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ABSTRACT: Glycans attached to the IgG Fc domain affect
strongly biological activities such as antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity (CDC) of therapeutic antibodies. However,
molecular mechanism in the glycoform-dependent functional
modulation of the IgGs remains elusive. The present study
communicates that selected reaction monitoring (SRM)-
based assay of tryptic IgG Fc glycopeptides is a promising
approach for the characterization of antibodies when
combined with structure-defined synthetic Fc peptides having
a focused N-glycoform as a calibration standard. We describe
a novel synthetic approach to the human IgG1 Fc peptide
having a bisected decasaccharide and its nonbisected counter-
part compound, the signatures of antibodies involving Fc domain with rare N-glycans expected to show much higher ADCC/
CDC than abundant IgG N-glycans, and their application to the SRM-based quantitative glycoproteomics. Use of a key
intermediate, phenyl (2-O-benzyl-4,6-O-benzylidine-β-D-mannopyranosyl)-(1 → 4)-3,6-di-O-benzyl-2-azido-2-deoxy-1-thio-β-
D-glucopyranoside, derived from locust bean gum galactomannan, facilitated greatly the synthesis of a bisected nonasaccharide
as a stable precursor of oxazoline derivative needed for the enzymatic trans-glycosylation with Fc nonapeptide carrying a
GlcNAc at Asn297 residue, while the coupling reaction catalyzed by mutant endo-M-N175Q proceeded very slowly. Strikingly,
SRM assay using the synthetic Fc glycopeptides as calibration standards uncovered the occurrence of the targeted IgG1 Fc
fragment carrying a nonfucosylated and bisected (315 fmol, 0.20%) and its nonbisected counterpart (1154 fmol, 0.73%) in the
tryptic digests from 158 pmol of anticancer antibody Herceptin (trastuzumab). The results suggest that aberrantly glycosylated
IgG Fc variants may contribute to the total biological activities of the therapeutic antibodies.
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Theeffector functions andefficacyof therapeuticmonoclonal
antibodies depend critically on post-translational glyco-

sylation at Asn297 of human IgGFcdomain.1 The distribution of
the N-glycan population of therapeutic antibodies is thus
considered to be an important critical quality attribute (CQA),
attracting particular interest because of its impact on antibody-
dependent cellular cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC) of antibodies.2,3 The deletion of
core fucoseresults intheIgGantibodyhavingincreasedaffinity for
the FcγRIIIa receptor, with distinctly enhanced efficacy of NK
cell-mediated ADCC.4,5 Recombinant human IgGs produced
from engineered CHO cell lines to express high-levelN-acetyl-D-
glucosaminyl transferaseIII(GnTIII) thataddsbisectingGlcNAc
exhibited an improved ADCC by two or more orders of
magnitudewhencomparedwith theoriginal antibody.6However,
removal of terminal galactose from antibody reduced CDC
without any effect onADCC.7Therefore, a promisingmethod for
the production of human IgGs with homogeneous glycoforms is

required for the quality control of the therapeutic antibodies.8,9

Importantly, understanding the significance of heterogeneity in
FcN-glycans is a major challenge for the manufacture to provide
an optimal efficacy and safety of the therapeutic antibodies.10−16

Our attention was first directed to N-glycan profile of the
therapeutic antibodies produced by nonhumoral CHO cell lines.
A preliminary analysis based on the glycoblotting-assisted
MALDI-TOFMS18 identified nine major N-glycoforms (a−i)
in Herceptin (trastuzumab) as an example of the approved
anticancer therapeutic antibodies, in which six glycoforms are
found to be core fucosylatedN-glycans (Figure 1 and Table S1).
This observation and the results reportedbyothers8,10−16 suggest
that nonfucosylated N-glycan structures (a), (b), and (d) may
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enhanceADCC,whereasother glycoforms including thebisected
andfucosylatedN-glycans(g)and(i)maynot influencepositively
ADCC. Although N-glycan profiles of Herceptin might depend
on the expression levels of various glycosyltransferases, the levels
of sugar nucleotides in ER/Golgi compartments, and underlying
mechanismof themetabolic/anabolic pathways inCHOcells,we
assumed that some scarce nonfucosylatedN-glycoforms listed in
Figure 1 can also contribute significantly to the functions of
antibodies. Especially, it seems likely that bisected and non-

fucosylated N-glycans could have strong impact on CQA by the
synergistic effects on the enhanced ADCC,4−6 even though their
expression levelsareextremely lowlevelswhencomparedwiththe
abovemajorN-glycoforms identified inHerceptin. Itwas thought
that the synthetic IgG Fc glycopeptides allow for the absolute
quantitation of the tryptic Fc fragments bearing even such
extremely rareN-glycoforms when used as calibration standards
for selected/multiple reaction monitoring (SRM/MRM) chan-
nel setting.19,20

To test this hypothesis, we synthesized two of the scarce IgG1
Fc fragments that could be made by tryptic digestion of human
IgG1 antibodies, notably nonfucosylated IgG1 Fc nonapeptide 1
carrying a bisected decasaccharide (a bisected G2) and its
nonbisected counterpart 2 having a biantennary nonasaccharide
(a biantennary G2), as the tentative targets (Figure 2). As shown

Figure 1. Major N-glycans released from Herceptin (trastuzumab)
identified by glycoblotting-assisted MALDI-TOFMS, and some scarce
nonfucosylated N-glycoforms supposed to show distinct ADCC could
not be detected in this experiment. The m/z values indicate molecular
mass of N-glycans tagged with an aminooxy-Trp-Arg reagent for
enhancing the ionization potentials of free N-glycans, and asterisks
representpeaksofunknowncompoundsorbyproductsgeneratedduring
on-beads chemical manipulations.17,18

Figure 2.Chemical structures of the targeted tryptic Fc fragments from
Herceptin (human IgG1antibody) representing IgG1Fc glycopeptide1
modified with one of the scarce nonfucosylated and bisected
decasaccharide (a bisected G2), and its nonbisected counterpart 2
having a biantennary nonasaccharide (a biantennaryG2) listed in Figure
1.

Scheme 1. Synthetic Strategy of IgG1 Fc Glycopeptides
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in Scheme 1A, Fc fragment 2 having a simple biantennaryG2was
prepared readily by using an established procedure as follows: (a)
recombinant endo-β-N-acetyl-D-glycosaminidase (endo-M from
Mucor hiemalis)-catalyzed trans-glycosylation between egg yolk
sialoglycopeptide (SGP)21,22 and synthetic Fc GlcNAc-non-
apeptide 3, and (b) subsequent sialidase treatment to trim the
terminal sialic acids (Supporting Information). However, given
that SGP provides only simple biantennaryN-glycans, advent of
an alternative approach that enables to construct glycopeptides
having highly complicated N-glycans such multiantennary and
bisecting glycoforms has been strongly required. In the previous
study, we developed an efficient method for the synthesis of
multiantennary N-glycans on the basis of a disaccharide
intermediate 4, phenyl (2-O-benzyl-4,6-O-benzylidine-β-D-
mannopyranosyl)-(1 → 4)-3,6-di-O-benzyl-2-azido-2-deoxy-1-
thio-β-D-glucopyranoside, derived from abundant locust bean
gum polysaccharide.23 It was demonstrated that oxazoline
derivatives of tri- and tetra-antennary oligosaccharides can
become substrates of an engineered endoglycosidase (endo-M-
N175Q)24−27 and allow for the synthesis of erythropoietin
peptides having tri- and tetra-antennary N-glycans.23 Impor-
tantly, the formation of β-glycoside found ubiquitously in the
Manβ(1→ 4)GlcNAc unit is one of themost difficult steps in the
glycoside synthesis because both the anomeric effect and
neighboring-group participation of D-mannosyl donors are not
beneficial for the stereoselective synthesis of β-mannosides.28−30

Efficiency of synthesis depends on the flexibility of the strategy in

themultistep couplings between a central Manβ(1→ 4)GlcNAc
moiety and glycosyl donors with different reactivity and steric
effects of the protective groups.31,32

To establish an efficient synthesis of the Fc peptide carrying a
bisected decasaccharide (1), we decided to use compound 4 as a
key intermediate for the construction of versatile bisected
synthons. It was considered that nonasaccharide oxazoline 5
from the synthetic blocks 4, 6, and 7 can be coupled directly with
an acceptor 3 by using a mutant endo-M-N175Q to yield the
target compound 1 (Scheme 1B). Advantage of the use of an
intermediate 4 is evident because (a) coreManβ(1→ 4)GlcNAc
unit 4 can be prepared in a large-scale manner,23 and (b)
conversion of 4 intomany glycosyl acceptorsmay permit rational
synthesis of various multiantennary and complicated N-glycans
including the bisected glycoforms.
To achieve rapid and efficient synthesis of an oxazoline 5, our

interest was focused on the feasibility of an approach based on an
early installation of a bisecting GlcNAc to the core N-glycan
moiety (Scheme2).Use of the tetrasaccharide diol923 derivedby
coupling 4 with 6 may permit further seamless synthesis of the
bisected N-glycans. Reaction of GlcNHTroc derivative 7 with
compound 10 derived by the selective chloroacetylation of 9
proceeded smoothly to give the pentasaccharide 11 in 97% yield.
Surprisingly, glycosylation of12having 6-OHwith6 afforded the
bisected heptasaccharide 8 in 98% yield. These results clearly
indicate that the combination of 2,2,2-trichloroethoxycarbony-
lamino (Troc)-protection of GlcNAc moiety and trichloroace-

Scheme 2. Synthesis of BisectedN-Glycoforms from a Key Intermediate 4
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timidates6 and7 contributes greatly to the efficient installationof
a bisecting GlcNAc and mannosyl branches into 3-OH, 4-OH,
and 6-OH liberated sequentially from 4. Partially O-benzylated
derivative 13 converted from 8 was modified by using
recombinant human β1,4-galactosyl transferase (β1,4-GalT) in
the presence of uridine diphosphoryl-α-D-galactose (UDP-Gal)
to afford nonasaccharide 14 in 78% yield. Deprotection of benzyl
and thio phenyl groups gave free bisected nonasaccharide 15 in
82% yield. Unstable oxazoline 5 formed by treating 15 with 2-
chloro-1,3-dimethylimidazolinium chloride/triethylamine23,33

subjected directly to the glycosylation with an acceptor 3 by
using a mutant endo-M-N175Q.
Coupling between oxazoline 5 and 3 catalyzed by endo-M-

N175Q was found to proceed very slowly when compared with
previous results,23−27while IgG1Fcglycopeptide1was identified
as a peak atm/z 3036.48 (m/z 3037.15 [C120H187N19O70+Na]

+)
of theMALDI-TOFMS, inwhich theyieldat10hafter incubation
was estimated to be only 4.7% (67.1 pmol/μL) based on the
HPLC (Figure 3). Although this result indicates the limitation of
endo-M-N175Q due to the donor substrate specificity, synthetic
IgG1 glycopeptides 1 and 2 were employed preliminarily for the

feasibility test of the SRM-based quantitation of the targeted
glycopeptide fragments in the tryptic digests generated from
anticancer therapeutic antibody, Herceptin (see also Supporting
Information).
SRM/MRM channel setting by using synthetic IgG1 Fc

glycopeptides1 and2was performed as follows: (i) precursor ion
selection (Q1), (ii) collision induced dissociation (Q2), and (iii)
product ion selection (Q3).19,20 Quadrupole works as mass filter
and excludes other ions except the target ion, implying that
fragmentations can be optimized by monitoring the actual
measurement values obtained only from the ions due to the
synthetic Fc glycopeptide 1 or 2. SRM/MRMparameters for the
glycopeptides 1 and 2 were optimized using 4000 QTrap triple
quadrupole mass spectrometer with UltiMate 3000 HPLC
(Supporting Information). Q1 of compounds 1 and 2 were
detected as proton adduct divalent positive 2+ ions atm/z1508.3
[C120H187N19O70 + 2H]2+ and m/z 1407.2[C112H176N18O65 +
2H]2+, respectively. Fragmentation of the precursor ions by
collision-induced dissociation (CID) was monitored with the
enhanced product ion mode under gradual increase of collision
energy (CE). Among the potential fragment ions generated,

Figure 3.Glycosylation of oxazoline 5with an acceptor peptide bearing
GlcNAc residue3 catalyzed by recombinant endo-MN175Qmonitored
by size-exclusion HPLC on Inertsil Diol detected by UV (A), TIC of a
range of m/z 1508−1509 (B), and MALDI-TOFMS of the product
eluted at 10.4 min (C).

Figure 4.Total ion chromatograms of a series of standard solutions (A−
F) inSRManalysis using synthetic IgG1Fcglycopeptide1 (left)withQ3
(m/z 366.2) and 2 (right) with Q3 (m/z 2447.8), respectively. Original
solutions prepared from pure 1 and 2 were diluted, and 1.5 μL of each
solutions were employed for the measurements.
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practically availableQ3 andCE(Q2)were selected for setting the
ideal SRM/MRM channels of compounds 1 and 2 with the best
signal-to-noise ratio,Q3:m/z 366.2 [C14H24NO10]

+ at 59 eV and
m/z 2447.8 [C98H152N17O55]

+ at 66 eV, respectively.However, it
shouldbenotedthatN-acetyllactosamineoxoniumionselectedas
Q3 (m/z 366.2) can be generated from a glycopeptide having a
triantennary isomer with the same Q1, while this glycoform has
not been observed in human IgG1 FcN-glycans.
As shown in Figure 4, SRM total ion chromatograms (TICs)

were measured by using the standard solutions with six different
concentrations (A−F) for making the calibration curves.
Calibration curves made by the mass peak area in the TICs
corresponding to each Q3 (m/z 366.2 at 2.46 min for 1 andm/z
2447.8at3.30min for2)were showninFigure5andemployed for
the glycoform-focused quantitative analysis of therapeutic
antibodies.
Finally, our interest was centered on the verification of the

targeted quantitation of nonfucosylated IgG1Fc fragments 1 and
2 in the tryptic digests of an anticancer antibody (Herceptin) by
using the designated SRM channels. Strikingly, SRM assay
revealed for the first time the occurrence of nonfucosylated and
bisected IgG1 Fc fragment 1 (315.3 fmol, 0.2%) and its
nonbisected counterpart 2 (1154 fmole, 0.7%) when the tryptic
digests derived from 158 pmol of Herceptin were tested (Figure
5C,D; see also Supporting Information).
The results indicate that expression levels of the Fc domain

having such extremely rareN-glycoforms are estimated to beonly
below 1% of whole N-glycans attached to Herceptin. However,
given accumulated evidence that Fc N-glycoforms such as a
bisected G2 and biantennary G2 may enhance dramatically
ADCC without loss of CDC of the antibody drugs,2−8 the
distributionof such lowabundancenonfucosylatedN-glycoforms
atAsn297residueisanimportantCQAoftheantibodies.Notably,

targeted quantitation of glycopeptide can avoid the influence of
N-glycans of contaminated glycoproteins and/or even IgGs
involving N-glycans at other glycosylation sites than Asn297
residue often existing in Fab domain.
In conclusion, we demonstrated for the first-time the

occurrence of scarceN-glycoforms, bisectedG2 and biantennary
G2 structures, in Herceptin by means of synthetic IgG1 Fc
glycopeptides as calibration standards for SRM-based targeted
glycoproteomics. Notably, we established an efficient synthetic
approach to the bisected N-glycoforms by using a key
intermediate 4 derived from locust bean gum. Combined use of
the synthetic oligosaccharide oxazolines and endoglycosidase
(mutant endo-M-N175Q) facilitated construction of the human
IgG1 Fc peptide carrying nonfucosylated bisectingN-glycan (1),
while improvementof thesubstratespecificitiesofenzymeswould
expand the feasibility of this synthetic strategy. Given that
monoclonal antibodies modified with rare nonfucosylated N-
glycoforms could have remarkably strong impact on ADCC,2−8

the present results indicate that the designated SRM channels
made by using synthetic glycopeptides will be nice tools for the
reliable product assessment in terms of the distribution of the Fc
N-glycan population, one of the most important CQAs of the
therapeutic antibodies.10−16 It seems likely that an engineered
antibody having such scarce FcN-glycanswill provide a new class
of therapeutic antibody showing an improved efficacy. Our
extensive efforts to construct a robust library of such human Fc
glycopeptides are under way, and the results of comprehensive
SRM-based analysis of various therapeutic antibodies will be
reported as soon as possible.

■ ASSOCIATED CONTENT
*S Supporting Information
TheSupporting Information is available freeofchargeontheACS
Publications website at DOI: 10.1021/acsmedchem-
lett.8b00127.

General procedure of experiments, synthesis, character-
ization of new compounds, and details for SRM/MRM
channel setting and assay (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Tel: +81-11-706-9043. Fax: +81-11-706-9042. E-mail: shin@
sci.hokudai.ac.jp.
ORCID
Shin-Ichiro Nishimura: 0000-0002-6608-8418
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was partly supported by a grant from the Ministry of
Education, Culture, Science and Technology of Japan and JSPS
(KAKENHI Grant 25220206). The authors appreciate the
technical assistance in the preparation of the manuscript by Ms.
Maki Morita and Ms. Tomoko Takahashi.

■ ABBREVIATIONS
ADCC, antibody-dependent cellular cytotoxicity; SRM, selected
reaction monitoring; CQA, critical quality attribute; MRM,
multiple reaction monitoring; CID, collision-induced dissocia-
tion; CE, collision energy; TIC, total ion chromatogram

Figure 5. Glycoform-focused quantitative analysis of therapeutic
antibody based on the SRM channels made by using synthetic human
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