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One-pot N-glycosylation remodeling of IgG with
non-natural sialylglycopeptides enables
glycosite-specific and dual-payload
antibody–drug conjugates†
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Chemoenzymatic transglycosylation catalyzed by endo-S mutants is a powerful tool for in vitro glyco-

engineering of therapeutic antibodies. In this paper, we report a one-pot chemoenzymatic synthesis of

glycoengineered Herceptin using an egg-yolk sialylglycopeptide (SGP) substrate. Combining this one-pot

strategy with novel non-natural SGP derivatives carrying azido or alkyne tags, glycosite-specific

conjugation was enabled for the development of new antibody–drug conjugates (ADCs). The site-specific

ADCs and semi-site-specific dual-drug ADCs were successfully achieved and characterized with

SDS-PAGE, intact antibody or ADC mass spectrometry analysis, and PNGase-F digestion analysis. Cancer

cell cytotoxicity assay revealed that small-molecule drug release of these ADCs relied on the cleavable

Val-Cit linker fragment embedded in the structure. These results represent a new approach for glycosite-

specific and dual-drug ADC design and rapid synthesis, and also provide the structural requirement for

their biologic activities.

Introduction

Therapeutic IgG-type monoclonal antibodies (mAbs) have
attracted continuous research attention during the past three
decades. Among the FDA approved bio-drugs, over one third is
mAb, applied in clinic treatments on cancer, autoimmune
diseases, and infectious diseases.1–4 IgG mAb consists of two
heavy chains and two light chains, forming two Fab (antigen
binding) domains and one Fc (crystallizable) domain. The Fc

domain is involved in recruitment of immune cells by binding
to Fc receptors on the immune cell surface, and helps direct
the immune response5–9 including phagocytosis, immune cell
activation, and cytokine stimulation towards the antigen-dis-
played targets. N-Glycosylation on Asn297 of IgG Fc mediates Fc
receptor interaction and regulates antibody-dependent effector
functions.9–14 Core-fucosylation of Fc N-glycans hindered the
binding with an FcγIIIa receptor and the lack of core-fucose
would dramatically enhance antibody-dependent cell-mediated
cytotoxicity (ADCC).12,13,15 Crystallization studies on the
Fc–FcγIIIa complex revealed a unique carbohydrate–carbo-
hydrate interaction between afucosylated N-glycans of Fc and
the FcγIIIa glycans that could be blocked by the core-fucose of
Fc N-glycans.12 Galactose on the non-reducing end of
Fc N-glycans improves the ADCC and complement-dependent
cytotoxicity (CDC) activity of IgG antibodies.16,17 It is reported
that the terminal sialic acid moieties of Fc N-glycans are
crucial for the anti-inflammatory activity of intravenous
immunoglobulin (IVIg).14,18–20 N-Glycosylation also affects
the pharmacokinetics and immunogenicity of therapeutic
mAbs.21–24

Massive data have demonstrated the significant modulation
effect of N-glycans on IgG functions, therefore glyco-
engineering technologies have been developed and applied in
structural optimization on IgG glycans for better therapeutic
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efficacy. In a review on glycoengineered mAbs,21 the clinic
study status, glycoengineering technologies, and the func-
tional properties of over 15 glycoengineered IgG drug candi-
dates were well summarized. The common technology to
control IgG glycosylation is to interfere with the biosynthetic
pathway of N-glycosylation in particular expression
systems,15,25–29 combined with glycosyltransferase modulation
such as knock-out of the fucosyltransferase FUT8 for
elimination of the core-fucose28,29 and up-regulation of bisect-
ing GlcNAc transferase GnT-III,30 or in vitro enhanced
galactylation31 and sialylation32 to obtain the desired
N-glycans. Recently, several research groups have reported a
chemoenzymatic method for efficient glycosylation remodeling
of IgG N-glycans with a mutated endo-N-acetylglucosaminidase
from Streptococcus pyogenes (endo-S).16,33,34 This method
features with two key steps: (1) trimming of natural glyco-
forms, mainly containing G0F, G1F, and G2F, with wild-type
endo-S to cleave the glycosidic bond of a GlcNAcβ1,4GlcNAc
motif and give the deglycosylated IgG with the innermost
Fucα1,6GlcNAc disaccharide or further defucosylated GlcNAc
monosaccharide; (2) endo-S mutant-catalyzed chemoenzymatic
transglycosylation of a chemically synthetic N-glycan oxazoline
as the donor substrate onto Fucα1,6GlcNAc-IgG or GlcNAc-IgG,
giving a glycoengineered antibody with a well-defined N-glycan
structure. The substrate specificity of endo-S covers a quite
range of biantennary complex type, mannose type (5 mannose
moieties or less) and hybrid type N-glycans, but endo-S
restrains on its acceptor substrate specifically for the IgG
Fc domain that makes it a perfect enzyme for IgG in vitro
glycoengineering.

Antibody–drug conjugates (ADCs) covalently connect a
small-molecule drug onto an antibody via a suitable linker
fragment. Through a high targeting effect based on antibody–
antigen specific recognition, the loaded drug was delivered
into the antigen-displayed target cells by endocytosis.35 ADCs
have shown potent therapeutic efficacy in clinic studies on
treatment of various tumors.35 Antitumor ADCs require the
antibody with specific recognition on the over-expressed
tumor biomarker in high binding affinity, and a highly potent
payload such as the cytotoxic agents DM1 and MMAE.36,37 The
linker is also very important for remaining stable in blood flow
while being rapidly released after being delivered into the
tumor cells.38 The launched ADC drugs or ADC candidates in
clinic trials mainly conjugated at the Lys or Cys amino acids of
the antibodies via a random way. The potential problem of
random conjugation is apparent on drug quality control,
precise drug-antibody ratio (DAR) control, bio-activity repeat-
ability, etc. Site-specific conjugation of ADCs has become the
hot topic in this field.39–41 The approaches via incorporation
of free Cys or non-natural amino acids at the specific sites of
an antibody sequence for payload conjugation have been
reported.42–45 Besides these technologies, site-specific conju-
gation on IgG Fc N-glycans provided an alternative strategy and
attracted research interest. Boons G. J. established an elegant
method46 for glycosite-specific ADC preparation using sialyl-
transferase to attach an azido-tagged sialic acid moiety onto

the galactosylated IgG N-glycan and conjugate a cytotoxic
agent (doxorubicin) on the pre-assembled azido group via
the “click chemistry” of cycloaddition reaction. Zhou et. al.47

reported a similar strategy to attach natural sialic acid onto
Fc glycan and followed with NaIO4 oxidation to give an alde-
hyde tag on the N-glycan for site-specific conjugation. The
chemical oxidation of an IgG antibody in this method is a very
tricky step that usually causes oxidative side reaction and
protein denaturing. A galatosyltransferase mutant was
employed for glycosite-specific conjugation48 by transfering
the keto-tagged49 or azido-tagged50 galactose onto the de-
galatosylated G0F glycoform or deglycosylated Fucα1,6GlcNAc
disaccharide form of IgG.51 These methods demonstrated a
new avenue of glycosite-specific ADC development with a
precise structure and DAR.

The glycosyltransferase-catalyzed glycosite-specific conju-
gation with a non-natural UDP-monosaccharide substrate was
always restrained on the sugar structures with a narrow sub-
strate specificity.52 To obtain structural diversity for the screen-
ing and development of an ADC drug candidate, we sought to
take advantage of endo-S for IgG N-glycosylation remodeling
with various non-natural glycan substrates. Wang L. X. and
co-workers reported16 that endo-S D233Q/A could construct IgG
bearing biantennary complex-type N-glycans in a wide range
including sialylated, galactosylated, fucosylated, bisecting-
GlcNAc, and azido-tagged Man3GlcNAc cores. Wong C. H’s
recent work34 has also indicated the wide substrate specificity
of this enzyme on glycan structures. In the current work, we
employed a sialylglycopeptide extracted from egg yolks as the
precursor53,54 and synthesized a series of azido- or alkyne-
tagged sialylglycopeptides for IgG glycosylation remodeling.
An efficient one-pot method for the assembly of chemical
handles on IgG Fc N-glycans was achieved by a combination of
three steps in one reaction cell: (1) release of the free glycans
from these non-natural sialylglycoppeptide derivatives with
endo-N-acetylglucosaminidase from Mucor hiemalis (endo-M);
(2) conversion of the free glycans to their oxazoline forms as
the enzyme substrate; (3) transfer of the glycan oxazolines to
Fucα1,6GlcNAc-IgG catalyzed by endo-S D233Q. Very recently,
during the preparation of this manuscript, we noticed that
Davis B. G. and his co-workers have reported55 another series
of non-natural N-glycans for IgG glycoengineering via a similar
endo-S-catalyzed method but with different glycan derivatives
that further demonstrated the power of chemoenzymatic IgG
glycosylation engineering and broad glycan substrate
recognition of endo-S on various non-natural structures.
Furthermore, with the glycoengineered IgG carrying chemical
handles, we performed the site-specific conjugation of small-
molecule drugs via various linker fragments. The antitumor
assay results indicated that a suitable cleavable linker structure
is extremely important for the activity of glycosite-specific ADCs.
We also provide a novel strategy for dual-drug ADC56,57 design by
connection of one kind of small-molecule drug on the glycans
and another different drug on the Lys residues via random con-
jugation. The dual-drug ADC design enables employment of
dual cytotoxic mechanisms such as simultaneous anti-tublin
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and DNA damaging, that could be potentially useful for better
efficacy or for drug-resistance cancer treatment.

Results and discussion
One-pot strategy for chemoenzymatic IgG glycosylation
remodeling

endo-Glycosidase-catalyzed chemoenzymatic synthesis was
recently established for preparation of homogeneous
N-glycopeptides, glycoproteins, and other
glycoconjugates.16,58–66 In this approach, N-glycan oxazolines
were used as the glycosylation donor substrates of wild-type or
mutated endo-glycosidases to perform transglycosylation onto
a GlcNAc-containing acceptor substrate. Herein, we sought to
develop a one-pot strategy for rapid synthesis of N-glycan
oxazolines and for glycoengineering of antibody substrates.
As shown in Scheme 1, we started with the one-pot semi-
synthesis of various bi-antennary N-glycan oxazolines using
the egg-yolk sialylglycopeptide (SGP, 1)53,54 as the precursor.
SGP was treated with endo-N-acetylglucosaminidase
from Mucor hiemalis (endo-M) to cleave the glycosidic bond
of a GlcNAcβ1,4GlcNAc motif and release the glycan,
Sia2Gal2GlcNAc2Man3GlcNAc, from the hexapeptide. The
in situ glycan was then converted to oxazoline 2 in the presence
of 2-chloro-1,3-dimethylimidazolinium chloride (DMC) and
triethylamine following Shoda’s method.67 The crude oxazo-
line from one-pot synthesis was then subjected to solid-phase
extraction (SPE) via a porous graphitic carbon (PGC) column
and gel-filtration via a Sephadex G-25 column to give the
purified product. Application of this one-pot semi-synthesis

was extended to prepare other bi-antennary N-glycan oxazolines
3–5 by combined steps of exo-glycosidase trimming during the
procedure (Scheme 1). Neuraminidase, β-galactosidase, and β-N-
acetylglucosaminidase (GlcNAcase) were employed to remove
the non-reducing end saccharides of the released N-glycan from
SGP in one reaction cell and followed with oxazoline formation
reaction to give the respective purified Gal2GlcNAc2Man3GlcNAc
oxazoline (3), GlcNAc2Man3GlcNAc oxazoline (4), and
Man3GlcNAc oxazoline (5). High-performance anion-exchange
chromatography with pulsed amperometric detection
(HPAEC-PAD) monitoring on each step of enzymatic deglycosy-
lation and oxazoline formation was performed to ensure the
complete sugar truncation for homogeneous glycan oxazoline
production (see the ESI†).

The rapid semi-synthesis of N-glycan oxazolines 2–5 by this
one-pot approach provided us the donor substrate pool for
chemoenzymatic glycosylation remodeling of IgG following
the reported procedure.16 We chose commercial mAb drug
Herceptin as the model and removed its major glycoforms of
G0F, G1F, and G2F by wild-type endo-S to give Herceptin-
Fucα1,6GlcNAc (6) as the acceptor substrate. Chemoenzymatic
transglycosylation catalyzed by endo-S D233Q using substrate
6 and oxazolines 2–5 offered glycoengineered Herceptin 7a–d
bearing homogeneous glycoform S2G2F (7a), G2F (7b), G0F
(7c), and M3F (7d). The products were characterized with
SDS-PAGE and LC-MS analysis of the intact IgG (Fig. S1–S5†).
In Table 1, the deconvolution MS data of intact 7a–d are sum-
marized and indicate the high accordance of measured and
calculated mass.

The successful one-pot semi-synthesis of N-glycan oxazo-
lines encouraged us to further develop a one-pot method for

Scheme 1 Conditions: (a) endo-M, phosphate buffer (PB), pH 6.5; (b) Neuraminidase, PB, pH 5.0; (c) β-galactosidase, PB, pH 6.5; (d) β-GlcNAcase,
PB, pH 6.5; (e) DMC/Et3N, ice bath; (f ) Herceptin-Fucα1,6GlcNAc (6), endo-S D233Q, Tris buffer, pH 7.4.
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chemoenzymatic transglycosylation using in situ oxazolines.
As shown in Scheme 1, in situ oxazoline 2 obtained from SGP
by successive endo-M digestion and DMC/Et3N treatment was
directly incubated with Herceptin-Fucα1,6GlcNAc (6) and endo-
S D233Q in a Tris buffer (pH 7.4). SDS-PAGE monitoring
(Fig. 1A) implicated the efficient chemoenzymatic reaction
giving product 7a in nearly complete conversion rate within
30 min. LC-MS analysis (Fig. 1B) of 7a via this one-pot pro-
cedure also indicated the homogeneous S2G2F glycoform of
the product in both multiple charged and deconvoluted MS
spectra. This result demonstrated that the one-pot chemo-
enzymatic synthesis of glycoengineered IgG could be success-
fully and efficiently achieved despite the presence of endo-M,
GlcNAc-hexapeptide, DMC derivative, and triethylamine salts
in the reaction buffer. In this case, endo-M does not cleave the
fucosylated N-glycan68 and thus would not cause the reverse
deglycosylation of glycoengineered IgG. Additionally, we
noticed that the hydrolytic activity of endo-M was completely
lost after adding DMC/Et3N and barely recovered after the next-
step, which involved neutralization of the in situ oxazoline
with Tris buffer. The GlcNAc-hexapeptide released from SGP

after endo-M digestion did not affect the chemoenzymatic reac-
tion because the endo-S and its mutants specifically catalyze
the IgG Fc fragment other than other GlcNAc-containing sub-
strates.16 DMC as a coupling reagent raises concern of chemi-
cal side-reactions, but in the step of oxazoline formation the
majority of DMC was converted to its inactive derivative 1,3-
dimethyl-2-imidazolidinone (DMI) in NMR monitoring as
reported.67,69 In our one-pot procedure, there was no cross-
linking side-product observed and adding of glycine as the
scavenger for DMC into the reaction did not exhibit a difference
in the reaction results. Also, the activity of the endo-S mutant
was not affected in the presence of DMI and triethylamine salts.
The data clearly showed that the one-pot strategy for the chemo-
enzymatic synthesis of glycoengineered IgG was compatible
with the reagents used for oxazoline preparation and a single-
step purification of the product via a protein A affinity column
could easily afford the pure glycoengineered IgG.

The non-enzymatic attachment of N-glycan oxazoline onto
the protein occurred in previous reports55,69 especially in the
case of high-concentration substrates. Therefore, we investi-
gated the non-enzymatic glycation reaction between in situ oxa-
zoline 2 and acceptor 6. Oxazoline 2 in 1.0, 1.5, 2.5, and
5.0 mM was incubated with 6 in the absence of the endo-S
mutant and monitored by SDS-PAGE after 1 h, 2 h, 3 h, 4 h,
and 12 h (Fig. S6†). After 12 h, the non-enzymatic glycation
side-products were observed in the reaction under all con-
ditions, however, the higher concentration vial exhibited much
more glycation product. Within 3 h, reactions with 1.0, 1.5,
and 2.5 mM of 2 caused very few non-enzymatic glycation
products. Based on this result, we optimized the one-pot chemo-
enzymatic reaction conditions using oxazoline in 1.5 mM
and performing transglycosylation for 1–2 h to avoid the non-
enzymatic side-reactions. The glycoengineered Herceptin
products were achieved in high yield under these conditions
and the products were further characterized by LC-MS analysis
after PNGase-F digestion to ensure the right linkage of target
products as discussed below (Fig. 2, 5, and Scheme S1†).

IgG glycoengineering with non-natural N-glycan substrates

The efficient one-pot chemoenzymatic synthesis of glycoengi-
neered IgG enables rapid glycosylation remodeling of mAb
using the N-glycan precursor SGP directly. With this estab-
lished approach, we sought to introduce chemical tags on

Table 1 Glycoforms and MS data of glycoengineered Herceptin

Entry Compound Glycoforms Calculated mass (Dalton) Found mass (Dalton)

1 6 Fucα1,6GlcNAc 145806.06 145805.35
2 7a S2G2F 149809.45 149810.52
3 7b G2F 148645.06 148656.89
4 7c G0F 147996.85 147997.27
5 7d Man3GlcNAc2F 147184.54 147185.75
6 14a Azido-oxime-S2G2F 149897.47 149890.43
7 14b Azido-amine-S2G2F 149897.62 149906.31
8 14c Azido-amide-oxime-S2G2F 150181.62 150191.82
9 14d Alkyne-amide-oxime-S2G2F 150001.49 150002.00
10 14e Alkyne-oxime-S2G2F 149773.41 149772.38

Fig. 1 SDS-PAGE and LC-MS profiles of glycoengineered Herceptin 7a
via one-pot chemoenzymatic synthesis. (A) SDS-PAGE analysis of one-
pot chemoenzymatic transglycosylation of Herceptin-Fucα1,6GlcNAc (6)
and in situ oxazoline 2 catalyzed by endo-S D233Q. Lane 0: marker,
Lane 1: Herceptin-Fucα1,6GlcNAc (6), Lane 2–5: one-pot reaction moni-
toring after 0.5 h, 1 h, 2 h, and 3 h. (B) LC-MS profile of intact glycoengi-
neered Herceptin 7a. The multiple charged m/z data are labeled with
charge numbers. The deconvolution mass spectrum is shown in the
embedded box.
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IgG glycans by non-natural glycan substrates for site-specific
conjugation. To test this idea, we synthesized a series of modi-
fied SGPs as the precursors of glycan donors. As shown in
Scheme 2, SGP (1) was treated with NaIO4 to oxidize the triol
of sialic acid motifs giving the CHO-SGP (8). With the aldehyde
function group, azido or alkyne tags were easily assembled
onto 8 via reductive amidation with amines (9a–b) or oxime
formation with hydroxylamines (10a–d). Three azido-SGPs
(11a–c) and three alkyne-SGPs (11d–f ) were prepared for
further glycoengineering of Herceptin. Characterization of
11a–f with NMR, MS, and HPLC is provided in the ESI.†

To investigate the substrate tolerance of the endo-S enzyme
on these sialyl modifications, we chose the azido-SGP 11a as
the starting material and synthesized the corresponding
N-glycan oxazoline 13 by a similar procedure described above.
endo-M digestion of 11a released the azido N-glycan 12 which
was purified by semi-preparative HPLC. 12 was converted to its
oxazoline form 13 and subjected to gel-filtration purification
through a Sephadex G-25 column. The assignments on the
NMR spectra of 12 and 13 are available in the Experimental
section and ESI.† With azido N-glycan oxazoline 13 in hand,
we performed the chemoenzymatic transglycosylation with
Herceptin-Fucα1,6GlcNAc (6) catalyzed by endo-S D233Q. The
result indicated that the endo-S mutant recognized the azido-
tagged oxazoline 13 as the same as the native N-glycan oxazo-
line 2 and afforded the azido-Herceptin 14a in a quantitative
yield within 1 h. MS analysis of intact 14a showed the decon-
voluted mass of 149 890.43 (Fig. 2B) which was in agreement
with the calculated mass.

Next, we applied the one-pot method for chemoenzymatic
transglycosylation of Herceptin with these non-natural glycan
substrates. The in situ oxazoline 13 derived from azido-SGP
11a was directly incubated with Herceptin acceptor 6 and the
endo-S mutant in a Tris buffer. SDS-PAGE monitoring and
LC-MS detection (Fig. S7†) indicated that product 14a was
obtained efficiently in a quantitative conversion rate after one
hour. To test whether the non-enzymatic glycation took place
simultaneously, we performed glycan analysis of 14a by
PNGase-F digestion. Chemoenzymatic transglycosylation cata-
lyzed by the endo-S mutant assembles the N-glycan onto the
first GlcNAc on IgG Fc Asn297 via a beta 1,4 linked glycosidic
bond, whereas the non-enzymatic glycation takes place ran-
domly on the amino acids of protein. PNGase-F cleaves the
amide bond between the nitrogen of the N-glycan reducing
end and the side-chain carbonyl of glycosite Asn, and then
releases the intact N-glycan and converts the Asn to Asp
(Scheme S1†). Therefore, the enzymatic product will be degly-
cosylated by PNGase-F and the non-enzymatic side-product
will not. As shown in SDS-PAGE of Fig. 2B, the heavy-chain
band of PNGase-F-treated 14a totally shifted to a downside
position suggesting the complete release of N-glycan, and
there was no non-enzymatic glycation observed. Furthermore,
LC-MS analysis of the resulting Herceptin–Asp297 (Fig. 2C) and
azido-N-glycan 28 (Fig. 2D) clearly verified the enzymatic
product that linked the N-glycan onto the GlcNAc motif of
6 but not onto the amino acid residues.

The successful one-pot glycoengineering of Herceptin with
azido-tagged SGP demonstrated the broad substrate specificity

Fig. 2 SDS-PAGE and LC-MS characterization on glycoengineered Herceptin 14a–e bearing non-natural N-glycans. (A) SDS-PAGE analysis of 14a–e.
Lane 0: marker, Lane 1: commercial Herceptin, Lane 2: Herceptin-Fucα1,6GlcNAc (6), Lane 3–7, 14a–e; (B) PNGase-F digestion of 14a–e. Lane 0:
marker, Lane 1: commercial Herceptin, Lane 2, 4, 6, 8, 10: 14a–e, Lane 3, 5, 7, 9, 11: 14a–e after PNGase-F digestion; (C) LC-MS profiles of 14a. The
multiple charged m/z data are labeled with charge numbers. The deconvolution mass spectrum is shown in the embedded box. (D) LC-MS profiles
of Herceptin–Asp297 resulted from PNGase-F-treated 14a. (E) MS profile of the released glycan 28 from 14a by PNGase-F digestion. The ion flow
chromatography of the PNGase-F digested sample is shown in the embedded box and the peak of 28 is marked with an arrow.
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of the endo-S mutant with extensive tolerance on sialyl modi-
fication of biantennary complex-type N-glycans. We then tested
the other four non-natural N-glycan substrates 11b–11e
bearing diverse linker fragments for one-pot glycoengineering.
The SDS-PAGE monitoring and LC-MS analysis on intact glyco-
engineered products are illustrated in the ESI (Fig. S8–S11†).
The SDS-PAGE of purified products 14b–e is summarized in
Fig. 2A, and PNGase-F digestion of each glycoengineered
Herceptin indicated no non-enzymatic side-product in
SDS-PAGE detection (Fig. 2B). All five non-natural N-glycan
substrates suggested similar efficiency in one-pot glyco-
engineering of Herceptin. With this method, we can easily
label the N-glycan of IgG for site-specific conjugation.

Glycosite-specific antibody–drug conjugations via the
tagged-glycoforms of IgG

Azido or alkyne-tagged Herceptin 14a–e enable the small-
molecule conjugation via the azide–alkyne Huisgen cyclo-
addition, also known as “click chemistry”. We initiated the
conjugation with copper-catalyzed click reaction using alkyne-
Herceptin 14d–e and azido-propanamine (9a) as the model
materials. Under catalytic conditions of CuSO4, L-ascorbic acid,
and ligand BTTAA,70 the click reaction did not proceed
smoothly. Precipitation of the IgG protein was observed in the
reaction system and LC-MS monitoring showed a low conver-
sion rate. Then, we turned to the strain-promoted copper-free
approach using cyclooctyne reagents71–73 for enhanced click
reactions. Dibenzocyclooctyne (DBCO) was assembled on
small molecules such as toxin DM1 (15) and MMAE (16), or

fluorescent tag Cy5 (19) to give the corresponding DBCO-
tagged compounds 21a–d (see the Experimental section and
ESI† for chemistry details). Using the azido-Herceptin (14a)
and DBCO-MCC-DM1 (21a) as the substrates, we performed
the copper-free click reaction in a phosphate buffer (pH 7.5)
containing 10% DMSO and synthesized the site-specific ADC
22a. The cycloaddition conjugation was accomplished efficien-
tly as monitored by SDS-PAGE and LC-MS (Fig. 3A and 4A).
SDS-PAGE analysis of 22a showed its heavy-chain band in a
higher position than 14a but light-chain bands of both
samples remained in the same size, suggesting that the gained
mass by toxin conjugation was site-specific on the heavy chain.
LC-MS verified the successful conjugation of totally four
DM1 moieties on the four azido groups of two Fc N-glycans.

Glycosite-specific ADCs with diverse linker fragments were
synthesized following the same strategy. Azido-oxime-
Herceptin (14a) and azido-amine-Herceptin (14b) were conju-
gated with other two DBCO-tagged toxins 21b and 21c bearing
a cleavable Val-Cit dipeptide and/or a poly(ethylamine) (PEG)
motif. Corresponding ADCs 22b–d were obtained and the
increased mass by conjugation was confirmed by SDS-PAGE
(Fig. 3B and C) and LC-MS (Fig. 4B–E). The MS data and linker
information of these site-specific ADCs are also summarized
in Table 2. To validate the site-specific conjugation, 22a–c were
treated with PNGase-F for deglycosylation. Fig. 5A shows the
heavy-chain bands of all three ADCs reduced to the lower posi-
tion as the same level as deglycosylated commercial Herceptin.
LC-MS measurements on the released glycan–drug complex 29
displayed a series of charged m/z data in high accordance with

Scheme 2 Conditions: (a) NaIO4, ice bath; (b) 3-azido-1-propanamine (9a) or propargylamine (9b)/NaCNBH3, phosphate buffer, pH 6.0;
(c) hydroxylamine 10a–d (see the ESI†), PB, pH 7.5; (d) endo-M, PB, pH 6.5; (e) DMC/Et3N; (f ) 6, endo-S D233Q, Tris buffer, pH 7.4.
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Fig. 3 SDS-PAGE profiles of site-specific ADCs. (A) ADC 22a. Lane 0: marker, Lane 1: commercial Herceptin, Lane 2: Herceptin 6, Lane 3: Herceptin
14a, Lane 4: ADC 22a. (B) ADCs 22b and 22c. Lane 0: marker, Lane 1: commercial Herceptin, Lane 2: Herceptin 6, Lane 3: Herceptin 14a, Lane 4:
ADC 22b, Lane 5: ADC 22c. (C) ADCs 22d and 22e. Lane 0: marker, Lane 1: commercial Herceptin, Lane 2: Herceptin 6, Lane 3: Herceptin 14a, Lane 4:
ADC 22d, Lane 5: ADC 22e. (D) ADCs 23 and 24. Lane 0: marker, Lane 1: commercial Herceptin, Lane 2: Herceptin 6, Lane 3: Herceptin 14a, Lane 4:
ADC 23, Lane 5: ADC 24.

Fig. 4 Mass spectra of site-specific ADCs. (A) ADC 22a. The multiple charged m/z data are labeled with charge numbers. The deconvolution mass
spectrum is shown in the embedded box. (B) ADC 22b. (C) ADC 22c. (D) ADC 22d. (E) ADC 22e. (F) The deconvolution mass spectrum of Lys-conju-
gated ADC 23. The conjugation number of DM1 for each detected mass was assigned and marked with red-colored numbers. (G) The deconvolution
mass spectrum of dual-drug ADC 24. (H) The deconvolution mass spectrum of 25 bearing Lys-conjugated DM1 and glycan-labeled Cy5.
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the calculated molecular weight (Fig. 5B). These data solidly
demonstrated that the glycosite-specific conjugation method
was successfully applied in ADC preparation with diverse
linker structures.

Furthermore, combining this glycosite-specific conjugation
and conventional random conjugation, we developed a dual-
payload strategy for ADC design by assembly of one payload
(MMAE) on glycans and another different payload (DM1) on
Lys residues. As shown in Scheme 3, azido-Herceptin 14a was
treated with DM1-SMCC (20) bearing an active carboxylic succi-
nimide for Lys conjugation, to give the random linked ADC 23
carrying azido-tagged glycans. Then, DBCO-PEG4-VC-MMAE
(21c) was introduced on the azido groups of 23 via click reac-
tion and afforded dual-drug ADC 24. The SDS-PAGE analysis
(Fig. 3D) of 23 and 24 indicated the smeared bands of both
heavy chains and light chains because of the random conju-
gation. The LC-MS spectra (Fig. 4F and G) of 23 and 24 dis-
played the mixture mass of ADC carrying different numbers of
payloads. The drug–antibody ratio (DAR) was calculated based

on the intensity percentage of each found mass in all deconvo-
lution data. Dual-drug ADC 24 has two DARs: DAR of DM1 on
Lys residues was 2.6 as the same as 23; DAR of MMAE on
glycans was 3.8 (Table 2).

The azido-tagged IgG also enables site-specific labeling
with fluorescent reagents. DBCO-Cy5 (21d) was linked to the
azido-glycan of 14a giving site-specific Cy5-labeled Herceptin
22f (Fig. S12†). This label could be applied in conventional
ADC as well. Random linked ADC 23 bearing azido moieties
on glycans was labeled with 21d and afforded site-specific
Cy5-labeled ADC 25 (Fig. 4H). Fluorescent labeling of IgG or
ADC on N-glycans represents another functionalization appli-
cation of chemoenzymatic glycoengineering with non-natural
glycan substrates.

Biological assays with site-specific conjugates

The advantage of site-specific conjugation is to avoid the poss-
ible influence on the antigen-binding domain by random lig-
ation. We tested the antigen-binding activity of commercial

Table 2 Chemical profiles and antitumor activities of ADC samples

Entry ADCs Precursors Glycosite linkers Payload DARb Found mass EC50
g

1 T-DM1 MCC (on Lys) DM1 3.2 Multi-massd 0.06
2 T-MMAE MCC (on Lys) MMAE 3.5 Multi-massd 0.15
3 22a 14a DBCO-MCC DM1 4 154847.29 >10
4 22b 14a DBCO-PEG4 DM1 4 155684.74 >10
5 22c 14a DBCO-PEG4-VC-PAB MMAE 3.8c 156659.32 0.09
6 22d 14b DBCO-PEG4 DM1 4 155688.26 >10
7 22e 14b DBCO-PEG4-VC-PAB MMAE 3.8c 156643.96 ND
8 23 14a MCC (on Lys) DM1 2.6 Multi-masse ND
9 24a 23 MCC (on Lys) DM1 2.6 Multi-mass f 0.06

DBCO-PEG4-VC-PAB MMAE 3.8c

aDual-drug ADC 24 contains DM1 conjugated on Lys residues and MMAE conjugated on glycans with two DAR values. b The DAR values are cal-
culated based on the intensity percentage of each found mass of ADC in the MS spectra. cDBCO-PEG4-VC-MMAE 21c used in preparation of
these ADCs contained a small quantity of the DBCO fragment without MMAE and caused the DAR reduction. d See the ESI. e The found multiple
mass in deconvolution data: 149907.63 (+0 DM1), 147719.04 (+1 DM1), 151823.00 (+2 DM1), 152786.70 (+3 DM1), 153734.55 (+4 DM1), 154696.10
(+5 DM1). f The found multiple mass in deconvolution data: 157606.71 (+1 DM1), 158566.82 (+2 DM1), 159530.22 (+3 DM1), 160477.23 (+4 DM1),
161446.46 (+5 DM1). g The EC50 values (μg mL−1) of antitumor activity are calculated based on the cytotoxicity assay with the SK-BR-3 cell line.
ND: not detected.

Fig. 5 SDS-PAGE and LC-MS analysis of site-specific ADCs after PNGase-F digestion. (A) SDS-PAGE of ADCs 22a–c treated with PNGase-F. Lane 0:
marker; Lane 1: commercial Herceptin; Lane 2, 4, 6: 22a, 22b, 22c; Lane 3, 5, 7: 22a, 22b, 22c after PNGase-F digestion. (B) HR-MS profile of the
released glycan-drug moiety 29 from ADC 22c.
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Herceptin, random-labeled Herceptin-Cy5 (26) and glycosite-
specific Cy5-labeled Herceptin (22f ) by cell-based ELISA.
A HER2-positive breast cancer cell line, SK-BR-3, was coated on
a plate and these three Herceptin samples were measured for
the binding affinity against the coated target cell. As shown in
Fig. 6A, the KDs of commercial Herceptin, 22f, and 26 were
1.2, 3.5, and 24 μg mL−1 respectively. Apparently, random con-
jugation caused significant reduction on antigen-binding
activity compared with the site-specific conjugation.
In addition, we examined the target cell attachment of site-
specific labeled Herceptin 22f by confocal microscopy
(Fig. 6B). SK-BR-3 cells were incubated with 22f at 4 °C for
30 min and then subjected to confocal imaging. Fluorescence
detection based on Cy5 label indicated that the antibody was
crowded on the cell surface. These data demonstrated that the

site-specific labeling of IgG enabled by glycoengineering is an
optimal strategy for imaging without affecting the antigen
binding properties.

Cytotoxicity assay against the cancer cell line SK-BR-3 was
carried out with glycosite-specific ADCs. For comparison, we
also synthesized the random Lys conjugate T-DM1 and
T-MMAE (see the ESI†). As shown in Fig. 7 and Table 2, T-DM1
and T-MMAE indicated potent antitumor activity with the EC50

values of 0.06 and 0.15 μg mL−1, while ADCs 22a, 22b, and 22d
did not affect the cell proliferation besides the efficacy of the
antibody itself. However, ADCs 22c and 24 inhibited the
cancer cell growth as efficiently as T-DM1 with the EC50 values
of 0.09 and 0.06 μg mL−1. These data elucidated the impor-
tance of a linker fragment for glycosite-specific ADCs. Based
on these results, the cleavable Val-Cit motif is crucial for

Scheme 3 Conditions: (a) DM1-SMCC (20), phosphate buffer, pH 7.5; (b) 21a–d, PB, pH 7.5; (c) 21c, PB, pH 7.5.

Fig. 6 Cell-based antigen binding properties of Cy5-labeled Herceptin. (A) SK-BR-3 cell-based ELISA assay of commercial Herceptin (red), site-
specific conjugate Herceptin-Cy5 (22f ) (blue), and random conjugate Herceptin-Cy5 (26) (black); (B) SK-BR-3 cell binding assay with site-specific
conjugate Herceptin-Cy5 (22f ) by using a confocal microscope. The nucleus is labeled in blue and Cy5-labeled Herceptin on the cell surface is dis-
played in red.
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site-specific ADCs but not for Lys-conjugated ADCs to release
the toxin after cell endocytosis. The endocytosed T-DM1 was
digested in lysosome to give DM1-MCC-Lys as the cytotoxic
agent. For glycan-conjugated ADCs, this mechanism does not
seem to be effective probably due to the hindrance of large
N-glycan by releasing toxins. Even with a cleavable handle of
oxime, the ADCs 22a and 22b did not show antitumor
cytotoxicity. Whereas, 22c and 24 carrying the Val-Cit fragment
as a protease substrate successfully achieved cancer cell
inhibition. The glycosite-specific ADCs required a different
releasing mechanism that could guide us for ADC design in
future. The dual-drug ADC 24 at a lower DM1 DAR (2.6) indi-
cated the same antitumor activity as T-DM1 (DAR 3.2) that may
be due to the partial contribution of MMAE to 24. Since DM1
and MMAE target the cancer cell tublin in a similar mechan-
ism, dual-drug ADCs with two different toxic agents such as
combined anti-tublin and DNA-damaging toxins are more
attractive for future research and development.

Conclusion

An efficient one-pot chemoenzymatic glycoengineering
approach was established for IgG Fc glycosylation remodeling
directly using an egg-yolk sialylglycopeptide (SGP) or its non-
natural derivatives carrying azido or alkyne tags. This approach
enables the rapid synthesis of functionalized therapeutic IgG
antibodies for glycosite-specific conjugation with small-
molecule drugs or fluorescent agents. Site-specific ADCs and
dual-drug ADCs were developed based on this strategy.

Experimental section
Materials

endo-M, endo-S wild type, endo-S mutant D233Q and PNGase-F
were expressed in E. coli following the reported procedure16,65

(see the ESI†). β-1,4-Galactosidase was purchased from New
England Biolabs (Ipswich, MA). Neuraminidase and β-N-acetyl-
glucosaminidase were purchased from Sigma-Aldrich
(Shanghai, China). Sialylglycopeptide (1) was extracted and
purified from egg yolk powder following the literature54 (see
the ESI†). 3-Azido-1-propanamine (9a), propargylamine (9b),
and HPLC grade acetonitrile was purchased from J&K
Chemical Ltd (Shanghai, China). Syntheses of hydroxylamine
compounds 10a–d are described in the ESI.† DM1 (15) and
MMAE (16) were purchased from Levena Biopharma (Nanjing,
China). Dibenzocyclooctyne (DBCO)-amine (17) and
DBCO-PEG4-acid (18) were purchased from Sigma-Aldrich
(Shanghai, China). Sulfo-cyanine5 NHS ester (19) was
purchased from Little-PA Sciences Co., Ltd (Wuhan, China).
Syntheses of drug-linker intermediates 20, and 21a–d are
described in the ESI.† Porous graphite carbon (PGC) cartridges
(Hypercarb) were purchased from Thermo Fisher Scientific
(Beijing, China). Other chemical reagents and solvents were
purchased from Sinopharm Chemical Reagent Co. (Shanghai,
China) or Sigma-Aldrich (Shanghai, China) and used without
further purification. Nuclear magnetic resonance (NMR)
spectra were measured on a Varian-MERCURY Plus-400 or 500
instrument. ESI-HRMS spectra were measured on an Agilent
6230 LC-TOF MS spectrometer.

High performance liquid chromatography (HPLC)

Method A: Analytical RP-HPLC was performed on a Beijing
ChuangXinTongHeng LC3000 (analytic) instrument with a C18
column (5 μm, 4.6 × 150 mm) at 40 °C. The column was eluted
with a linear gradient of 2–90% acetonitrile containing 0.1%
TFA for 30 min at a flow rate of 1 mL min−1. Method B:
Analytical RP-HPLC was performed on a Beijing
ChuangXinTongHeng LC3000 (analytic) instrument with a C18
column (5 μm, 4.6 × 150 mm) at 40 °C. The column was eluted
with a linear gradient of 2–11% acetonitrile containing 0.1%
TFA for 10 min and then 11–90% acetonitrile for an additional
20 min at a flow rate of 1 mL min−1. Method C: Analytical
RP-HPLC was performed on a Thermo ultimate 3000 instru-
ment with a column (5 μm, 4.6 × 250 mm) at 40 °C. The
column was eluted with a linear gradient of 2–90% acetonitrile
containing 0.1% TFA for 30 min at a flow rate of 1 mL min−1.
Method D: Preparative HPLC was performed on a Beijing
ChuangXinTongHeng LC3000 (preparative) instrument with a
preparative column (Waters, C18, OBD, 5 μm, 19 × 250 mm).
The column was eluted with a suitable gradient of aqueous
acetonitrile containing 0.1% TFA at a flow rate of 10 mL
min−1.

Liquid chromatography mass spectrometry (LC-MS)

ESI-MS spectra were measured on an Agilent 6230 LC–TOF MS
spectrometer. The small molecules were analyzed using a
short guard column and eluted with 70% methanol containing
0.1% formic acid. The mass spectra of small molecules were
recorded in the mass range of 200–3000 or 600–2000 under a
high resolution mass-spec mode (HRMS, standard 3200 m/z,
4 GHz). Key source parameters: a drying nitrogen gas flow of

Fig. 7 Cytotoxicity assay of ADC samples on a HER2-positive cell line,
SK-BR-3.
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11 L min−1; a nebulizer pressure of 40 psi; a gas temperature
of 350 °C; a fragmenter voltage of 175 V; a skimmer voltage of
65 V; and a capillary voltage of 4000 V. The antibodies and
ADCs were measured with an Agilent C-18 column (3.5 μm,
50 × 2.1 mm) at 55 °C. The column was eluted with an isocratic
gradient of 5% acetonitrile (Buffer B) and 95% water contain-
ing 0.1% formic acid (Buffer A) in the first 10 min, a linear
gradient of 5–95% acetonitrile for an additional 10 min and an
isocratic gradient of 95% acetonitrile for another 10 min at a
flow rate of 0.2 mL min−1. The mass spectra of antibodies were
performed under the extended mass range mode (high 20 000
m/z, 1 GHz) and the data were collected in the mass range of
800–5000. Key source parameters: a drying nitrogen gas flow of
11 L min−1; a nebulizer pressure of 60 psi; a gas temperature
of 350 °C; a fragmenter voltage of 400 V; a skimmer voltage of
65 V; and a capillary voltage of 5000 V. The multiple charged
peaks of the antibody were deconvoluted using the Agilent
MassHunter Bioconfirm software (deconvolution for protein,
Agilent technology) with the deconvolution range from
100 kDa to 200 kDa; other parameters were set at default
values for protein deconvolution. The TOF was calibrated over
the range 0–5000 m/z using Agilent ESI calibration mix
solution before analysis. The peak of MS 922 is the internal
standard for calibration.

High-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD)

The HPAEC-PAD analysis was performed on an ICS 5000+

system (Thermo Scientific) with a PA100 anion exchange
column (4 × 250 mm) and a guard column (4 × 50 mm) at
40 °C. The column was eluted with 100 mM sodium hydrate
solution (Sigma) for the first 2 min and a linear of 0–150 mM
sodium acetate (Sigma) in 100 mM sodium hydrate for an
additional 20 min at a flow rate of 1 mL min−1.

General procedure for one-pot semi-synthesis of N-glycan
oxazoline substrates (2–5)

A solution of sialylglycopeptide 1 (100 mg) in phosphate buffer
(PB, 50 mM, pH 6.25, 1 mL) was incubated with endo-M
(0.5 mg) at 30 °C and monitored by RP-HPLC (Method B). The
sialoglycan in the reaction mixture was then transformed into
sialoglycan-oxazoline 2 with the addition of 2-chloro-1,3-di-
methylimidazolidinium chloride (DMC, 15 eq.) and trimethyl-
amine (Et3N, 45 eq.). For exoglycosidase digestion, the reaction
mixture was incubated with additional neuraminidase and/or
β 1,4-galactosidase and/or β-N-acetylglucosaminidase. The
reaction was monitored by HPAEC until complete deglycosyla-
tion, then DMC (15 eq.) and Et3N (45 eq.) was added.
Oxazolines 3, 4 and 5 were obtained after solid-phase extrac-
tion via a porous graphite carbon (PGC) column and gel-
filtration via a Sephadex G-25 column. The NMR spectra of the
oxazolines synthesized from the one-pot strategy were consist-
ent with the reported data.16,54,61 NMR and HPAEC-PAD
spectra are available in the ESI.†

CHO-SGP (8)

To a stirred solution of SGP 1 (100 mg) in PB (0.2 M, pH 7.1,
5 mL) in an ice bath, aqueous sodium periodate (30 mM,
5 mL) was added. The reaction mixture was stirred and
protected from light for 15 min and was then subjected to gel-
filtration via a Sephadex G-25 column. The column was eluted
with water and the fractions containing the product were com-
bined and lyophilized to give 8 as a white powder (90.0 mg,
yield 94%). 1H NMR (500 MHz, deuterium oxide) δ 5.05 (1H, s,
H1c), 4.96 (1H, d, J = 9.7 Hz, H1a′), 4.88 (3H, m, H1c′, H of
CHO –C(H)–(OH)2), 4.70 (1H, s, H1b), 4.60 (1H, t, J = 6.7 Hz,
Asn Hα), 4.53 (3H, d, J = 7.4 Hz, H1a, H1d, H1d′), 4.39 (1H, d,
J = 3.5 Hz, Thr Hα), 4.37 (1H, d, J = 2.5 Hz, H1e), 4.35–4.27
(3H, m, H1e′, Thr Hβ, Lys Hα), 4.24 (1H, q, J = 7.1 Hz, Ala Hα),
4.17 (1H, s, H2b), 4.12 (1H, d, J = 3.4 Hz, H2c), 4.08 (1H, d, J =
7.5 Hz, Val Hα), 4.03 (1H, d, H2c′), 3.99 (3H, t, J = 6.4 Hz, Lys
Hα, 2H), 2.92 (m, 4H, Lys Hε), 2.82–2.59 (2H, m, Asn Hβ), 2.51
(2H, dd, J = 12.7, 4.2 Hz, H3feq, H3f′eq), 2.09–1.88 (19H, m,
6 × 3 Ac, Val Hβ), 1.82 (6H, m, Lys Hβ, H3fax, H3f′ax), 1.75–1.56
(4H, m, J = 7.5 Hz, Lys Hδ), 1.36 (4H, m, Lys Hγ), 1.30 (3H, d,
J = 7.5 Hz, Ala Hβ), 1.12 (3H, J = 6.5 Hz, Thr Hγ), 0.89 (6H, d,
7.0 Hz, Val Hγ). HSQC ((1H, 500 MHz)/(13C, 126 MHz), deuter-
ium oxide) 5.05/100.10 (H1c/C1c), 4.96/78.91 (H1a′/C1a′),
4.88/89.17 (H1g/C1g), 4.87/97.65 (H1c′/C1c′), 4.70/101.14
(H1b/C1b), 4.59/50.77 (Hα Asn/Cα Asn), 4.53/100.41 (H1a/C1a,
H1d/C1d, H1d′/C1d′), 4.38/58.86 (Hα Thr/Cα Thr), 4.37/104.22
(H1e/C1e, H1e′/C1e′), 4.33/54.21 (Hα Lys/Cα Lys), 4.31/67.76
(Hβ Thr/Cβ Thr), 4.23/50.13 (Hα Ala/Cα Ala), 4.17/71.26
(H2b/C2b), 4.11/77.18 (H2c/C2c), 4.07/60.15 (Hα Val/Cα Val),
4.03/76.82 (H2c′/C2c′), 3.99/53.60 (Hα Lys/Cα Lys), 2.92/39.73
(Hε Lys/Cε Lys), 2.66/37.45 (Hβ Asn/Cβ Asn), 2.51/40.00
(H3f/C3f, H3f′/C3f′), 2.00/31.01 (Hβ Val/Cβ Val), 1.83/31.01
(Hβ Lys/Cβ Lys), 1.69/39.96 (H3f/C3f, H3f′/C3f′), 1.61/26.93
(Hδ Lys/Cδ Lys), 1.37/22.00 (Hγ Lys/Cγ Lys), 1.30/17.37 (Hβ Ala/
Cβ Ala), 1.12/19.63 (Hγ Thr/Cγ Thr), 0.89/19.33 (Hγ Val/Cγ Val).
HRMS, calculated for C108H177N15O66 [M + 3H]3+ 914.3730,
found 914.3734; [M + H2O + 3H]3+ 920.3765, found 920.3787.

General Procedure for synthesis of non-natural oxime-SGPs
(11a, 11c, 11d, and 11e)

To a solution of 8 (10 mg, 3.65 μmol, 1.0 eq.) in PB (50 mM,
pH 7.5, 100 μL) was added 10a–d (14.6 μmol, 4.0 eq.). The
mixture was stirred at room temperature for 2 hours and moni-
tored by RP-HPLC (Method B). The residue was subjected to
semi-preparative HPLC purification to give the oxime SGPs
11a, 11c, 11d, and 11e respectively.

Azido oxime SGP (11a). Yield 92.3%. 1H NMR (500 MHz,
deuterium oxide) δ 7.41 (1.6H, dd, J = 7.2, 3.3 Hz, H1 of
oxime), 6.85 (0.4H, dd, J = 6.7, 2.6 Hz, H1 of oxime), 5.07 (1H,
s, H1c), 4.96 (1H, d, J = 9.6 Hz, H1a′), 4.96 (0.4 H, H6f, H6f′),
4.88 (1H, s, H1c′), 4.76 (1H, s, H1b), 4.59 (1H, t, Asn Hα), 4.53
(3H, d, J = 6.7 Hz, H1a, H1d. H1d′), 4.39 (1H, d, J = 3.5 Hz, Thr
Hα), 4.37 (1H, d, J = 2.5 Hz, H1e), 4.35 (1H, d, J = 3 Hz, H1e′),
4.34–4.28 (2H, m, Lys1 Hα, Thr Hβ), 4.24 (1H, q, J = 7 Hz, Ala
Hα), 4.17 (5H, m, H2b, H2 of oxime), 4.17 (1.6H, m, H6f, H6f′),
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4.12 (1H, d, J = 2 Hz, H2c), 4.08 (1H, d, J = 8 Hz, Val Hα), 4.04
(1H, d, J = 2 Hz, H2c′), 3.99 (1H, t, J = 6.5 Hz, Lys2 Hα), 2.92
(4H, q, J = 7.5 Hz, Lys Hε), 2.81–2.61 (2H, m, Asn Hβ),
2.61–2.51 (2H, dd, J = 12.5 Hz, 2.5 Hz, H3feq, H3f′eq), 2.03–1.88
(19H, m, 6 × 3 Ac, Val Hβ), 1.87–1.66 (6H, m, Lys Hβ, H3fax,
H3f′ax), 1.66 (4H, m, J = 7.5 Hz, Lys Hδ), 1.43–1.32 (4H, m, Lys
Hγ), 1.3 (3H, d, J = 7.5 Hz, Ala Hβ), 1.13 (3H, J = 6.5 Hz, Thr
Hγ), 0.89 (6H, d, 7.0 Hz, Val Hγ). HSQC ((1H, 500 MHz)/
(13C, 126 MHz), deuterium oxide) 7.41/149.38 (H1g/C1g), 6.85/
149.11 (H1g/C1g), 5.06/99.43 (H1c/C1c), 4.96/78.27 (H1a′/C1a′),
4.95/67.43 (H6f/C6f, H6f′/C6f′), 4.87/96.94 (H1c′/C1c′), 4.69/
100.39 (H1b/C1b), 4.59/49.87 (Hα Asn/Cα Asn), 4.52/99.60
(H1a/C1a, H1d/C1d, H1d′/C1d′), 4.39/57.76 (Hα Thr/Cα Thr),
4.36/103.72 (H1e/C1e, H1e′/C1e′), 4.33/53.57 (Hα Lys/Cα Lys),
4.32/67.08 (Hβ Thr/Cβ Thr), 4.23/49.46 (Hα Ala/Cα Ala), 4.17/
72.10 (H2b/C2b, H2g/C2g, H6f/C6f, H6f′/C6f′), 4.12/76.41
(H2c/C2c), 4.07/59.53 (Hα Val/Cα Val), 4.04/76.23 (H2c′/C2c′),
3.99/52.63 (Hα Lys/Cα Lys), 3.46/49.76 (H3 g/C3 g), 2.92/39.12
(Hε Lys/Cε Lys), 2.64/36.66 (Hβ Asn/Cβ Asn), 2.58/39.18
(H3f/C3f, H3f′/C3f′), 1.97/30.60 (Hβ Val/Cβ Val), 1.81/39.05
(H3f/C3f, H3f′/C3f′), 1.77/30.39 (Hβ Lys/Cβ Lys), 1.62/26.13 (Hδ
Lys/Cδ Lys), 1.37/21.38 (Hγ Lys/Cγ Lys), 1.34/16.54 (Hβ Ala/Cβ
Ala), 1.16/18.82 (Hγ Thr/Cγ Thr), 0.85/17.73 (Hγ Val/Cγ Val).
HRMS, calculated for C112H185N23O66 [M + 3H]3+ 970.4020,
found 970.3925. [M + 2H]2+ 1455.0991, found 1455.0845.

Azido amide oxime SGP (11c). Yield 94.2%. 1H NMR
(500 MHz, deuterium oxide) δ 7.48 (1.6H, dd, J = 7.0, 3.7 Hz,
H1g), 6.89 (0.4H, dd, J = 7.0, 2.5 Hz, H1g), 5.05 (1.4H, s, H1c,
H6f, H6f′), 4.95 (1H, d, J = 9.7 Hz, H1a′), 4.87 (1H, s, H1c′),
4.67 (1H, s, H1b), 4.60 (1H, t, Asn Hα), 4.52 (3H, d, J = 7.1 Hz,
H1a, H1d, H1d′), 4.49–4.41 (4H, m, H2g), 4.38 (1H, d, Thr Hα),
4.36 (2H, dd, H1e, H1e′), 4.33–4.29 (2H, m, Lys Hα, Thr Hβ),
4.24 (1H, q, J = 7.2 Hz, Ala Hα), 4.18 (2.6H, m, H1b, H6f, H6f′),
4.11 (1H, d, J = 2.5 Hz, H2c), 4.06 (1H, d, J = 7.6 Hz, Val Hα),
4.03 (1H, d, J = 2 Hz, H2c′), 3.98 (1H, t, J = 6.7 Hz, Lys Hα),
3.37–3.15 (8H, m, H4 g, H6 g), 2.91 (4H, q, J = 7.6 Hz, Lys Hε),
2.70 (2H, ddd, J = 62.2, 16.4, 6.7 Hz, Asn Hβ), 2.56 (2H, dd, J =
11.0 Hz, H3feq, H3f′eq), 1.80 (4H, m, Lys Hβ)1.72 (6H, m, H5g,
H3fax, H3f′ax), 1.43–1.31 (4H, m, Lys Hγ), 1.29 (3H, d, Ala Hβ),
1.11 (3H, d, J = 6.4 Hz, Thr Hγ), 0.88 (6H, d, J = 6.7 Hz, Val Hγ).
HSQC ((1H, 500 MHz)/(13C, 126 MHz), deuterium oxide) 7.49/
150.77 (H1g/C1g), 6.90/150.47 (H1g/C1g), 5.06/99.43 (H1c/C1c),
5.05/67.26 (H6f/C6f, H6f′/C6f′), 4.96/78.16 (H1a′/C1a′), 4.88/
97.00 (H1c′/C1c′), 4.70/100.37 (H1b/C1b), 4.60/49.86 (Hα Asn/
Cα Asn), 4.53/99.51 (H1a/C1a, H1d/C1d, H1d′/C1d′), 4.48/72.14
(H2g/C2g), 4.39/57.99 (Hα Thr/Cα Thr), 4.37/103.58 (H1e/C1e,
H1e′/C1e′), 4.33/53.62 (Hα Lys/Cα Lys), 4.32/67.14 (Hβ Thr/Cβ
Thr), 4.24/49.53 (Hα Ala/Cα Ala), 4.18/72.35 (H2b/C2b,
H6f/C6f, H6f′/C6f′), 4.12/76.11 (H2c/C2c), 4.08/59.56 (Hα Val/
Cα Val), 4.04/76.01 (H2c′/C2c′), 4.00/52.70 (Hα Lys/Cα Lys),
3.32/36.54 (H4 g/C4 g), 3.31/48.73 (H6 g/C6 g), 3.23/36.58
(H4 g/C4 g), 2.93/39.11 (Hε Lys/Cε Lys), 2.77/36.47 (Hβ Asn/Cβ
Asn), 2.58/39.32 (H3f/C3f, H3f′/C3f′), 2.04/29.84 (Hβ Val/Cβ
Val), 1.87/30.45 (Hβ Lys/Cβ Lys), 1.78/39.39 (H3f/C3f, H3f′/
C3f′), 1.71/27.53 (H5g/C5g), 1.63/26.18 (Hδ Lys/Cδ Lys), 1.37/
21.65 (Hγ Lys/Cγ Lys), 1.34/16.85 (Hβ Ala/Cβ Ala), 1.09/18.70

(Hγ Thr/Cγ Thr), 0.86/17.86 (Hγ Val/Cγ Val). HRMS, calculated
for C118H195N25O68 [M + 3H]3+ 1017.7601, found 1017.7606;
[M + 2H]2+ 1526.1363, found 1526.1346.

Alkyne oxime SGP (11d). Yield 88%. 1H NMR (500 MHz, deu-
terium oxide) δ 7.49 (1.7H, dd, J = 7.0, 4.1 Hz, H1g), 6.90 (0.3H,
dd, J = 7.0, 3.9 Hz, H1g), 5.07 (1.3H, s, H1c, H6f, H6f′), 4.96
(1H, d, J = 9.6 Hz, H1a′), 4.88 (1H, s, H1c′), 4.67 (1H, s, H1b),
4.60 (1H, t, J = 6.5 Hz, 1H, Asn Hα), 4.51 (7H, m, H1a, H1d,
H1d′, H2g), 4.40 (1H, d, Thr Hα), 4.38 (2H, dd, H1e, H1e′),
4.33–4.30 (2H, m, Lys Hα, Thr Hβ), 4.24 (1H, q, J = 7.2 Hz, Ala
Hα), 4.18 (2.7H, m, H1b, H6f, H6f′), 4.12 (1H, d, J = 2.5 Hz,
H2c), 4.06 (1H, d, J = 7.6 Hz, Val Hα), 4.03 (1H, d, J = 2 Hz,
H2c′), 3.98 (1H, t, J = 6.7 Hz, Lys Hα), 2.92 (q, J = 7.5 Hz, 4H,
Lys Hε), 2.81–2.61 (ddd, J = 62.3, 16.4, 6.7 Hz, 2H, Asn Hβ),
2.60–2.51 (3H, m, H3feq, H3f′eq, H6 g), 2.05–1.87 (19H, m, Ac,
Val Hβ), 1.87–1.66 (6H, m, Lys Hβ, H3fax, H3f′ax), 1.62 (4H, m,
J = 7.5 Hz, Lya Hδ), 1.38 (4H, d, J = 5.9 Hz, Lys Hγ), 1.30 (3H, d,
J = 7.2 Hz, Ala Hβ), 1.12 (3H, d, J = 6.4 Hz, Thr Hγ), 0.89 (6H, d,
J = 6.7 Hz, Val Hγ). HSQC ((1H, 500 MHz)/(13C, 126 MHz), deu-
terium oxide) 7.49/150.71 (H1g/C1g), 6.90/150.28 (H1g/C1g),
5.06/99.53 (H1c/C1c), 5.03/67.24 (H6f/C6f, H6f′/C6f′), 4.96/
78.25 (H1a′/C1a′), 4.88/96.92 (H1c′/C1c′), 4.70/100.20
(H1b/C1b), 4.60/49.87 (Hα Asn/Cα Asn), 4.53/99.93 (H1a/C1a,
H1d/C1d, H1d′/C1d′), 4.51/72.14 (H2g/C2g), 4.39/58.01
(Hα Thr/Cα Thr), 4.37/103.63 (H1e/C1e, H1e′/C1e′), 4.33/53.61
(Hα Lys/Cα Lys), 4.32/67.03 (Hβ Thr/Cβ Thr), 4.24/49.50
(Hα Ala/Cα Ala), 4.18/72.67 (H2b/C2b, H6f/C6f, H6f′/C6f′), 4.12/
76.11 (H2c/C2c), 4.08/59.45 (Hα Val/Cα Val), 4.04/76.17 (H2c′/
C2c′), 3.99/52.61 (Hα Lys/Cα Lys), 3.98/28.50 (H4 g/C4 g), 2.92/
38.96 (Hε Lys/Cε Lys), 2.76/36.56 (Hβ Asn/Cβ Asn), 2.58/39.41
(H3f/C3f, H3f′/C3f′), 2.56/72.13 (H6 g/C6 g), 2.03/30.15 (Hβ Val/
Cβ Val), 1.86/30.31 (Hβ Lys/Cβ Lys), 1.79/39.19 (H3f/C3f, H3f′/
C3f′), 1.62/26.04 (Hδ Lys/Cδ Lys), 1.37/21.44 (Hγ Lys/Cγ Lys),
1.34/16.69 (Hβ Ala/Cβ Ala), 1.16/18.82 (Hγ Thr/Cγ Thr), 0.92/
17.91 (Hγ Val/Cγ Val). HRMS, calculated for C118H189N19O68

[M + 3H]3+ 987.7383, found 987.7380; [M + 2H]2+ 1481.1036,
found 1481.1070.

Alkyne amide oxime SGP (11e). Yield 86.6%. 1H NMR
(500 MHz, deuterium oxide) δ 7.39 (1.6H, dd, J = 7.2, 3.3 Hz,
H1 of oxime), 6.85 (0.4H, dd, J = 6.7, 2.6 Hz, H1 of oxime), 5.07
(1H, s, H1c), 4.96 (1.4H, d, J = 9.6 Hz, H1a′, H6f/f′), 4.88 (1H, s,
H1c′), 4.76 (1H, s, H1b), 4.61 (5H, m, H2g, Asn Hα), 4.54 (3H,
d, J = 6.7 Hz, H1a, H1d. H1d′), 4.39 (1H, d, J = 3.5 Hz, Thr Hα),
4.37 (1H, d, J = 2.5 Hz, H1e), 4.35 (1H, d, J = 3 Hz, H1e′),
4.34–4.28 (2H, m, Lys1 Hα, Thr Hβ), 4.24 (1H, q, J = 7 Hz, Ala
Hα), 4.18 (1H, s, H2b), 4.16 (1.6H, dd, J = 10.0 Hz, 7.5 Hz,
H6f/f′), 4.12 (1H, d, J = 2 Hz, H2c), 4.08 (1H, d, J = 8 Hz, Val
Hα), 4.04 (1H, d, J = 2 Hz, H2c′) 3.99 (1H, t, J = 6.5 Hz, Lys2
Hα), 2.92 (4H, q, J = 7.5 Hz, Lys Hε), 2.86 (2H, q, H3 g),
2.81–2.61 (2H, m, Asn Hβ), 2.61–2.51 (2H, dd, J = 12.5 Hz,
2.5 Hz, H3feq, H3f′eq), 2.03–1.88 (19H, m, 6 × 3 Ac, Val Hβ),
1.87–1.66 (6H, m, Lys Hβ, H3fax, H3f′ax), 1.66 (4H, m, J =
7.5 Hz, Lya Hδ), 1.43–1.32 (4H, m, Lys Hγ), 1.3 (3H, d, J =
7.5 Hz, Ala Hβ), 1.13 (3H, J = 6.5 Hz, Thr Hγ), 0.89 (6H, d,
7.0 Hz, Val Hγ). HSQC ((1H, 500 MHz)/(13C, 126 MHz),
deuterium oxide) 7.41/150.05 (H1g/C1g), 6.88/149.59
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(H1g/C1g), 5.09/99.34 (H1c/C1c), 4.98/78.34 (H1a′/C1a′), 4.97/
67.43 (H6f/C6f, H6f′/C6f′), 4.91/96.89 (H1c′/C1c′), 4.72/100.33
(H1b/C1b), 4.63/61.46 (H2g/C2g), 4.62/49.85 (Hα Asn/Cα Asn),
4.55/99.74 (H1a/C1a, H1d/C1d, H1d′/C1d′), 4.42/58.25 (Hα Thr/
Cα Thr), 4.39/103.91 (H1e/C1e, H1e′/C1e′), 4.35/53.53 (Hα Lys/
Cα Lys), 4.34/67.11 (Hβ Thr/Cβ Thr), 4.26/49.43 (Hα Ala/Cα
Ala), 4.20/70.52 (H2b/C2b, H6f/C6f, H6f′/C6f′), 4.14/76.54
(H2c/C2c), 4.10/59.64 (Hα Val/Cα Val), 4.06/76.25 (H2c′/C2c′),
4.02/52.83 (Hα Lys/Cα Lys), 2.94/39.16 (Hε Lys/Cε Lys), 2.89/
76.16 (H4 g/C4 g), 2.78/37.03 (Hβ Asn/Cβ Asn), 2.58/39.45
(H3f/C3f, H3f′/C3f′), 2.01/30.19 (Hβ Val/Cβ Val), 1.84/30.59 (Hβ
Lys/Cβ Lys), 1.79/39.37 (H3f/C3f, H3f′/C3f′), 1.65/26.40 (Hδ Lys/
Cδ Lys), 1.43/21.61 (Hγ Lys/Cγ Lys), 1.32/16.78 (Hβ Ala/Cβ Ala),
1.14/19.15 (Hγ Thr/Cγ Thr), 0.91/18.15 (Hγ Val/Cγ Val). HRMS,
calculated for C114H183N17O66 [M + 3H]3+ 949.7240, found
949.7164; [M + 2H]2+ 1424.0821, found 1424.0687.

Synthesis of non-natural amine-SGPs (11b and 11f). 10 mg
CHO-SGP 8 (3.65 μmol, 1.0 eq.) was dissolved in methane/PB
(50 mM, pH 6.25) 1 : 1 solution. Then, 3-azido-1-propanamine
9a or propargylamine 9b (30.0 eq.), NaCNBH3 (4.6 mg,
73 μmol, 20.0 eq.) was added to the mixture in an ice bath.
After 3 hours when RP-HPLC (Method B) indicated the
completion of the reaction, the mixture was subjected to semi-
preparative HPLC purification (Method D). The fractions con-
taining the products was combined and lyophilized to obtain
11b and 11f as a white powder.

Azido amine SGP (11b). (9.0 mg, yield 84.8%). 1H NMR
(500 MHz, deuterium oxide) δ 5.03 (1H, s, H1c), 4.93 (1H, d, J =
9.6 Hz, H1a′), 4.83 (1H, s, H1c′), 4.70 (1H, s, H1b), 4.56 (1H, t,
J = 6.7 Hz, Asn Hα), 4.50 (3H, dd, J = 6.4, 5.1 Hz, H1a, H1d,
H1d′), 4.37 (1H, d, J = 3.5 Hz, Thr Hα), 4.35 (1H, d, J = 2.5 Hz,
H1e), 4.34 (1H, d, J = 3 Hz, H1e′), 4.30 (2H, m, Lys1 Hα, Thr
Hβ), 4.21 (1H, q, J = 7.2 Hz, Ala Hα), 4.14 (1H, s, H2b), 4.09
(1H, d, J = 2.7 Hz, H2c), 4.05 (1H, d, J = 7.6 Hz, Val Hα), 4.01
(1H, d, J = 3.5 Hz, H2c′), 4.00–3.90 (3H, m, Lys Hα, H6f, H6f′),
3.24–3.04 (8H, m, −2 × –CH2–NH–CH2–), 2.92 (4H, q, J =
7.5 Hz, Lys Hε), 2.81–2.61 (2H, m, Asn Hβ), 2.61–2.51 (2H, dd,
J = 12.5 Hz, 2.5 Hz, H3feq, H3f′eq), 2.03–1.90 (19H, m, 6 × 3 Ac,
Val Hβ), 1.90–1.84 (4H, m, H3 g), 1.84–1.65 (6H, m, Lys Hβ,
H3fax, H3f′ax), 1.59 (4H, m, J = 7.5 Hz, Lya Hδ), 1.40–1.29 (4H,
m, Lys Hγ), 1.27 (3H, d, J = 7.5 Hz, Ala Hβ), 1.10 (3H, J =
6.5 Hz, Thr Hγ), 0.86 (6H, d, 7.0 Hz, Val Hγ). HSQC ((1H,
500 MHz)/(13C, 126 MHz), deuterium oxide) 5.05/99.53
(H1c/C1c), 4.96/78.22 (H1a′/C1a′), 4.85/96.87 (H1c′/C1c′), 4.69/
100.38 (H1b/C1b), 4.59/49.84 (Hα Asn/Cα Asn), 4.53/99.58
(H1a/C1a, H1d/C1d, H1d′/C1d′), 4.38/58.04 (Hα Thr/Cα Thr),
4.37/103.51 (H1e/C1e, H1e′/C1e′), 4.32/53.51 (Hα Lys/Cα Lys),
4.31/67.02 (Hβ Thr/Cβ Thr), 4.23/49.46 (Hα Ala/Cα Ala), 4.17/
70.16 (H2b/C2b), 4.11/76.42 (H2c/C2c), 4.07/59.39 (Hα Val/Cα
Val), 4.03/76.11 (H2c′/C2c′), 3.99/52.73 (Hα Lys/Cα Lys), 3.43/
48.19 (H4g/C4g), 3.21/48.59 (H2g/C2g), 3.16/46.14 (H1g/C1g),
2.91/39.01 (Hε Lys/Cε Lys), 2.76/36.86 (Hβ Asn/Cβ Asn), 2.59/
39.43 (H3f/C3f, H3f′/C3f′), 1.98/30.12 (Hβ Val/Cβ Val), 1.80/
30.30 (Hβ Lys/Cβ Lys), 1.75/39.63 (H3f/C3f, H3f′/C3f′), 1.59/
26.28 (Hδ Lys/Cδ Lys), 1.36/21.42 (Hγ Lys/Cγ Lys), 1.29/16.67
(Hβ Ala/Cβ Ala), 1.12/19.03 (Hγ Thr/Cγ Thr), 0.88/18.21

(Hγ Val/Cγ Val). HRMS, calculated for C114H193N23O64

[M + 4H]4+ 728.0717, found 728.0717; [M + 3H]3+ 970.4263,
found 970.4254; [M + 2H]2+ 1455.1356, found 1455.1381.

Alkyne amine SGP (11f). (8.5 mg, 3.0 μmol, yield 82.2%).
1H NMR (500 MHz, deuterium oxide) δ 5.15 (1H, s, H1c), 5.05
(1H, d, J = 9.6 Hz, H1a′), 4.95 (1H, s, H1c′), 4.84 (1H, s, H1b),
4.67 (1H, t, J = 6.7 Hz, Asn Hα), 4.62 (3H, dd, J = 6.4, 5.1 Hz,
H1a, H1d, H1d′), 4.46 (2H, dd, J = 7 Hz, H1e, H1e′), 4.41 (1H, t,
Lys1 Hα), 4.31 (1H, q, J = 7.2 Hz, Ala Hα), 4.26 (1H, s, H2b),
4.22 (1H, m, Thr Hβ) 4.21 (1H, m, Thr Hα), 4.17–4.10 (3H, m,
H2c, Val Hα, H2c′), 4.01 (4H, H2g), 3.43–3.16 (4H, m, H1g),
3.01 (6H, m, Lys Hε, H4g), 2.93–2.69 (2H, m, Asn Hβ),
2.69–2.59 (2H, dd, J = 12.5 Hz, 2.5 Hz, H3feq, H3f′eq), 2.15ii–
1.90 (16iH, m, 5 × 3 Ac, Val Hβ), 1.97–1.81 (7H, m, Lys Hβ, Ac)
1.80–1.64 (6H, m, Lys Hβ, H3fax, H3f′ax), 1.66 (4H, m, J =
7.5 Hz, Lys Hδ), 1.43–1.32 (4H, m, Lys Hγ), 1.3 (3H, d, J =
7.5 Hz, Ala Hβ), 1.13 (3H, J = 6.5 Hz, Thr Hγ), 0.89 (6H, d,
7.0 Hz, Val Hγ). HSQC ((1H, 500 MHz)/(13C, 126 MHz), deuter-
ium oxide) 5.06/100.47 (H1c/C1c), 4.96/79.04 (H1a′/C1a′), 4.86/
97.82 (H1c′/C1c′), 4.70/101.42 (H1b/C1b), 4.59/50.87 (Hα Asn/
Cα Asn), 4.53/100.62 (H1a/C1a, H1d/C1d, H1d′/C1d′), 4.37/
103.51 (H1e/C1e, H1e′/C1e′), 4.32/54.42 (Hα Lys/Cα Lys), 4.31/
67.02 (Hβ Thr/Cβ Thr), 4.22/50.36 (Hα Ala/Cα Ala), 4.17/71.01
(H2b/C2b), 4.12/77.38 (H2c/C2c), 4.06/60.90 (Hα Val/Cα Val),
4.04/77.09 (H2c′/C2c′), 3.92/53.74 (Hα Lys/Cα Lys), 3.91/37.48
(H2g/C2g), 3.28/48.52 (H1g/C1g), 2.90/39.89 (Hε Lys/Cε Lys),
2.79/39.26 (Hβ Asn/Cβ Asn), 2.60/40.92 (H3f/C3f, H3f′/C3f′),
1.97/30.09 (Hβ Val/Cβ Val), 1.79/31.46 (Hβ Lys/Cβ Lys), 1.69/
41.18 (H3f/C3f, H3f′/C3f′), 1.65/27.10 (Hδ Lys/Cδ Lys), 1.35/
22.40 (Hγ Lys/Cγ Lys), 1.30/17.64 (Hβ Ala/Cβ Ala), 1.09/20.15
(Hγ Thr/Cγ Thr), 0.89/19.16 (Hγ Val/Cγ Val). HRMS, calculated
for C114H187N17O64 [M + 4H]4+ 705.5554, found 705.5570;
[M + 3H]3+ 940.4045, found 940.4066; [M + 2H]2+ 1410.1029,
found 1410.1140.

Synthesis of azido oxime sialoglycan 12. Azido oxime SGP
11a (8.7 mg, 3.0 μmol) was incubated with endo-M (43.5 μg) in
PB (50 mM pH 6.5, 87 μL) at 30 °C and monitored by HPLC.
The residue was subjected to semi-preparative HPLC purifi-
cation to give the pure azido oxime sialo glycan 12 as a white
powder (5.5 mg, yield 88.87%). 1H NMR (500 MHz, deuterium
oxide) δ 7.39 (dd, J = 7.2, 4.8 Hz, 1.3H, –NvCH–), 6.83 (dd, J =
6.6, 4.0 Hz, 0.7H, –NvCH–), 5.11 (d, J = 3.1 Hz, 0.8H, H1a(α)),
5.05 (s, 1H, H1c), 4.94 (dd, J = 9.0, 6.6 Hz, 0.7H, H6f/f′), 4.86 (s,
1H, H1c′), 4.50 (d, J = 7.3 Hz, 2H, H1d/d′), 4.33 (d, J = 7.9 Hz,
2H, H1e/e′), 4.22–4.12 (m, 6.3H, H2b, –CH2–O–NvC, H6f/f′),
4.09 (s, 1H, H2c), 4.02 (s, 1H, H2c′), 3.92–3.76 (m, 14H, H2a,
H6′b, H3c, H3c′, H6′c, H6′c′, H6d, H6d′, H6′d, H6′d′, H4e,
H4e′, H6′e, H6′e′), 3.68 (m, 20H), 3.58–3.38 (m, 21H), 1.99–1.87
(m, 15H), 2.55 (d, J = 11.8 Hz, 2H, H3feq/f′eq), 2.00–1.85 (m,
15H, Ac), 1.77 (t, J = 11.4 Hz, 2H, H3fax/f′ax). HSQC
((1H, 500 MHz)/(13C, 126 MHz), deuterium oxide) 7.39/149.30
(H1g/C1g), 6.83/149.30 (H1g/C1g), 5.11/90.40 (H1aα/C1aα),
5.05/99.56 (H1c/C1c), 4.95/67.23 (H6f/C6f, H6f′/C6f′), 4.86/
96.91 (H1c′/C1c′), 4.68/100.36 (H1b/C1b), 4.62/94.73 (H1aβ/
C1aβ), 4.50/99.20 (H1d/C1d, H1d′/C1d′), 4.34/103.64 (H1e/C1e,
H1e′/C1e′), 4.16/72.65 (H2b/C2b, H2g/C2g, H6f/C6f, H6f′/C6f′),
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4.10/76.23 (H2c/C2c), 4.03/76.06 (H2c′/C2c′), 3.44/49.89
(H3 g/C3 g), 2.54/39.18 (H3f/C3f, H3f′/C3f′), 1.77/38.84
(H3f/C3f, H3f′/C3f′). HRMS, calculated for C76H121N13O53

[M + 2H]2+ 1032.8664, found [M + 2H]2+ 1032.8665, [M + 3H]3+

688.9136, found 688.9182.
Synthesis of oxime sialoglycan oxazoline 13. 5.0 mg

(2.42 μmol, 1.0 eq) 12, 34.0 μL ddH2O, 11.0 mg (108.9 μmol,
15.0 μL, 45.0 eq.) Et3N and 6.2 mg (36.3 μmol, 15.0 eq.) DMC
was added to a tube successively in an ice bath for 1 hour after
which the proton NMR indicated the complete transformation
of the starting material to the corresponding oxazoline with an
azido functional group. The solution was desalted by using a
Sephadex G-25 column, which was eluted with water contain-
ing 0.2% triethylamine. The product was combined and lyo-
philized to give 13 as a white powder (4.5 mg, 91%). 1H NMR
(500 MHz, deuterium oxide) δ 7.37 (d, J = 7.2 Hz, 1.6H, H1g),
6.80 (d, J = 6.6 Hz, 0.4H, H1g), 6.01 (d, J = 7.2 Hz, 1H, H1 of
oxazoline), 5.11–4.96 (m, 1.4H, H1c, H6f, H6f′), 4.89 (s, 1H,
H1c′), 4.66 (s, 1H, H1b), 4.53 (dd, J = 5.7 Hz, 2H, H1d, H1d′),
4.35 (d, J = 6.6 Hz, 2H, H1e, H1e′), 4.30 (s, 1H, H3a), 4.26–4.18
(dd, J = 9.7 Hz, 7.2 Hz, 1.6H, H6f, H6f′), 4.15 (t, J = 4.6 Hz, 4H,
H2g), 4.11 (m, 1H, H2a), 4.09 (m, 1H, H2b), 2.55 (d, J = 13.2
Hz, 2H, H3feq, H3f′eq), 2.13–1.83 (m, 15H, Ac), 1.67 (t, 2H,
H3fax, H3f′ax). HSQC ((1H, 500 MHz)/(13C, 126 MHz), deuter-
ium oxide) 7.39/150.81 (H1g/C1g), 6.82/150.84 (H1g/C1g), 6.02/
100.66 (H1a/C1a oxa), 5.07/100.38 (H1c/C1c), 4.90/97.41 (H1c′/
C1c′), 4.67/102.13 (H1b/C1b), 4.54/100.31 (H1d/C1d, H1d′/C1d′),
4.36/104.59 (H1e/C1e, H1e′/C1e′), 4.32/70.15 (H3a/C3a, oxa), 4.23/
73.66 (H6f/C6f, H6f′/C6f′), 4.17/73.32 (H2g/C2g), 4.13/66.06
(H2a/C2a, oxa), 4.12/77.28 (H2c/C2c), 4.09/77.06 (H2c′/C2c′), 4.08/
71.19 (H2b/C2b), 3.47/50.52 (H3 g/C3 g), 2.57/41.16 (H3f/C3f,
H3f′/C3f′), 1.68/41.06 (H3f/C3f, H3f′/C3f′). ESI-HRMS, calculated
for C76H119N13O52 [M + 2H]2+ 1023.8612, found [M + 2H]2+

1023.8557, [M + H + Na]2+ 1034.8521, found 1034.8508, [M +
2Na]2+ 1045.8431, found 1045.8471.

Synthesis of Herceptin-Fucα1,6GlcNAc (6). A solution of
commercial Herceptin (38 mg) in PB buffer (pH 7.5) was incu-
bated with wild-type endo-S (150 μg) at 37 °C for 2 hours. The
SDS-PAGE analysis showed the complete deglycosylation of
Herceptin. The antibody was loaded to protein A-agarose resin
(3 mL), which was pre-washed with glycine–HCl (100 mM, pH
2.5, 25 mL) and pre-equilibrated with PB (50 mM, pH 8.0,
50 mL). The column was washed with PB (50 mM, pH 8.0)
50 mL and glycine–HCl (20 mM, pH 5.0, 30 mL) successively
and the bound antibody was eluted with glycine–HCl
(100 mM, pH 2.5) followed by neutralization to ∼pH 7.5 with
glycine–HCl (1 M, pH 8.8) immediately. The fractions contain-
ing the deglycosylated Herceptin 6 was combined and concen-
trated by centrifugal filtration through a 10 kDa cut-off
membrane. And the concentration of the product was
measured by using a Bicinchoninic Acid (BCA) Kit for protein
determination following the manufacture’s protocol. LC-MS
deconvolution data: calculated for Herceptin-Fucα1,6GlcNAc
(6), 145806.06, found, 145805.35.

endo-S D233Q-catalyzed chemoenzymatic synthesis of
glycoengineered Herceptins with 6 and purified oxazolines. To

a solution of 6 (1 mg) in Tris buffer (50 mM, pH 7.4, 200 μL)
were added the purified oxazolines (2–5, 13) (1.5 mM, 30 eq.)
and endo-S D233Q (30 μg). The reaction mixture was incubated
at 30 °C for 1–2 hours. SDS-PAGE and LC-MS monitoring indi-
cated the complete reaction. The reaction mixture was immedi-
ately subjected to affinity chromatography via protein A resin
(100 μL) following the above procedure to give the
corresponding glycoengineered Herceptin 7a–d and 14a.
LC-MS deconvolution data: calculated for S2G2F-Herceptin
7a 149809.45, found 149810.52. Calculated for G2F-Herceptin
7b 148645.06, found 148656.89. Calculated for G0F-Herceptin
7c 147996.85, found 147997.27. Calculated for
Man3GlcNAc2F-Herceptin 7d 147184.54, found 147185.75.
Calculated for azido-oxime-S2G2F-Herceptin 14a 149897.47,
found 149890.43 (see the ESI† for more details).

One-pot chemoenzymatic synthesis of glycoengineered
Herceptin with 6 and in situ oxazolines. SGP (1) or SGP non-
natural derivatives (11a–e, 10 mg) were incubated with endo-M
(50 μg) in PB (50 mM, pH 6.25, 50 μL) at 30 °C. After
3–4 hours, RP-HPLC (Method B) monitoring indicated the
complete hydrolysis of GlcNAc-peptide from the glycopeptide.
Then the mixture was diluted to 50 mM with water, and DMC
(15 eq.) and Et3N (40 eq.) was added. The solution was put on
an ice bath for 1–2 hours. Then, the reaction mixture was
further diluted into 2 mL Tris buffer (50 mM, pH 7.4) contain-
ing 6 (10 mg) and endo-S D233Q (300 μg). The residue was
incubated at 30 °C for 1–2 hours, monitored by SDS-PAGE and
LC-MS. After affinity chromatography via protein A resin,
glycoengineered Herceptin 7a and 14a–e were obtained.
LC-MS deconvolution data: calculated for azido-oxime-
S2G2F-Herceptin 14a 149897.47, found 149909.91. Calculated
for azido-amine-S2G2F-Herceptin 14b 149897.62, found
149906.31. Calculated for azido-amide-oxime-S2G2F-Herceptin
14c 150181.62, found 150191.82. Calculated for alkyne-amide-
oxime-S2G2F-Herceptin 14d 150001.49, found 150002.00.
Calculated for alkyne-oxime-S2G2F-Herceptin 14e 149773.41,
found 149772.38. (see the ESI† for more details).

Synthesis of glycosite-specific ADCs 22a–e. The azido
Herceptin 14a or 14b (10 mg) was incubated with 21a–c
(130 μM, 20 eq.) in PB (50 mM, pH 7.5, 10 mL) containing 10%
DMSO at 30 °C for 4 h and monitored by SDS-PAGE and
LC-MS. After the conjugation, the reaction mixture was
subjected to affinity chromatography via protein A resin follow-
ing the above procedure. Fractions containing the products
were combined to give 22a–e. LC-MS deconvolution data: 22a,
154847.29; 22b, 155684.74; 22c, 156659.32; 22d, 155688.26;
22e, 156643.96.

Synthesis of ADC 23. A solution of azido tagged Herceptin
14a (1.0 mg mL−1 5 mg, 1.0 eq.) and DM1-SMCC (20) (100 μM,
15.0 eq.) in a PB (50 mM, pH 7.5) containing 10% DMSO was
incubated at 37 °C for 1 hour. LC-MS indicated the DAR of 2.6.
The mixture was immediately subjected to affinity chromato-
graphy via a protein A resin column to give ADC 23. LC-MS
deconvolution data: 149907.63 (+0 DM1), 147719.04 (+1 DM1),
151823.00 (+2 DM1), 152786.70 (+3 DM1), 153734.55 (+4 DM1),
154696.10 (+5 DM1).
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Synthesis of dual-drug ADC 24. A mixture of 23
(0.5 mg mL−1, 2 mg, 1.0 eq.) and DBCO-PEG4-VC-PAB-MMAE
(21c, 66.67 μM, 20.0 eq.) was incubated at 30 °C. The
SDS-PAGE and ESI-LCMS indicated complete conjugation. The
solution was subjected to protein A resin purification to give
the dual-drug ADC 24. LCMS deconvolution data: 157606.71
(+1 DM1), 158566.82 (+2 DM1), 159530.22 (+3 DM1), 160477.23
(+4 DM1), 161446.46 (+5 DM1).

Synthesis of glycosite-specific Cy5-labeled Herceptin 22f.
The azido tagged Herceptin 14a (0.5 mg mL−1, 1 mg) was incu-
bated with DBCO-Cy5 (21d, 61 μg, 10.0 eq.) in PB (50 mM, pH
7.5) at 30 °C and monitored by SDS-PAGE or LCMS. The reac-
tion buffer was subjected to protein A column purification to
give the Cy5 labeled Herceptin 22f. LC-MS deconvolution data:
153572.33.

Synthesis of Cy5-labeled ADC 25. ADC 23 (0.5 mg mL−1,
1 mg) was incubated with DBCO-Cy5 21d (61 μg, 10.0 eq.) at
30 °C and monitored by SDS-PAGE or LCMS. The reaction
buffer was subjected to protein A column purification to give
the Cy5 labeled ADC 25. LC-MS deconvolution data: 153561.22
(+0 DM1), 154520.53 (+1 DM1), 155476.70 (+2 DM1), 156431.15
(+3 DM1), 157393.21 (+4 DM1), 158349.16 (+5 DM1), 159310.31
(+6 DM1).

PNGase-F digestion analysis of 14a and ADC 22c. The site-
specific transglycosylation and conjugation of 14a and 22c
were analyzed after PNGase-F deglycosylation. Azido-tagged
Herceptin 14a (5.0 mg mL−1, 100 μg) was incubated
with PNGaseF (0.1 mg mL−1) overnight at 37 °C to give
Herceptin–Asp297 and released glycan 28. SDS-PAGE indicated
that an unnatural glycan was released from the antibody.
The reaction solution was subjected to LC-MS analysis.
Herceptin–Asp297, LC-MS deconvolution data: calculated
145109.75, found 145107.65. Released glycan 28, HRMS:
calculated for C90H144N14O62 [M + 3H]3+ 805.2927, found
805.2936; [M + 2H]2+ 1207.4351, found 1207.4365. With a
similar procedure, ADC 22c was incubated with PNGase-F over-
night at 37 °C to give deglycosylated Herceptin–Asp297 and
released glycan–drug complex 29. SDS-PAGE and LCMS indi-
cated that the unnatural glycan attached with MMAE was
released from the antibody. The released glycan–drug complex
29, HRMS: calculated for C270H408N38O100 [M + 7H]7+

827.1222, found 827.1241; [M + 6H]6+ 964.8080, found
964.9725. [M + 5H]5+ 1157.5680, found 1157.5654; [M + 4H]4+

1446.7080, found 1446.6993. [M + 3H]3+ 1928.6081, found
1928.6228.

SK-BR-3 cell-based ELISA assay. SK-BR-3 cells were cultured
in a 96-well plate (1 × 105 cells per well) for 16 h at 37 °C. Cells
were washed twice with PBS, and fixed with 4% paraformalde-
hyde/PBS buffer (pH 7.4). Commercial Herceptin, random
labeled Cy5-Herceptin (26) and glycosite-specific labeled Cy5-
Herceptin (22f ) in 1% BSA/PBS were added to the wells and
incubated for 30 min at 4 °C. Unbound proteins were removed
and washed twice with 0.05% Tween 20/PBS (pH 7.4).
Subsequently, the cells were blocked with 1% BSA/PBS at room
temperature for 30 min, and then incubated with rabbit anti-
human IgG1 Fc mAb (Sigma) for 60 min at 4 °C. After washing

twice, HRP-labeled goat anti-rabbit IgG (H + L) Ab (Yeason)
was added to the wells, and left at 4 °C for 30 min. After ade-
quate washing, 50 mL tetramethylbenzidine (TMB) reagent
was added as the substrate for HRP, and the reaction was
stopped with 2N H2SO4. Finally, absorbance was measured at
450 nm. The binding curves were analyzed by GraphPad
software.

Fluorescence cell imaging. SK-BR-3 cells were cultured
directly on slides with a Chamber Slide System (Nunc) for 16 h
at 37 °C. Cells were washed twice with PBS and blocked using
1% BSA/PBS at room temperature for 30 min. 20 μg mL−1 of
Cy5-Herceptin 22f was added to the wells and incubated for
30 min at 4 °C. After washing with 0.05% Tween 20/PBS (pH
7.4), the cells were fixed with 4% paraformaldehyde/4%
sucrose/PBS solution at room temperature for 20 min. Hoechst
(Sigma) staining was used for localization of nuclei at room
temperature for 5 min. Extensive washing was done prior to
confocal microscopy (Olympus) detection.

Cell cytotoxicity. The MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide) method was used to
measure the in vitro efficacy of the ADCs. SK-Br-3 cells
were cultured in RPMI 1640 GlutaMAX (Invitrogen) sup-
plemented with 10% fetal bovine serum (FBS) and were
planted into 96-well plates with 8000 cells per well. These
plates were incubated overnight at 37 °C and 5% CO2. The
small molecules, DM1 and MMAE, were diluted 3 fold with the
culture solution from an initial concentration of 100 nM to the
final concentration of 0.41 nM. And ten-fold dilution
was applied to the ADC samples from 10 μg mL−1 to
0.0001 μg mL−1. The samples were added to three wells with
every single concentration and the cells were cultured at 37 °C
and 5% CO2 for three days before the addition of MTT solu-
tion. 10% SDS solution was added to the cell culture solution
which had been incubated with MTT for 4 h, to dissolve the
formazan. Optical density (OD) was measured at 570 nm using
an Epoch (BioTek) after incubation overnight at 37 °C and 5%
CO2. Finally, the EC50 values and the cell viability curve were
calculated by GraphPad software.
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