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Abstract

Site-specific labeling and conjugation of antibodies are highly desirable for fundamental research 

and for developing more efficient diagnostic and therapeutic methods. We report here a general 

and robust chemoenzymatic method that permits a one-pot site-specific functionalization of 

antibodies. A series of selectively modified disaccharide oxazoline derivatives were designed, 

synthesized, and evaluated as donor substrates of different endoglycosidases for antibody 

Fc glycan remodeling. We found that among several endoglycosidases tested, wild-type 

endoglycosidase from Streptococcus pyogenes of serotype M49 (Endo-S2) exhibited remarkable 

activity in transferring the functionalized disaccharides carrying site-selectively modified azide, 

biotin, or fluorescent tags to antibodies without hydrolyzing the resulting transglycosylation 

products. This discovery, together with the excellent Fc deglycosylation activity of Endo-S2 on 

recombinant antibodies, allowed direct labeling and functionalization of antibodies in a one-pot 

manner without the need of intermediate and enzyme separation. The site-specific introduction 

of varied numbers of azide groups enabled a highly efficient synthesis of homogeneous antibody–

drug conjugates (ADCs) with a precise control of the drug-to-antibody ratio (DAR) ranging 

from 2 to 12 via a copper-free strain-promoted click reaction. Cell viability assays showed that 

ADCs with higher DARs were more potent in killing antigen-overexpressed cells than the ADCs 

with lower DARs. This new method is expected to find applications not only for antibody–drug 

conjugation but also for cell labeling, imaging, and diagnosis.
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INTRODUCTION

Antibodies are an important class of biologics that have been used for the treatment of 

many challenging diseases, such as cancer,1 autoimmune disorders,2 and inflammatory 

diseases.3 Featured by their high specificity and affinity to antigens, antibodies are also 

widely used for specific labeling of cells and for targeted delivery of small-molecule 

drugs in the form of antibody–drug conjugates (ADCs). In all these pursuits, site-specific 

labeling and conjugation of antibodies are highly desirable.4-6 ADCs that combine the 

specificity of antibodies and the high potency of drugs hold great promise for targeted 

cell killing.7 So far, 11 ADCs have been approved by the US FDA for the treatment 

of cancers.5,8,9 The first-generation ADCs in clinical use or preclinical development are 

generated through nonspecific conjugation,10 resulting in heterogeneous mixtures with 

varied DARs and distinct pharmacological properties. Recent studies have shown that 

ADCs obtained by site-specific conjugations give more homogeneous components, which 

offer improved stability, pharmacokinetics, and safety profiles.11-13 Significant progress 

has been made in the development of site-specific antibody–drug conjugation strategies,5 

which include incorporation of unpaired cysteines or unnatural amino acids,11,14-17 

disulfide rebridging,18,19 selective C-/N-terminal modifications,20,21 and enzyme-mediated 

bioconjugations.22-25 Although homogeneous products can be obtained, most of these 

strategies require re-engineering of each antibody sequence and/or partially denaturing the 

antibodies with subsequent site-selective conjugations.

Another approach is to perform site-specific conjugation at the conserved glycans 

attached to the Asn-297 of the Fc domain, which are spatially distant from the 

antigen-binding region.5 Early methods have focused on the oxidation of 1,2-diols of 

terminal monosaccharides, which, however, produces a mixture of conjugates due to the 

heterogeneity of the glycoforms and the possibility of oxidation at different sugar units.26-28 

The application of the galactosyltransferase mutants capable of accommodating modified 

galactose nucleotide as the donor substrates has made it possible to incorporate a handle 

selectively at the antibody’s glycans for subsequent bioorthogonal reactions with modified 

cytotoxic agents.6 A variety of tags including azide,29,30 thiol,31 and keto32 derivatives have 

been introduced. However, this method requires trimming of the N-glycans to the terminal 
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GlcNAc-glycan forms, and an excess of modified sugar nucleotide and enzymes and long 

incubation time are usually needed to drive the reaction, which often leads to incomplete 

reaction and thus heterogeneity of the products. On the other hand, the endoglycosidase-

catalyzed glycan remodeling strategy,33,34 particularly the discovery of the Endo-S and 

Endo-S2 glycosynthase mutants,35-38 has gained attention in recent years for generating 

various homogeneous antibody glycoforms for functional studies, including antibody 

labeling and the development of ADCs.6,37,39-43 Despite these successful applications, 

however, most of the current studies rely on the extraction of natural N-glycans, and for 

ADC preparation, the N-glycans have to be functionalized for drug conjugation. Thus, the 

exploitation of simpler donor substrates with a tailored number of tags is greatly demanded 

for site-specific antibody labeling and conjugation.

As an alternate, we have previously shown that a synthetic azido-functionalized 

tetrasaccharide oxazoline can serve as a donor substrate of the Endo-S mutant (D233A 

or D233Q) for glycosylating the deglycosylated antibody to introduce azide tags at the Fc 

domain without product hydrolysis.35 Previous studies have shown that wild-type Endo-S 

could perform glycosylation with the core tetrasaccharide (Man3GlcNAc) oxazoline or 

the azide-tagged tetrasaccharide oxazoline, but the yield was relatively low, as the wild-

type enzyme could hydrolyze the tetrasaccharide oxazoline and the product relatively 

quickly.44,45 We report in this paper the design, synthesis, and evaluation of a series of 

simple disaccharide oxazoline derivatives modified with different functional groups and 

the evaluation of them as donor substrates for antibody glycoengineering. We examined 

the substrate specificity of different ENGases (Endo-S, Endo-S2, Endo-F3, Endo-A, 

Endo-CC, and their mutants) toward these synthetic substrates in glycan remodeling of 

therapeutic antibodies, using trastuzumab (Herceptin) as a model antibody. We found 

that wild-type Endo-S2 exhibited the best activity in transferring the functionalized 

disaccharides with site-selectively modified azide, biotin, or fluorescent tags to antibodies, 

but the transglycosylation products, once formed, were resistant to hydrolysis by the 

wild-type enzyme, due to the truncated modifications. Combining with the excellent Fc 

deglycosylation activity of Endo-S2, we devised a simple one-pot deglycosylation and 

transglycosylation method for direct labeling and functionalization to give structurally well-

defined and homogeneously tagged antibodies (Figure 1). The site-specific introduction 

of varied numbers of azide groups enabled a highly efficient synthesis of homogeneous 

ADCs with a precise control of the DARs via a copper-free strain-promoted click reaction. 

Cytotoxicity assays showed that ADCs with higher DARs were more potent in killing 

antigen-overexpressed cells than those with lower DARs.

RESULTS AND DISCUSSION

Chemical Synthesis of the Azido-Tagged Disaccharides.

While we and others have shown that smaller synthetic disaccharide oxazolines could serve 

as substrates of endoglycosidases Endo-A and Endo-M for transglycosylation,46,47 it is not 

clear whether these antibody-specific ENGases and their mutants can recognize the smaller 

substrates for transglycosylation using antibodies as acceptors. To test this hypothesis, 

we sought to synthesize a series of azido-tagged disaccharide oxazolines. Considering the 
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flexibility and solubility of PEGs, we decided to introduce azido groups with PEG-derived 

scaffolds. Recently, Mizuno and co-workers have shown that PEGylated sugar oxazolines 

could serve as donor substrates of Endo-M for transglycosylation.47 Thus, we designed 

a Manβ1,4GlcNAc oxazoline carrying two azide groups as our first target, in which the 

PEG-linkers resembled the natural glycan branches, so that it might be recognized favorably 

by the endoglycosidases (Scheme 1). The synthesis was started with the known disaccharide 

148 through selective removal of the PMB group with DDQ, giving 2 in 90% yield. 

Regioselective reductive ring-opening reaction on the benzylidene acetal of 2 provided the 

diol 3. After conversion of the azido group to an acetamido group with AcSH to afford 

4, two azide-tagged polyethylene chains were introduced at the 3′ and 6′ positions of the 

disaccharide by treatment of 4 with NaH and N3(CH2CH2O)3Ts, giving 5 in 78% yield. 

To selectively remove the benzyl groups in the presence of azides, a biphasic oxidative 

condition (NaBrO3/Na2S2O4) was adopted,49 which furnished the desired free disaccharide 

derivative 6 in 65% yield. Finally, oxazoline formation was achieved in a single step 

by treatment of 6 with an excess amount of 2-chloro-1,3-dimethylimidazolinium chloride 

(DMC) and TEA in water,50 affording the desired disaccharide oxazoline 7 carrying two 

azide groups in 90% isolated yield.

Next, we synthesized the disaccharides with one or three azido groups (Scheme 2). The 

6-position of the mannose residue was selected for the introduction of a single azido-ended 

PEG linker. Regioselective ring-opening of 3 smoothly exposed the hydroxyl group to 

obtain disaccharide 8. After the reduction of the azido group to an acetamido group, the 

PEG-spaced azide group was introduced in high yield to afford 10. Selective debenzylation 

under oxidative conditions proved to be efficient, giving the free disaccharide 11 in 90% 

yield, which was converted to oxazoline 12 after treatment with DMC/TEA in water. In 

parallel, the synthesis of a three azido-tagged disaccharide also started from 3. Upon the 

reduction of the azido group to the acetamido group, the benzylidene and PMB groups were 

simultaneously removed under acidic conditions,48 yielding 14 with a free hydroxyl group 

at the 3′, 4′, and 6′ positions. Next, the azide-terminated PEG chains were introduced at 

the three free hydroxyl groups to yield 15. Following the same debenzylation conditions, 

we found that the reaction proceeded very fast, but the desired product was isolated in low 

yield along with some decomposed byproducts as monitored by ESI–MS. We speculated 

that the increase in the PEG component resulted in higher water solubility; thus, the 

partially deprotected intermediate migrated to the aqueous phase and directly interacted 

with the free radical,51 which led to a rapid reaction but undesired products. To address 

this issue, we attempted a two-step deprotection method.48 First, the benzyl groups in 

15 were removed by catalytic hydrogenation. Under these conditions, the azido groups 

were simultaneously reduced to amino groups, which were then transformed back to azido 

functionality by the copper-catalyzed diazo transfer reaction,52 giving 16 in 66% yield in 

two steps. Finally, standard oxazoline formation by treatment of 16 with DMC/TEA in water 

gave the disaccharide 17 carrying three azide groups in excellent yield (Scheme 2).

Chemical Synthesis of the Disaccharide Derivatives Carrying a Cluster of Azide Groups.

Previous studies have demonstrated that ADCs with higher DARs tend to provide increased 

target cell killing potency.13,53 In a handful of cases, a DAR as high as 8 has been 
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achieved through the use of hydrophilic linker payloads, as exemplified with clinically 

approved Enhertu and Trodelvy.53-55 To equip antibodies with more biorthogonal tags, we 

designed disaccharides carrying four or six azido groups. The synthesis commenced with 

the branched scaffolds (Scheme 3). First, the diol 1856 and triol 1957 were extended by 

an azido-ended linker, which, respectively, furnished 22 and 23 after the removal of the 

trityl group. The exposed OH in 22 and 23 was further extended with a bis-tosyl linker 

to give 24 and 25, respectively, which were ready for conjugation. Next, disaccharide 4, 

which carries free hydroxyl groups at the 4′ and 6′ positions, was reacted with the tosyl 

derivatives (24 and 25) in the presence of NaH, giving 26 and 27, respectively. Finally, the 

two-step deprotection followed by oxazoline formation gave disaccharide oxazolines 30 and 

31 carrying four and six azido groups, respectively (Scheme 3).

Evaluation of the Synthetic Disaccharide Oxazolines as Donor Substrates for Enzymatic 
Antibody Glycan Remodeling.

With the disaccharide oxazolines in hand, we tested their suitability as donor substrates for 

antibody–glycan remodeling by the catalysis of different endoglycosidases. For the purpose, 

we chose trastuzumab, an anti-Her2 antibody (Herceptin), as a typical monoclonal antibody 

and the synthetic disaccharide oxazoline (7) carrying two PEG-spaced azide groups as the 

donor substrate to examine the enzymatic reactions. The results are summarized in Table 

1. Trastuzumab (Herceptin) was first deglycosylated with wild-type Endo-S2 to provide the 

Fucα1,6GlcNAc glycoform of Herceptin as the acceptor (32).38

Among the endoglycosidases tested, we found that Endo-S2,58 an endoglycosidase from 

Streptococcus pyogenes of serotype M49 (Endo-S2) with relaxed substrate specificity, 

exhibited remarkable activity toward the azido-tagged disaccharide oxazoline 7 for 

transglycosylation. With only a catalytic amount of enzyme (0.1%, w/w, enzyme/antibody) 

and 20 mol equivalents of the azido-disaccharide oxazoline, the reaction could reach 

completion within 1 h under mild conditions [rt, phosphate-buffered saline (PBS) buffer, 

and pH 7.0]. We found that the transglycosylation product (33), once formed, was largely 

resistant to hydrolysis by the wild-type enzyme, mainly due to truncated modifications. We 

also tested the Endo-S2 mutant (D184M), a glycosynthase with broad substrate specificity 

and diminished hydrolytic activity,38 and found that the D184M mutant could also use the 

azide-disaccharide oxazoline for transglycosylation, but the activity was lower than that of 

the wild-type enzyme, and a relatively large amount of the mutant enzyme (1%, w/w) was 

required to drive the reaction. Again, the transglycosylation product was not hydrolyzed by 

the mutant, allowing accumulation of the product. Next, we tested wild-type Endo-S, the 

first endoglycosidase from Streptococcus pyogenes that shows Fc-specific deglycosylation 

activity.44,59 Endo-S could transfer the modified disaccharide oxazoline (7), but, in contrast 

to wild-type Endo-S2, at least 10-fold more enzyme was required to drive the reaction. 

Similarly, the Endo-S D233Q mutant, which was a glycosynthase that could act efficiently 

on complex type N-glycan oxazoline and azido-Man3GlcNAc oxazoline corresponding to 

the N-glycan core for Fc glycan remodeling,35 just showed very low activity on 7, probably 

because the minimal structure and the modification made it a poor substrate for the enzyme.
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In addition to Endo-S2 and Endo-S, we also tested several other endoglycosidases. 

Endo-F3 is an endoglycosidase from Elizabethkingia meningoseptica that efficiently 

hydrolyzes core-fucosylated complex-type N-glycans.60,61 We have previously reported 

that wild-type Endo-F3 and its mutant Endo-F3 D165A can transfer with complex-type 

glycan oxazoline and core Man3GlcNAc oxazoline for N-glycopeptide synthesis and 

antibody glycan remodeling.62-64 However, we found that neither wild-type Endo-F3 nor 

its glycosynthase mutant (D165A) could efficiently act on the azido-tagged disaccharide 

oxazoline for transglycosylation. As for endoglycosidases Endo-A (from Arthrobacter 
protophormiae),48,65 Endo-D,66 and Endo-CC,67 we found that they were not able to transfer 

the azide-disaccharide oxazoline (7) to the Fucα1,6GlcNAc-Herceptin. This is expected, 

as these three endoglycosidases cannot accept core-fucosylated GlcNAc as an acceptor. 

To test if nonfucosylated GlcNAc-Herceptin could serve as an acceptor, we removed the 

core-fucose from the Fucα1,6Glc-NAc-Herceptin (32) by treatment with an α-fucosidase 

(BfFucH) to produce the nonfucosylated Fc glycoform. However, Endo-A, Endo-D, and 

Endo-CC were not able to show the transglycosylation product, as monitored by LC–ESI–

MS analysis, when even a large amount of enzyme (10%, w/w) was used (Table 1). These 

studies established wild-type Endo-S2 as a remarkably efficient endoglycosidase to act on 

the azido-tagged disaccharide oxazoline for transglycosylation without product hydrolysis.

One-Pot Chemoenzymatic Fc Glycan Remodeling with Different Azido-Tagged 
Disaccharide Oxazolines using Wild-Type Endo-S2.

Given the observation that wild-type Endo-S2 could act on the minimal azido-disaccharide 

oxazoline for efficient transglycosylation without product hydrolysis and the fact that Endo-

S2 is highly active for antibody Fc deglycosylation, we envisioned that a “one-pot” and 

site-specific Fc glycan remodeling of antibodies should be possible to produce homogeneous 

azido-tagged antibody glycoforms. Indeed, when commercial Herceptin was treated with 

Endo-S2 together with the azido-disaccharide oxazoline (7) at rt in a PBS buffer (pH 

7.0), LC–ESI–MS monitoring indicated that the Herceptin deglycosylation was complete 

within 10 min, followed by the appearance and accumulation of the transglycosylation 

product (33). The transglycosylation was complete within 1 h under the described conditions 

(Scheme 4) to give essentially quantitative transformation without the need of isolating the 

intermediates. We next examined the one-pot reactions with other synthetic disaccharide 

oxazolines carrying varied numbers of azide functional groups. Although these azide-

functionalized disaccharide derivatives showed different activities toward wild-type Endo-

S2, with the heavily functionalized disaccharide being less active, we found that all of them 

could serve as donor substrates for Endo-S2-catalyzed transgylcosylation, and excellent 

yields were obtained in a one-pot manner within 1–3 h when the enzyme amount was 

adjusted (0.1–1.0%, w/w) (Scheme 4). Notably, one portion of oxazoline was enough to 

achieve complete conversion for the disaccharides carrying one–three azido groups, because 

7 and 12 were such good substrates that the transglycosylation could be finished within 1 h, 

whereas 17 was resistant to hydrolysis, and as a result, a relatively larger amount of enzyme 

but no additional oxazoline was needed. However, for the disaccharide carrying four (30) or 

six (31) azido groups, an additional portion of oxazoline was necessary to drive the reaction 

to completion due to the moderate hydrolytic activity of Endo-S2 toward these oxazoline 

donors. The final product was isolated by the protein A affinity column, and their identity 
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and homogeneity were confirmed by LC–ESI–MS analysis of the intact whole antibody 

and the Fc domain glycoforms after IdeS treatment to disconnect the Fab and Fc domains 

(Supporting Information). It should be mentioned that in the case when a large excess of 

glycan oxazolines were used to drive the reaction, the excess glycan oxazoline could be 

recovered in the form of free oligosaccharide during protein A purification, which could be 

further purified by RP-HPLC and then converted into the glycan oxazoline in a single step 

with DMC/TEA, thus permitting the recycling of glycan oxazoline for transglycosylation.

One-Pot Chemoenzymatic Fc Glycan Remodeling with Biotin- and Fluorophore-tagged 
Disaccharide Oxazolines.

Encouraged by the one-pot introduction of the azido functionality, we investigated whether 

we could directly transfer a more complex structure, such as biotin- or fluorophore-tagged 

disaccharide, to an intact antibody with Endo-S2; in this way, the antibody could be labeled 

in one step, which would be attractive for diagnostics and in vivo imaging and as tools for 

molecular biology.68-70 To this end, biotin or TAMRA was introduced to the disaccharide, 

either via amine coupling reaction (39) or click chemistry (40), and we found that the 

modified disaccharide oxazolines could still serve as good substrates of Endo-S2. The 

biotinylated disaccharide was transferred to the intact antibody to give 41 in 95% yield 

within 1.5 h with the catalytic amount of enzyme (0.1%, w/w), and the TAMRA-tagged 

disaccharide oxazoline could afford about 85% of product (42) if additional portions of 

oxazoline were added (Scheme 5). Taken together, the chemoenzymatic remodeling method 

described here showed great potential for one-step labeling of intact antibodies.

Synthesis of Structurally Well-Defined, Homogeneous ADCs by Copper-free Strain-
Promoted Click Reactions.

With these azido-tagged antibodies in hand, next, we tried click chemistry to make ADCs, 

using monomethyl auristatin E (MMAE) as a model warhead, a microtubule-disrupting 

agent that has been used for making the FDA-approved ADCs (Scheme 6).5,8 The 

dibenzoazacyclooctyne (DBCO)-ended MMAE derivative with a cleavable dipeptide linker 

was incubated with the azido-tagged antibodies, and the reactions were monitored by LC–

ESI–MS. We found that the click chemistry gradually afforded the desired compounds (43–
47). Take the reaction between 8N3-modified Herceptin (36) and DBCO-PEG5-VC-PAB-

MMAE as an example. All the eight sites were conjugated with drugs within 20 h as 

indicated by LC–ESI–MS (Figure 2). To further verify that the drugs were specifically 

conjugated to the Fc domain, the product was digested with the protease IdeS followed 

by LC–ESI–MS analysis.71 The results showed that the shift of molecular weight was 

consistent with the attached payloads (calculated for the Fc domain glycoform, M = 32,140; 

observed, 32,143, deconvoluted data), thus confirming the structure of the product. Notably, 

ion fragments (asterisked peaks in Figure 2) derived from the whole antibody or Fc domain 

were detected in ESI–MS analysis, which corresponded to a loss of the drug fragment (~762 

Da) that has been reported in previous studies.24,72 Finally, the Man3-derived antibody 

carrying four azido groups was also conjugated with the payloads, affording another DAR4-

ADC (48) that allowed us to investigate the influence of different components (Scheme 6).
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Comparative Study of the Cancer Cell Killing Potency of the ADCs with Different DARs.

To demonstrate the potency of ADCs with different DARs, we conducted cytotoxicity 

assay in breast cancer cell lines expressing high or low levels of HER2. The results 

showed that all the ADCs achieved significant cell killing of the high target (HER2)—

expressing cell line BT474—and ADCs with higher DARs were more potent, as indicated 

by the half-maximal effective concentration (EC50) values (Figure 3). It was found that 

the potency of the ADCs for cell killing was proportional to the DAR of the ADCs. For 

example, the EC50 of 44 (0.104 nM) was reduced to about a half of that of 43 (0.170 

nM) when the DAR increased from 2 to 4; the EC50 of 46 (0.080 nM) was reduced 

to about threefold of that of 43 when the DAR was increased from 2 to 8 (Figure 3). 

These results are consistent with the previously reported observation, where site-specifically 

conjugated ADCs with varied DARs (2–8) are compared.13 In addition, the site-specific 

high-loaded ADC (e.g., DAR8) is substantially more efficacious than the low-loaded ADC 

(e.g., DAR2) in a mouse xenograft model.13 On the other hand, no substantial killing 

was observed in the T47D cell line that expresses a low level of HER2 by ADCs with 

DAR 2–6 under the tested concentrations, indicating the high selectivity of the ADCs 

for the target cells. However, for ADCs with higher DARs, nonspecific cell killing was 

observed under high concentrations especially for the ADC (47) with DAR12, which 

was not surprising since ADCs carrying multiple hydrophobic linkers tended to attach to 

the cell surface nonspecifically, resulting in cytotoxicity to normal cells independent of 

specific antigen expression. Swapping with hydrophilic payloads might be a solution to 

overcome the nonspecific cell killing. Taken together, the results suggest that ADCs made 

by this method carrying 6–8 payloads per antibody might result in an optimal potency 

and safety profile. In addition to ADCs, the azido-tagged antibodies described here can be 

also used for other antibody conjugations, such as site-selective construction of antibody–

enzyme conjugates,73,74 antibody–cell conjugates,75,76 antibody–antibiotic conjugates,77 

and lysosome-targeting chimeras for targeted protein degradation.78-81

CONCLUSIONS

A general and robust chemoenzymatic method for Fc glycan-mediated antibody labeling 

and conjugation is established. This method is enabled by the design, synthesis, and 

evaluation of various functionalized disaccharide oxazolines as donor substrates for Fc-

specific endoglycosidase-catalyzed transglycosylation. The discovery that wild-type Endo-

S2 exhibited excellent activity toward various selectively modified disaccharide oxazolines 

for transglycosylation, yet the resulting modified antibodies were resistant to enzymatic 

hydrolysis due to the modifications has led to a general platform for site-specific antibody 

labeling and conjugation. In particular, the relaxed substrate specificity of Endo-S2 allows 

direct labeling of antibodies with azide-, biotin-, or fluorescent tags, making it possible to 

achieve single-step labeling of intact antibodies in a site-selective manner. The flexibility to 

introduce varied numbers of azide functional groups provides a general and robust strategy 

to produce homogeneous ADCs with well-defined DARs ranging from 2 to 12. Since all 

the IgG antibodies carry highly conserved Fc-N-glycans, it is expected that this general 

Fc-glycan-mediated labeling and conjugation method will find wide applications not only 

for antibody–drug conjugation but also for cell labeling, imaging, and diagnosis.
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METHODS

Chemical Synthesis of Glycan Substrates.

General.—All chemicals, reagents, and solvents were purchased from Sigma-Aldrich and 

TCI and unless specially noted applied in the reaction without further purification. Thin-

layer chromatography was performed using silica gel on glass plates (Sigma-Aldrich), and 

spots were detected under UV light (254 nm) and then charred with 5% (v/v) sulfuric acid in 

EtOH or cerium molybdate stain followed by heating at 150 °C. Silica gel (200–425 mesh) 

for flash chromatography was purchased from Sigma-Aldrich. NMR spectra were recorded 

on a 400 MHz spectrometer (Bruker, Tokyo, Japan) with CDCl3 or D2O as the solvent. 

The chemical shifts were assigned in ppm, and multiplicities are indicated by s (singlet), d 

(doublet), t (triplet), q (quartet), and m (multiplet). Coupling constants (J) are reported in 

Hertz. MALDI-TOF was performed on a Bruker Autoflex speed mass spectrometer in the 

positive reflectron mode with DHB (ACN/H2O = 1:1) as the matrix. HRMS was performed 

on an Exactive Plus Orbitrap mass spectrometer (Thermo Scientific) equipped with a C18 

column. Preparative HPLC was performed with a Waters 600 HPLC instrument and Waters 

C18 columns (7.0 μm 19 × 300 mm). The column was eluted with a suitable gradient of 

MeCN–H2O containing 0.1% FA at a flow rate of 10 mL/min. The detailed procedures for 

the chemical synthesis of the disaccharide derivatives and other small-molecule compounds 

(1—31, 39, and 40) are provided in the Supporting Information. The syntheses of antibody 

conjugates are described below.

Preparation of Azido-, Biotin-, or TAMRA-Functionalized Antibodies.

General.—LC–MS analysis was performed on an Ultimate 3000 HPLC system coupled to 

an Exactive Plus Orbitrap mass spectrometer (Thermo Fischer Scientific) with a C4 (whole 

antibody, gradient, 5–95% aq MeCN containing 0.1% FA for 6 min, 0.4 mL/min) or C8 

(IdeS digestion, gradient, 25–35% aq MeCN containing 0.1% FA for 6 min, 0.4 mL/min, or 

5–95% aq MeCN containing 0.1% FA for 6 min, 0.4 mL/min) column. Deconvolution data 

were transformed using MagTran software.

Synthesis of 33.—A solution of commercial Herceptin (1.0 mg) and oxazoline 7 (186 

μm, 20 eq per reaction site) was incubated with wild-type Endo-S2 (1.0 μg) at 25 °C in 

40 μL of 150 mM PBS buffer (pH = 7.0), and the reaction was monitored by LC–MS of 

aliquots. Within 1 h, LC–MS analysis indicated the completion of the transglycosylation 

with conversion yield >95%; the product was purified using protein A chromatography to 

give 33 (920 μg as measured using Nanodrop). LC–MS: calculated for the whole antibody, 

M = 147,224 Da; found (m/z), 147,224 (deconvolution data); after IdeS digestion, LC–MS 

calculated for the Fc part, M = 24,813 Da; found (m/z), 24,814 (deconvolution data).

Synthesis of 34.—A solution of commercial Herceptin (1.0 mg) and oxazoline 12 (143 

μg, 20 equiv per reaction site) was incubated with wild-type Endo-S2 (1.0 μg) at 25 °C in 

40 μL of 150 mM PBS buffer (pH = 7.0), and the reaction was monitored by LC–MS of 

aliquots. Within 30 min, LC–MS analysis indicated the completion of the transglycosylation 

with conversion yield >95%; the product was purified using protein A chromatography to 

give 34 (900 μg as measured using Nanodrop). LC–MS: calculated for the whole antibody, 
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M = 146,909 Da; found (m/z), 146,912 (deconvolution data); after IdeS digestion, LC–MS 

calculated for the Fc part, M = 24,656 Da; found (m/z), 24,656 (deconvolution data).

Synthesis of 35.—A solution of commercial Herceptin (1.0 mg) and oxazoline 17 (230 

μg, 20 equiv per reaction site) was incubated with wild-type Endo-S2 (10 μg) at 25 °C 

in 40 μL of 150 mM PBS buffer (pH = 7.0), and the reaction was monitored by LC–MS 

of aliquots. After 2 h, LC–MS analysis indicated the completion of the transglycosylation 

with conversion yield >95%; the product was purified using protein A chromatography to 

give 35 (900 μg as measured using Nanodrop). LC–MS: calculated for the whole antibody, 

M = 147,538 Da; found (m/z), 147,539 (deconvolution data); after IdeS digestion, LC–MS 

calculated for the Fc part, M = 24,970 Da; found (m/z), 24,972 (deconvolution data).

Synthesis of 36.—A solution of commercial Herceptin (1.0 mg) and oxazoline 30 (328 

μg, 20 equiv per reaction site) was incubated with wild-type Endo-S2 (2.0 μg) at 25 °C 

in 40 μL of 150 mM PBS buffer (pH = 7.0), and the reaction was monitored by LC–MS 

of aliquots. After 1 h, another portion of oxazoline (164 μg, 10 equiv per reaction site) 

was added, and the reaction was incubated for another 30 min. When LC–MS analysis 

indicated the completion of the transglycosylation with conversion yield >95%, the product 

was purified using protein A chromatography to give 36 (900 μg as measured using 

Nanodrop). LC–MS: calculated for the whole antibody, M = 148,260 Da; found (m/z), 

148,262 (deconvolution data); after IdeS digestion, LC–MS calculated for the Fc part, M = 

25,332 Da; found (m/z), 25,332 (deconvolution data).

Synthesis of 37.—A solution of commercial Herceptin (1.0 mg) and oxazoline 31 (400 

μg, 20 equiv per reaction site) was incubated with wild-type Endo-S2 (10 μg) at 25 °C 

in 40 μL of 150 mM PBS buffer (pH = 7.0), and the reaction was monitored by LC–MS 

of aliquots. After 30 min, another portion of oxazoline (200 μg, 10 equiv per reaction 

site) was added, and the reaction was incubated for another 30 min. This procedure was 

repeated 2–3 times until LC–MS analysis indicated the conversion yield >90%, and the 

product was purified using protein A chromatography to give 37 (900 μg as measured using 

Nanodrop). LC–MS: calculated for the whole antibody, M = 148,776 Da; found (m/z), 

148,778 (deconvolution data); after IdeS digestion, LC–MS calculated for the Fc part, M = 

25,590 Da; found (m/z), 25,590 (deconvolution data).

Synthesis of 38.—A solution of deglycosylated Herceptin 32 (1.0 mg) and Man3GlcNAc 

tetrasaccharide oxazoline35 (200 μg, 20 equiv per reaction site) was incubated with Endo-S2 

D184M (10 μg) at 25 °C in 100 μL of 150 mM PBS buffer (pH = 7.4), and the reaction was 

monitored by LC–MS of aliquots. Within 30 min, LC–MS analysis indicated the completion 

of the transglycosylation with conversion yield >95%, and the product was purified using 

protein A chromatography to give 38 (910 μg as measured using Nanodrop). LC–MS: 

calculated for the whole antibody, M = 147,344 Da; found (m/z), 147,346 (deconvolution 

data); after IdeS digestion, LC–MS calculated for the Fc part, M = 24,873 Da; found (m/z), 

24,874 (deconvolution data).
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Synthesis of 41.—A solution of commercial Herceptin (100 μg) and Biotin-tagged 

oxazoline 39 (38.4 μg, 20 equiv per reaction site) was incubated with wild-type Endo-S2 

(0.1 μg) at 25 °C in 5 μL of 150 mM PBS buffer (pH = 7.0), and the reaction was 

monitored by LC–MS of aliquots. After 1 h, another portion of oxazoline (19.2 μg, 10 

equiv per reaction site) was added, and the reaction was incubated for another 30 min. 

LC–MS analysis indicated the completion of the transglycosylation with conversion yield 

>95%. LC–MS: calculated for the whole antibody, M = 148,660 Da; found (m/z), 148,663 

(deconvolution data); after IdeS digestion, LC–MS calculated for the Fc part, M = 25,532 

Da; found (m/z), 25,533 (deconvolution data).

Synthesis of 42.—A solution of commercial Herceptin (100 μg) and TAMRA-tagged 

oxazoline 40 (70 μg, 20 equiv per reaction site) was incubated with wild-type Endo-S2 (1.0 

μg) at 25 °C in 5 μL of 150 mM PBS buffer (pH = 7.0), and the reaction was monitored 

by LC–MS of aliquots. After 60 min, another portion of oxazoline (35 μg, 10 equiv per 

reaction site) was added, and the reaction was incubated for another 60 min. This procedure 

was repeated 4–5 times, and LC–MS analysis indicated that the conversion yield was ca. 

85%. LC–MS: calculated for the whole antibody, M = 150,968 Da; found (m/z), 150,967 

(deconvolution data); after IdeS digestion, LC–MS calculated for the Fc part, M = 26,687 

Da; found (m/z), 26,685 (deconvolution data).

Synthesis of 43.—To a solution of 34 (200 μg) in a mixture of 50 mM PB/DMSO (70 

μL/25 μL) was added the drug payload (DBCO-PEG5-VC-PAB-MMAE)43 (5.0 mg/mL, 4.6 

μL, 10 equiv), and the reaction was incubated at room temperature. After LC–MS analysis 

indicated the completion of the reaction, the mixture was diluted with 50 mM PB (3 mL) 

and filtered using a 0.22 μm filter to remove most of the hydrophobic payload, and the 

residue was purified using protein A chromatography to give 43 (150 μg as measured using 

Nanodrop). LC–MS: calculated for the whole antibody, M = 150,313 Da; found (m/z), 

150,314 (deconvolution data); after IdeS digestion, LC–MS calculated for the Fc part, M = 

26,358 Da; found (m/z), 26,359 (deconvolution data).

Synthesis of 44.—To a solution of 33 (200 μg) in a mixture of 50 mM PB/DMSO (70 

μL/20 μL) was added the drug payload (5.0 mg/mL, 9.2 μL, 20 equiv), and the reaction 

was incubated at room temperature. After LC–MS analysis indicated the completion of the 

reaction, the mixture was diluted with 50 mM PB (3 mL) and filtered using a 0.22 μm 

filter to remove most of the hydrophobic payload, and the residue was purified using protein 

A chromatography to give 44 (142 μg as measured using Nanodrop). LC–MS: calculated 

for the whole antibody, M = 154,032 Da; found (m/z), 154,034 (deconvolution data); after 

IdeS digestion, LC–MS calculated for the Fc part, M = 28,217 Da; found (m/z), 28,219 

(deconvolution data).

Synthesis of 45.—To a solution of 35 (200 μg) in a mixture of 50 mM PB/DMSO (70 

μL/19 μL) was added the drug payload (5.0 mg/mL, 11.3 μL, 25 equiv), and the reaction 

was incubated at room temperature. After LC–MS analysis indicated the completion of the 

reaction, the mixture was diluted with 50 mM PB (3 mL) and filtered using a 0.22 μm 

filter to remove most of the hydrophobic payload, and the residue was purified using protein 
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A chromatography to give 45 (120 μg as measured using Nanodrop). LC–MS: calculated 

for the whole antibody, M = 157,750 Da; found (m/z), 157,753 (deconvolution data); after 

IdeS digestion, LC–MS calculated for the Fc part, M = 30,076 Da; found (m/z), 30,079 

(deconvolution data).

Synthesis of 46.—To a solution of 36 (200 μg) in a mixture of 50 mM PB/DMSO (70 

μL/15 μL) was added the drug payload (5.0 mg/mL, 13.6 μL, 30 equiv), and the reaction 

was incubated at room temperature. After LC–MS analysis indicated the completion of the 

reaction, the mixture was diluted with 50 mM PB (3 mL) and filtered using a 0.22 μm 

filter to remove most of the hydrophobic payload, and the residue was purified using protein 

A chromatography to give 46 (120 μg as measured using Nanodrop). LC–MS: calculated 

for the whole antibody, M = 161,876 Da; found (m/z), 161,880 (deconvolution data); after 

IdeS digestion, LC–MS calculated for the Fc part, M = 32,140 Da; found (m/z), 32,143 

(deconvolution data).

Synthesis of 47.—To a solution of 37 (200 μg) in a mixture of 50 mM PB/DMSO (70 

μL/10 μL) was added the drug payload (5.0 mg/mL, 18.5 μL, 40 equiv), and the reaction 

was incubated at room temperature. After LC–MS analysis indicated the completion of the 

reaction, the mixture was diluted with 50 mM PB (3 mL) and filtered using a 0.22 μm 

filter to remove most of the hydrophobic payload, and the residue was purified using protein 

A chromatography to give 47 (100 μg as measured using Nanodrop). LC–MS: calculated 

for the whole antibody, M = 169,200 Da; found (m/z), 169,205 (deconvolution data); after 

IdeS digestion, LC–MS calculated for the Fc part, M = 35,802 Da; found (m/z), 35,805 

(deconvolution data).

Synthesis of 48.—To a solution of 38 (200 μg) in a mixture of 50 mM PB/DMSO (70 

μL/20 μL) was added the drug payload (5.0 mg/mL, 9.2 μL, 20 equiv), and the reaction 

was incubated at room temperature. After LC–MS analysis indicated the completion of the 

reaction, the mixture was diluted with 50 mM PB (3 mL) and filtered using a 0.22 μm 

filter to remove most of the hydrophobic payload, and the residue was purified using protein 

A chromatography to give 48 (130 μg as measured using Nanodrop). LC–MS: calculated 

for the whole antibody, M = 154,151 Da; found (m/z), 154,154 (deconvolution data); after 

IdeS digestion, LC–MS calculated for the Fc part, M = 28,277 Da; found (m/z), 28,279 

(deconvolution data).

Cell Killing Studies with Breast Cancer Cell Lines.

BT474 cells (ATCC HTB-20) were maintained in a suspension in Hybri-Care medium 

(ATCC 46-X) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 

100 μg/mL streptomycin in T-75 flasks (CELLTREAT). T47D cells (ATCC HTB-133) 

were maintained in a suspension in RPMI-1640 medium (ATCC 30-2001) containing 

FBS, 4 mg/L insulin, 100 U/mL penicillin, and 100 μg/mL streptomycin in T-75 flasks 

(CELLTREAT). For the cytotoxicity assays, cells were planted into 96-well plates with 

10,000 cells per well. These plates were incubated overnight at 37 °C and 5% CO2. Serial 

threefold dilution was applied to the ADC samples with the corresponding medium from 

5000 to 0.085 ng/mL. The samples were added to three wells (150 μL per well) with every 
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single concentration, and the cells were cultured at 37 °C and 5% CO2 for three days before 

the addition of cell counting kit-8 (Sigma). The absorbance of formazan released by viable 

cells was measured at 450 nm using a spectrophotometer after incubation for 2–3 h at 37 

°C and 5% CO2. Finally, the EC50 values and the cell viability curve were calculated using 

GraphPad Prism software.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
One-pot and site-specific labeling and conjugation of antibodies enabled by simultaneous 

deglycosylation and transglycosylation with wild-type Endo-S2.
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Figure 2. 
LC–ESI–MS analysis of ADC 46. (a) Whole antibody analysis of compound 36; (b) whole 

antibody analysis of compound 46; (c) Fc domain of compound 36; and (d) Fc domain of 

compound 46. Asterisked peaks indicate the ion fragments derived from the intact antibody 

(b) or the Fc domain (d). Shift of molecular weight for the whole antibody: 161,880 – 

148,262 = 13,618 ≈ 1702 × 8 (equaling to attachment of eight payloads) and for the Fc 

fragment: 32,143 – 25,332 = 6811 ≈ 1702 × 4 (equaling to attachment of four payloads).

Zhang et al. Page 19

ACS Chem Biol. Author manuscript; available in PMC 2022 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cell killing studies in the breast cancer cell line BT474 (HER2 overexpression) and T47D 

(HER2 low expression). All assays were performed in triplicate. aRepresentative results of 

two independent assays. bAverage of two independent assays for the BT474 cell line.
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Scheme 1. Synthesis of Disaccharide Oxazoline 7 Carrying Two Azide Tagsa

aReagents and conditions: (a)DDQ, CH2Cl2/H2O, 0 °C ~ RT, and 90%; (b) BH3·THF, 

Bu2BOTf, CH2Cl2, 0 °C, and 94%; (c) AcSH, pyridine/CHCl3, RT, and 82%; (d) 

N3(CH2CH2O)3Ts, NaH, DMF, 0 °C ~ RT, and 78%; (e) NaBrO3, NaS2O4, EtOAc/H2O, 

RT, and 65%; and (f) DMC, Et3N, H2O, 0 °C, and 90%.
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Scheme 2. Synthesis of Disaccharide Oxazolines 12 and 17 Carrying One or Three Azide Tagsa

aReagents and conditions: (a) BH3·THF, Bu2BOTf, CH2Cl2 0 °C, and 91%; (b) AcSH, 

pyridine/CHCl3, RT, and 84%; (c) N3(CH2CH2O)3Ts, NaH, DMF, 0 °C ~ RT, 10, 89%, 15, 

and 73%; (d) NaBrO3, NaS2O4, EtOAc/H2O, RT, and 90%; (e) DMC, Et3N, H2O, 0 °C, 

12, 90%, 17, and 85%; (f) AcSH, pyridine/CHCl3, 60 °C, and 85%; (g) TFA, CH2Cl2, −20–

0 °C, and 82%; (h) Pd/C, H2, HCl (aq), THF/H2O, then, TfN3, K2CO3, CuSO4, CH2Cl2/

MeOH/H2O, RT, and 66%.
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Scheme 3. Synthesis of Disaccharide Oxazolines 30 and 31 Carrying Four or Six Azide Tagsa

a Reagents and conditions: (a) N3(CH2CH2O)2Ts, NaH, DMF, and 0 °C ~ RT; (b) TsOH, 

MeOH, 60 °C, 20, 72% for two steps, 21, and 54% for two steps; (c) TsO(CH2CH2O)2Ts, 

NaH, DMF, 0 °C ~ RT, 22, 85%, 23, and 72%; (d) 24, NaH, DMF, 0 °C ~ RT, and 78%; (e) 

25, NaH, DMF, 0 °C ~ RT, and 74%; (f) Pd/C, H2, HCl (aq), THF/H2O, then TfN3, K2CO3, 

CuSO4, CH2Cl2/MeOH/H2O, RT, 28, 67%, 29, and 59%; and (g) DMC, Et3N, H2O, 0 °C, 

30, 89%, 31, and 84%.
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Scheme 4. One-Pot Transglycosylation with Different Azido-Tagged Disaccharide Oxazolinesa

aReagents and conditions: the reactions were conducted with 20 equiv oxazolines in PBS 

buffer at 25 °C; (a) one additional portion of oxazoline (10 equiv) was added after 1 h; (b) 

three more portions of oxazoline (10 equiv each) were added every 30 min.
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Scheme 5a. 
aReagents and conditions: the reactions were conducted with 20 equiv oxazolines in PBS 

buffer; (a) in the case of the biotin tag, one additional portion (10 equiv) of oxazoline 39 was 

added after 60 min; (b) in the case of the fluorescent tag, four more portions (10 equiv each) 

of oxazoline 40 were added every 60 min to push the reaction to completion.
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Scheme 6. Synthesis of Structurally Defined ADCs with Different DARs by Click Chemistrya

aReagents and conditions: the azido-tagged antibodies (final concentration 2 mg/mL) 

were incubated with DBCO-PEG5-VC-PAB-MMAE (3.3–5.0 equiv/per azido group) in 

DMSO/50 mM PB (3:7, v/v) at room temperature for 8–24 h.

Zhang et al. Page 26

ACS Chem Biol. Author manuscript; available in PMC 2022 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang et al. Page 27

Ta
b

le
 1

.

Sc
re

en
in

g 
of

 th
e 

T
ra

ns
gl

yc
os

yl
at

io
n 

C
on

di
tio

ns

E
N

G
as

es

tr
an

sg
ly

co
sy

la
ti

on

pr
od

uc
t 

hy
dr

ol
ys

is
ox

az
ol

in
e 

(e
qu

iv
)a

en
zy

m
e 

(w
/w

) 
(%

)
ti

m
e 

(h
)

co
nv

er
si

on
 y

ie
ld

 (
%

)

E
nd

o-
S2

20
0.

1
1

98
<

1%
c

E
nd

o-
S2

 D
18

4M
20

1
2

70
no

E
nd

o-
S

20
 +

 2
0

1
2

65
no

E
nd

o-
S 

D
23

3Q
20

10
3

15
no

E
nd

o-
F3

20
10

3
<

5
d 

E
nd

o-
F3

 D
16

5A
20

10
3

<
5

d 

E
nd

o-
A

20
10

3
0 

(<
5%

b )
d 

E
nd

o-
D

20
10

3
0 

(1
0%

b )
no

E
nd

o-
C

C
20

10
3

0 
(<

5%
b )

d 

a B
as

ed
 o

n 
ea

ch
 g

ly
co

sy
la

tio
n 

si
te

.

b N
on

fu
co

sy
la

te
d 

an
tib

od
y 

(G
lc

N
A

c-
H

er
ce

pt
in

) 
w

as
 u

se
d 

as
 th

e 
ac

ce
pt

or
, a

s 
th

es
e 

th
re

e 
en

zy
m

es
 d

o 
no

t r
ec

og
ni

ze
 th

e 
Fu

ca
1,

6G
lc

N
A

c-
an

tib
od

y 
as

 th
e 

ac
ce

pt
or

.

c A
ft

er
 6

 h
 a

t r
oo

m
 te

m
pe

ra
tu

re
.

d N
ot

 d
et

er
m

in
ed

.

ACS Chem Biol. Author manuscript; available in PMC 2022 November 19.


	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Chemical Synthesis of the Azido-Tagged Disaccharides.
	Chemical Synthesis of the Disaccharide Derivatives Carrying a Cluster of Azide Groups.
	Evaluation of the Synthetic Disaccharide Oxazolines as Donor Substrates for Enzymatic Antibody Glycan Remodeling.
	One-Pot Chemoenzymatic Fc Glycan Remodeling with Different Azido-Tagged Disaccharide Oxazolines using Wild-Type Endo-S2.
	One-Pot Chemoenzymatic Fc Glycan Remodeling with Biotin- and Fluorophore-tagged Disaccharide Oxazolines.
	Synthesis of Structurally Well-Defined, Homogeneous ADCs by Copper-free Strain-Promoted Click Reactions.
	Comparative Study of the Cancer Cell Killing Potency of the ADCs with Different DARs.

	CONCLUSIONS
	METHODS
	Chemical Synthesis of Glycan Substrates.
	General.

	Preparation of Azido-, Biotin-, or TAMRA-Functionalized Antibodies.
	General.
	Synthesis of 33.
	Synthesis of 34.
	Synthesis of 35.
	Synthesis of 36.
	Synthesis of 37.
	Synthesis of 38.
	Synthesis of 41.
	Synthesis of 42.
	Synthesis of 43.
	Synthesis of 44.
	Synthesis of 45.
	Synthesis of 46.
	Synthesis of 47.
	Synthesis of 48.

	Cell Killing Studies with Breast Cancer Cell Lines.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Scheme 1.
	Scheme 2.
	Scheme 3.
	Scheme 4.
	Scheme 5a
	Scheme 6.
	Table 1.

