ion candidates after the
optimization of collision energy were selected as the product
ions of these subclass-specific peptides for MRM analysis. The
N-glycan compositions and the corresponding glycopeptide
precursors were used according to the related references,25 and
the oxonium ions were m/z 204.1 (HexNAc) or 366.1
(Hex1HexNAc1), which are typical fragment ions of glycans.21

To ensure the accuracy of the analytical results, the twenty
most abundant glycoforms were involved in this study after
preliminary detection and analysis. The MRM transitions for
the subclass-specific IgG peptides and Fc N-glycopeptides are
listed in Tables 1 and 2, respectively.

MRM Analysis of Subclass-Specific IgG Peptides and Fc N-
Glycopeptides. The mouse IgG standard and IgG from the
C57BL/6 serum were detected by MRM analysis. Their total
MRM chromatograms are shown in Figure 1a−d. The mouse
IgG standard contained the peptides VNSAAFPAPIEK for
IgG1/1*, DLPAPIER for IgG2aA, ALPSPIEK for IgG2c,
DLPSPIER for IgG2b/2b*, and ALPAPIER for IgG3, which
were not detected by NanoHPLC-ESI-QTOF MS/MS
analysis. Only N-glycopeptides coming from IgG1, IgG2b/
2b*, and IgG2a/2c were monitored, and IgG1 had more
glycoforms than other subclasses. Compared with the mouse
IgG standard, IgG from the C57BL/6 mouse serum showed

Table 1. MRM Transitions for Murine IgG Subclass
Monitoring

IgG subclass peptide
precursor ion

[M + 2H]2+ (m/z)
product ion

[M + H]+ (m/z)

IgG1/1* VNSAAFPAPIEK 622.3 654.4
IgG2aA DLPAPIER 455.8 514.3
IgG2c ALPSPIEKa 427.8 335.7

([M + 2H]2+)
IgG2b/2b* DLPSPIER 463.8 698.4
IgG3 ALPAPIER 433.8 682.4

aALPSPIEK exists in both IgG2c and IgG2aB.23
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differences in some parts. Except for the peptide for IgG2aA,
all other peptides were detected, as well as glycopeptides from
IgG1*, IgG2b/2b*, IgG2a/2c, and IgG3. Neither the mouse
IgG standard nor the IgG from the C57BL/6 mouse serum
covers all reported types of murine IgG subclasses. To monitor
and investigate the subclass-specific peptides and Fc N-
glycopeptides of all reported IgG subclasses, the mixed
mouse serum was prepared by adding the mouse IgG standard
to the C57BL/6 mouse serum. The MRM results revealed that
the peptides and N-glycopeptides specific to almost all the
reported IgG subclasses could be detected in the IgG purified
from the mixed mouse serum (Figure 1e,f).
IgG Fc N-glycopeptides eluted earlier than most subclass-

specific peptides. All the five peptides eluted in 3.2−4.2 min.
Amino acid sequences of peptide moieties in N-glycopeptides
are similar between IgG2a/2c and IgG2b/2b*, EDYNSTLR
for IgG2a/2c, and EDYNSTIR for IgG2b/2b*, and their
masses are identical. However, the IgG2a/2c and IgG2b/2b*
N-glycopeptides eluted at different times because of their
discrepancy in hydrophobicity. The IgG2a/2c N-glycopeptides
eluted slightly later than those from IgG2b/2b*.25 The IgG2a/
2c and IgG2b/2b* N-glycopeptides could not be detected
individually, which was also reported by de Haan et al.25

Therefore, the same glycoforms from IgG2a/2c and IgG2b/
2b* were treated as one glycoform in the following analysis,
and the average elution time for IgG2 N-glycopeptides was 2.2

min. After IgG2 N-glycopeptides, the IgG3, IgG1*, and IgG1
N-glycopeptides eluted in 2.4, 2.8, and 3.0 min, respectively.
Forty-two N-glycopeptides were monitored: 10 for IgG1, 9 for
IgG1*, 17 for IgG2, and 6 for IgG3 (Figure 2).

Subclass-Specific IgG Fc N-Glycoform Quantitation. In
this analysis, subclass-specific IgG N-glycoforms were
determined by eliminating the contribution from the subclass
protein abundances. The relative intensity of each glycopeptide
could be calculated individually, which allowed the assessment
of glycosylation differences among different samples. The
subclass-specific IgG glycopeptide signals were normalized to
the corresponding subclass protein abundance (signal of a
specific peptide).21

The formula for glycoform quantitation calculation is shown
as follows

=

Glycoform level
glycopeptide ion intensity

protein abundance (peptide ion intensity)

IgG1 and IgG1* shared the same peptide, thus the sum of
signals of glycopeptides, which had the identical glycoform as
IgG1 and IgG1*, was normalized to the peptide signal from
IgG1/1*. Despite the fact that the glycopeptides from IgG1
and IgG1* were quantified together, their response factors
might be different. IgG2 glycopeptide signals were normalized

Table 2. MRM Transitions for Murine IgG Fc N-Glycopeptide Monitoringa

aStructure abbreviations: H, hexose; N, HexNAc; F, fucose; and G, N-glycolylneuraminic acid. Structural symbols: blue square: N-
acetylglucosamine; green circle: mannose; red triangle: fucose; yellow circle: galactose; and white diamond: N-glycolylneuraminic acid.
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to the sum of peptide signals from IgG2aA, IgG2c, and IgG2b/
2b*. IgG3 glycopeptide signals were normalized to the IgG3
peptide signal.
Linearity of the Method. To evaluate the linearity of the

subclass-specific peptides and N-glycopeptides in this method,
a serial dilution of serum was assessed. A mixed mouse serum
was diluted from 1× to 1024×. High linearity was observed for
each subclass-specific peptide in a 32-fold dilution range with
R2 ≥ 0.9990 (Figure S2). Glycopeptide intensities were lower
than peptide intensities. The glycopeptide with H3N4F1, the
most abundant N-glycopeptide in each IgG subclass, showed
high linearity in a 16-fold dilution range with R2 > 0.9930
(Figure S3). The eight most abundant N-glycopeptides
presented good linearity in a 16-fold dilution range with R2

> 0.9930, including IgG1-H3N4F1, IgG1-H4N4F1, IgG1*-
H3N4F1, IgG1*-H4N4F1, IgG2-H3N4F1, IgG2-H4N4F1,
IgG2-H5N4F1, and IgG3-H3N4F1.

Repeatability of the Method. Good method stability is
critical for the quantitation in large-scale samples. To evaluate
the repeatability of the method, the intraday stability of the
instrument and the intraday and interday method reproduci-
bility were estimated. Glycoform levels of IgG from the mixed
mouse serum sample were analyzed in this validation, including
variations from peptides as well as from glycopeptides. These
42 glycopeptides yielded 11, 17, and 6 glycoforms for IgG1/1*,
IgG2, and IgG3, respectively (Figure 3). The co-efficient of
variations (CVs) for glycoforms obtained during the intraday
instrument assay, intraday method assay, and interday method
assay ranged from 2.40 to 19.47, 2.27 to 14.49, and 1.27 to
18.97%, respectively (Table S1). The CVs were less than 15%
in over 76% of the glycoforms and less than 20% in all
glycoforms, demonstrating the high repeatability of the
method, which ensures its accuracy.

Figure 1. MRM chromatograms for the trypsin-digested murine IgG. (a) MRM chromatograms for the subclass-specific peptides and N-
glycopeptides from the trypsin-digested mouse IgG standard. (b) Enlarged detail of the glycopeptide part in (a). (c) MRM chromatograms for the
subclass-specific peptides and N-glycopeptides from the trypsin-digested IgG from a C57BL/6 mouse serum sample. (d) Enlarged detail of the
glycopeptide part in (c). (e) MRM chromatograms for the subclass-specific peptides and N-glycopeptides from the trypsin-digested IgG from the
mixed mouse serum sample. (f) Enlarged detail of the glycopeptide part in (e). Structural symbols: blue square: N-acetylglucosamine; green circle:
mannose; red triangle: fucose; yellow circle: galactose; and white diamond: N-glycolylneuraminic acid.
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Application in the SSc Mouse Model. SSc is an
autoimmune disease causing fibrosis of the skin and internal
organs. IgG, as a key component of the immune system, is
involved in many autoimmune diseases.28,29 Studying the
glycosylation in different IgG subclasses may provide insights
into the association of IgG glycosylation with SSc.
In this study, the developed method was further applied to

evaluate the differences in subclass-specific IgG Fc N-
glycoform levels between the BLM group and the control
group. The SSc mouse model was verified by examining the
skin thickness, its collagen content, and expression levels of
extracellular matrix-related genes (Figure S4), as described
before.30 Ten IgG1* glycopeptides, 17 IgG2 glycopeptides,
and 7 IgG3 glycopeptides were detected (Figure S5), as well as
peptides specific to IgG1/1*, IgG2c, IgG2b/2b*, and IgG3. In
total, 10 IgG1/1*, 17 IgG2, and 7 IgG3 glycoform levels were
obtained.
Six glycoform levels presented significant differences

between the two groups (Figure 4). The relative intensity of
the glycoform with H5N4F1G2 in IgG1/1* was lower in the
BLM group than in the control group (Figure 4a, p = 0.0275).
Compared to the control group, the BLM group showed a
higher level of the H4N4F1 glycoform (Figure 4b, p = 0.0275)

and lower levels of H5N4F1G1 and H5N4F1G2 glycoforms in
IgG2 (Figure 4c, H5N4F1G1: p = 0.0143; Figure 4d,
H5N4F1G2: p = 0.0275). Remarkable reductions in the levels
of IgG3-H5N4F1 and H4N4F1G1 were observed in the BLM
group compared to the control group (Figure 4e, H5N4F1: p =
0.0143; Figure 4f, H4N4F1G1: p = 0.0275). The changes in
other glycoforms were not significant. In addition, the derived
glycosylation traits were calculated according to the structural
features (Table S2). IgG2 sialylation and IgG3 galactosylation
levels were found to decrease in the BLM group (Figure S6,
IgG2 sialylation: p = 0.0143; IgG3 galactosylation: p = 0.0275).
The Fc N-glycosylation of different IgG subclasses exhibited

differences in the SSc mouse model. IgG3 Fc galactosylation
decreased in the SSc mice, which was consistent with the
decrease of the IgG galactosylation level in human SSc.31

Activation of the complement and pro-inflammation is affected
by IgG without terminal galactose.32 Reduced IgG Fc
sialylation triggering pro-inflammation was also observed in
the mouse models of rheumatoid arthritis.17 Thus, the decrease
of IgG2 Fc sialylation might contribute to inflammation in SSc
mice. Structures of these changed glycopeptides can be
identified by MS/MS analysis for further study. These findings
revealed that the N-glycosylation alteration of IgG Fc was
subclass-specific, which might be related to the subclass-
specific functions of IgG in SSc.

■ CONCLUSIONS

In this study, we presented a reliable method for subclass-
specific murine IgG Fc N-glycoform quantitation using MRM.
The method was designed for quantifying subclass-specific IgG
Fc N-glycoforms in various mouse strains. When the subclass-
specific IgG Fc N-glycopeptide intensities were normalized to
the subclass-specific peptide intensities, the glycoform levels in
individual samples could be compared without the contribu-
tion from the subclass protein abundance. The method showed
high repeatability and good linearity, which covers almost all
the reported murine IgG subclasses. We applied the method to
a SSc mouse model and found some significant alterations in
subclass-specific IgG Fc N-glycoforms. This quantitation
method is of value in exploring IgG glycosylation and its
mechanisms in multiple mouse models.

■ EXPERIMENTAL SECTION

Chemicals and Reagents. Mouse IgG standard, ammo-
nium bicarbonate (NH4HCO3), dithiothreitol (DTT), and
iodoacetamide (IAA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sequencing grade-modified trypsin was
purchased from Promega (Madison, WI, USA). Formic acid
(FA) and acetonitrile (ACN) were purchased from Merck
Millipore (Billerica, MA, USA). BLM was purchased from
Nippon Kayaku (Tokyo, Japan).

Mouse Samples. A serum sample was obtained from
C57BL/6 mice (aged 24−32 weeks). The 4 week-old C57BL/
6 mice were purchased from Shanghai Laboratory Animal
Center of Chinese Academy Sciences.
In the SSc mouse model experiment, male C57BL/6 mice

were purchased from the Fudan University Animal Center.
Seven week-old mice were used for the study of skin fibrosis.
Mice were randomly divided into two groups: control group
and BLM group. In the BLM group (n = 5), subcutaneous
injections of 100 μL of BLM (1 mg/mL) were administered
daily on the upper back of the mice for 4 weeks, while mice in

Figure 2. Representative profile of the subclass-specific IgG Fc N-
glycopeptides from the mixed mouse serum sample. Structure
abbreviations: H, hexose; N, HexNAc; F, fucose; and G, N-
glycolylneuraminic acid.

Figure 3. Distribution of the subclass-specific IgG Fc glycoforms
(normalized glycopeptide intensities) from the mixed mouse serum
samples. Structure abbreviations: H, hexose; N, HexNAc; F, fucose;
and G, N-glycolylneuraminic acid.
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the control group (n = 4) received equal volumes of saline. All
the mice were anesthetized and killed 4 weeks after BLM
administration. Histological analysis, collagen measurement,
and detection of extracellular matrix-related gene expression
levels were performed, as described before.30

The mice were housed under constant temperature and
humidity with a 12 h light/dark cycle. Animal care and
experiments were approved by the Institutional Animal Care
and Use Committee of Fudan University.
Mixed Mouse Serum Preparation. Mixed mouse serum

was prepared by mixing the mouse IgG standard and the
C57BL/6 mouse serum at the ratio of 1:1 (μg/μL).
Isolation of IgG. IgG was captured from 10 μL of mouse

serum or mixed mouse serum by Protein G Bestarose 4FF
beads (Bestchrom, Shanghai, China). The mouse serum was
diluted with phosphate-buffered saline (PBS) and incubated
with the beads for 30 min. The beads were washed with PBS
and nanopure water. IgG was eluted by 100 μL of 100 mM FA
followed by vacuum drying at room temperature.
Trypsin Digestion of IgG. Mouse IgG standard or dried

IgG from mouse serum was dissolved in 40 μL of 50 mM
NH4HCO3 (freshly made). IgG was reduced using 2 μL of 550
mM DTT in 50 mM NH4HCO3 at 60 °C for 1 h. IgG was
alkylated with 4 μL of 450 mM IAA in 50 mM NH4HCO3 at
room temperature in the dark for 40 min. Then, IgG was
digested with 0.5 μg of trypsin at 37 °C for 18 h.
NanoHPLC-ESI-QTOF MS Analysis. Peptides from the

mouse IgG standard and the C57BL/6 mouse serum IgG were
identified, respectively. After purification by Sep-Pak C18 1
cm3 Vac Cartridge (Waters, Milford, MA, USA), the peptides
from trypsin digestion were measured by hybrid trapped ion
mobility spectrometryQTOF mass spectrometer (timsTOF
Pro, Bruker Daltonics, Bremen, Germany) with a modified
nanoelectrospray ion source (CaptiveSpray, Bruker Daltonics,
Bremen, Germany) coupled to a NanoHPLC chromatography

system (NanoElute, Bruker Daltonics, Bremen, Germany)
equipped with a C18 column (1.7 μm, 25 cm × 75 μm,
IonOpticks, Australia). A 9 min LC separation was applied
using a binary gradient at 50 °C with 300 nL/min flow rate
consisting of solvent A [0.1% FA in nanopure water (v/v)] and
solvent B [0.1% FA in ACN(v/v)]: 0 min at 2.0% B; 2.0 min at
10.0% B; 7.0 min at 40.0% B; 8.0 min at 98.0% B; and 9.0 min
at 98.0% B.
The MS acquisition was operated in the PASEF mode with

the following parameters: drying gas temperature: 180 °C,
drying gas flow rate: 3.0 L/min, capillary: 1.4 kV, and mass
range: 100−1700 m/z. In MS/MS settings, the total cycle time
for precursor ions was 1.1 s, the number of MS/MS ramps was
10 PASEF scan@100 ms, the spectral rate was >100 Hz, and
active exclusion was released after 0.4 min (reconsider
precursor, if the current intensity/previous intensity ≥4).

UPLC-ESI-QqQ MS Analysis. Ten microliters of the
trypsin digest of IgG were used directly for UPLC-ESI-QqQ
analysis with no purification. Quantitative analysis was
performed on a Nexera UPLC LC-30A system (Shimadzu
Corporation, Kyoto, Japan) coupled with a 6500 plus Qtrap
mass spectrometer (AB Sciex, CA, USA). The analysis was
controlled using AB Sciex Analyst software (version 1.6.3). A
ZORBAX RRHD Eclipse Plus C18 column (1.8 μm, 2.1 mm ×
100 mm, Agilent Technologies, Santa Clara, CA) was applied
for UPLC separation. Peptides and glycopeptides were
separated by a binary gradient at 40 °C with 0.5 mL/min
flow rate consisting of solvent A [0.1% FA and 3% ACN in
nanopure water (v/v/v)] and solvent B [0.1% FA and 90%
ACN in nanopure water (v/v/v)]: 0 min at 2.0% B; 0.5−1.0
min at 8.0% B; 6.0 min at 35.0% B; 6.1−8.0 min at 100.0% B
(washing column); and 8.1−10.0 min at 2.0% B (re-
equilibration).
The MS was operated in the positive mode. Curtain gas:

30.0 psi, collision gas: high, ion spray voltage: 5500.0 V,

Figure 4. Changes in IgG Fc N-glycoforms in the murine SSc model. Six glycoform levels were significantly different between the BLM group (n =
5) and the control group (n = 4). (a) H5N4F1G2 level in IgG1/1*. (b−d) H4N4F1, H5N4F1G1, and H5N4F1G2 levels in IgG2. (e,f) H5N4F1
and H4N4F1G1 levels in IgG3. Structure abbreviations: H, hexose; N, HexNAc; F, fucose; and G, N-glycolylneuraminic acid. Structural symbols:
blue square: N-acetylglucosamine; green circle: mannose; red triangle: fucose; yellow circle: galactose; and white diamond: N-glycolylneuraminic
acid. P-values for comparisons between the BLM group and the control group were from Mann−Whitney U tests. *P < 0.05.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.9b04412
ACS Omega 2020, 5, 8564−8571

8569

https://pubs.acs.org/doi/10.1021/acsomega.9b04412?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04412?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04412?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04412?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.9b04412?ref=pdf


temperature: 300.0 °C, ion source gas 1: 55.0 psi, ion source
gas 2: 60.0 psi, declustering potential: 20.0 V, entrance
potential: 10.0 V, and collision cell exit potential: 14 V. The
scheduled MRM mode was used. Q1 and Q3 were set to unit
resolution. The cycle time was fixed to 500 ms, MRM
detection window was set to 30.0 s, and the target scan time
was 0.5 s. CE for each MRM transition was optimized by a 5 V
step followed by 2 V step fine-tuning.
Data Processing and Statistical Analysis. In

NanoHPLC-ESI-QTOF MS analysis, raw data were processed
by PEAKS studio (version X, Bioinformatics Solution Inc.).
MS and MS/MS tolerance were set to 10 ppm and 0.02 Da,
separately. Carbamidomethyl (C) was set as fixed modification,
and oxidation (M) and acetylation (protein N-terminal) were
set as variable modifications. A home-made database
containing six IgG protein sequences was used. Search results
were corrected to 1% PSM FDR.
In MRM analysis, data processing was achieved by AB Sciex

MultiQuant software (version 3.0.2). Intensities of peak areas
were used for quantification. The limit of quantification was set
as the signal-to-noise ratio (S/N) of 10.
Statistical analysis was performed using IBM SPSS Statistics

20 and GraphPad Prism 6 in this study. Mann−Whitney U
tests were used to assess the glycosylation differences. The
multiple testing of glycosylation between the BLM and control
mice groups was not with correction.
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