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Abstract

In situ modification of glycans requires extraordinary molecular recognition of highly complex 

and subtly different carbohydrates, followed by reactions at precise locations on the substrate. 

We here report synthetic catalysts that under physiological conditions cleave a predetermined 

oligosaccharide block such as a branched trimannose or the entire N-glycan of a glycoprotein, 

while nontargeted glycoproteins stay intact. The method also allows α2–6-sialylated galactosides 

to be removed preferentially over the α2–3 linked ones from cell surfaces, highlighting the 

potential of these synthetic glycosidases for glycan editing.

Graphical Abstract

In situ modification of glycans or glyco-editing of glycoproteins, membrane, and cell 

surface is a powerful tool to elucidate the roles of specific glycans and alter the biological 

functions associated with them.1–4 Glyco-editing requires molecular recognition of highly 

complex glycans from their subtly different structural analogues, followed by reactions 

at precise locations for the desired transformation. Since few chemical reagents have the 

Corresponding Author: zhaoy@iastate.edu. 

Supporting Information 
Synthesis and characterization of materials, experimental details, ITC titration curves, LC-MS chromatographs, additional figures, and 
NMR and MS data. This material is available free of charge via the Internet at http://pubs.acs.org.

The authors declare no competing financial interests.

HHS Public Access
Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2025 February 21.

Published in final edited form as:
J Am Chem Soc. 2024 February 21; 146(7): 4346–4350. doi:10.1021/jacs.3c13700.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org


required selectivities,5 enzymes such as glycosyltransferases,6–10 exoglycosidases2,11 and 

endoglycosidases12 are the most popular tools. If nontargeted glycans made of similar 

building blocks and/or linkages are present along with the targeted ones, even enzymes 

become inadequate in their selectivities.

Glycan-recognizing materials can be prepared via molecular imprinting using boronic acid 

functional monomers (FMs).13–17 Techniques are also available to control the orientation 

of the binding sites.18–20 We herein report “artificial glycosidases”,21–28 specifically 

designed for highly selective glycan deletion. The method involves molecular imprinting 

of neoglycoconjugates such as 1a–b in the mixed micelles of cross-linkable surfactants 

5a/5b using boroxole 2 as the FM (Scheme 1).29,30 Photoaffinity labeling of the imprinted 

site using 4 via nitrene C–H insertion31 installs an isophthalic acid moiety in the active site, 

mimicking the dicarboxylic acid motif of glycosidase.32,33 MINPs are generally decorated 

with surface ligand 6a for facile purification of the material (see SI for details).

Table 1 shows that as prepared MINPGlc1 binds photoaffinity label 4 strongly (entry 1). 

(MINPGlc1 and MINPGlc2 refer to the MINP prepared with 1a and 1b as the template, 

respectively.) Successful imprinting is also supported by the 3.5 times stronger binding for 

glucose over maltose (entries 2–3) and the negligible binding of glucose by the nonimprinted 

nanoparticles (NINPs) (entry 15). After the photoaffinity labeling, the resulting MINPGlc1-

COOH binds the sugars more strongly (entries 4–5), likely due to additional hydrogen 

bonds formed between the guest and the nearby isophthalic acid of the covalently attached 

photoaffinity label. MINPGlc2 shows a reversed selectivity, with a 7.6:1 ratio favoring 

maltose Glc2, further supporting the success of the molecular imprinting (entries 7–8). 

Photo-functionalization of MINPGlc2 (to form MINPGlc2–COOH) again enhances the 

binding for both sugars while maintaining the selectivity towards Glc2 (entries 9–10).

Amphiphilicity of the template suggests the imprinted site at the end will be close to the 

micelle surface. This is ideal for a glycan-cleaving catalyst, because it should be able to 

“bite” a predetermined block of sugars inside the imprinted active site and cleave it at 

the point of connection from the rest of the structure using its diacid group. Meanwhile, 

the rest of the larger sugar guest (the magenta-colored R in Scheme 1) should stay in the 

aqueous solution for proper solvation. (For the same reason, although the template molecule 

is mostly in the β form, the resulting MINP catalyst should cleave both α- and β-linked 

glycans.)

MINPGlc1-COOH indeed cleaves maltose with ~80% yields over pH 4.5–6.5 but the 

yield drops precipitously over pH 6.5–7.0 (Figure S21a). Natural glycosidase employs a 

protonated carboxylic acid as a general acid and another deprotonated carboxylate as either 

a general base or a nucleophile to catalyze the cleavage of glycosidic bonds.32,33 Optimal 

catalysis generally occurs between pH 4 and 6, and higher pHs cause deprotonation of the general acid and a loss of 

activity.34,35 Our catalysts likely operate by a similar mechanism.

When used to break down maltotetraose, MINPGlc1-COOH affords predominantly glucose 

(72%) as it removes one sugar residue at a time. Meanwhile, MINPGlc1 without the 

photoaffinity label, MINPGlc1 with the noncovalently bound photoaffinity label, the 
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photoaffinity label 4 by itself, or 4 in combination with NINPs display no activity (Figure 

21b). MINPGlc2-COOH, the catalyst designed to “bite off” Glc2 units, yields maltose as the 

major product as expected (75%), with glucose as the minor product (7%). Both MINPs 

display Michaelis–Menten kinetics (Table S1, Figure S47). Consistent with the binding of 

the 4,6-diol by the boroxole group on the nonreducing end of glucose on the substrate, the 

catalytic efficiency of MINPGlc1-COOH for maltose or maltulose is nearly 5 times higher 

than that for galactose-terminated lactose.

Editing of biological glycans is more demanding on the selectivity. Branched Man3, for 

example, is not only found at the end of Man5GlcNAc2 (the most abundant glycan on avian 

ovalbumin or OVA),36 but also at an internal branching point (Figure 1). Yet, MINPMan3-

COOH, prepared following similar procedures in Scheme 1 using Man3 as the templating 

glycan, cleaves the terminal Man3 selectively. The center of the peaks for OVA decreases 

by ~500 m/z units in the MALDI mass spectrum (Figure S30a,b), while the cleaved product 

shows a dominant peak for Man3 (Figure S31). OVA has a single glycan on Asn-292.36 

The entire N-glycan can be cleaved by sodium hypochlorite, which destroys the protein 

structure at the same time.37 Using the cleaved glycan mixture as the templates, we prepared 

MINPOVA-COOH, which in principle should remove the entire N-glycan. To our delight, 

after MINP hydrolysis, the center of the OVA peaks decreases by about 1200 m/z units 

(Figure S30c), with Man5GlcNAc2 as the main cleaved product (Figure S32).

The glycans on OVA36 and RNase B38 are similar (i.e., high mannose type) but differ 

from those on transferrin (Tf)39 and IgG.40 When a mixture of OVA/BSA/Tf/IgG is 

treated with MINPMan3-COOH and MINPOVA-COOH, respectively, only OVA undergoes 

the desired editing (Figure 2a). When OVA and RNase B are present in the mixture 

of RNase B/OVA/BSA/Tf, both undergo the desired cleavages (Figure 2b). Horseradish 

peroxidase (HRP) has a similar M.W. as OVA. With its N-glycans mostly in the form 

of (Xyl)xManm(Fuc)fGlcNAc2,41 it is not cleaved under the same experimental conditions 

(Figure S33).

Sialic acids (Sia) are frequently found as terminal monosaccharides of biological glycans on 

the outer surface of cells.42 Two wild-type sialidases are available based on their substrate 

selectivities—one selective toward α2–3-linked sialic acids and the other with broad 

specificity. There is a strong need to differentiate glycans terminated with α2–6-versus 

α2–3-sialyl linkages,43,44 because these glycans are used by influenza viruses for infection 

and switching in the binding specificity for the two glycans is key to the crossover of the 

viruses from animals to human.45

Our method readily produces a synthetic endoglycosidase to cleave α2–6-linked sialic acids, 

using template 8a made from disaccharide 7a (Figure 1). The resulting MINP7a-COOH 

cleaves Neu5Acα2–6Gal from trisaccharide 9 and more complex sialyglycopeptide (SGP) 

in ~70% yields while the nontargeted trisaccharide 10 stays completely intact. In contrast, 

MINP7b-COOH prepared using the α2–3-linked 7b as the templating sugar only cleaves the 

corresponding 10 without touching the mismatched 9 (Figures S34–46).
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MINP7a-COOH could also cleave α2–6-sialylated galactosides from cells. Figure 3a shows 

that MDA-MB-231 cells have both Neu5Acα2–6Gal (stained green) and Neu5Acα2–3Gal 

(stained red). Overlay of the green and red images indicates that many regions of the 

membranes have sialic acids with both sialyl linkages (showing a yellow/orange color) 

while isolated spots are enriched with one or the other. Consistent with the selectivities 

of the natural sialidases, the cells treated with α2–3-sialidase have the α2–3-linked sialic 

acids preferentially removed and the cells treated with the nonspecific sialidase both α2–3- 

and α2–6-linked sialic acids removed (Figure 3a, the middle two rows of images). Most 

importantly, the cells treated with MINP7a-COOH has its green fluorescence significantly 

reduced over the red. As a result of the selective cleavage of Neu5Acα2–6Gal, the overlaid 

image is dominated with a red color (Figure 3a, last row of images), instead of yellow/

orange in the untreated sample or green in the α2–3-sialidase-treated one.

The above selectivity was quantified by fluorescence-activated cell sorting (FACS). As 

shown in Figure 3b, MINP7a-COOH lowers the green fluorescence of the stained cells 

(from Neu5Acα2–6Gal) by ~64%, similarly as the nonspecific sialidase (by 75%). Figure 

3c shows that MINP7a-COOH is practically unreactive toward Neu5Acα2–3Gal, since the 

red emission stays nearly unchanged from that of the untreated sample. (According to Figure 

3a, α2–3-sialidase cleaves Neu5Acα2–3Gal efficiently from the cells. However, the spectral 

overlap between the green and red emissions and the 20 times stronger green emission 

interfere with detection in the red channel, which shows ca. 20% reduction in intensity for 

the α2–3-sialidase-treated sample in Figure 3c.)

It is economical for a cell to use a small number of exoglycosidases to break down diverse 

glycans to recycle the monosaccharides. When used for glycan editing, however, common 

glycosidases are severely limited due to their inability to differentiate glycans made of 

similar building blocks/linkages. Glycosidases are some of the most proficient enzymes 

in nature. The digestive maltase-glucoamylase, for example, has a catalytic efficiency of 

>7000 M−1 s−1,46 whereas our comparable MINPs (for maltose or maltotetraose) have a 

value of 33–63 M−1 min−1 (Table S1). Although there is much room for improvement 

in activity, our catalysts do cleave natural glycans under physiological conditions with 

exquisite selectivity. Their custom-designed substrate-selectivity enables them to delete a 

predetermined block of sugars directly from glycoproteins or even cell surfaces. Facile 

one-step synthesis of the templates from unprotected glycans, the 2-day/1-pot preparation of 

MINP, and the straightforward photoaffinity labeling make them potentially very useful tools 

in glyco-editing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of key glycans used in this work.

Zangiabadi et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2025 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
MALDI spectra of (a) OVA/BSA/Tf/IgG and (b) RNase B/OVA/BSA/Tf. The spectra are for 

the untreated protein mixture, protein mixture treated with MINPMan3-COOH, and protein 

mixture treated with MINPOVA-COOH from top to bottom. The inset in Figure 2a shows the 

expanded OVA peak with the desired cleavages. The cleavage was performed with [protein] 

= 5 mg/mL and [MINP] = 0.5 mg/mL at 37°C for 24 h.
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Figure 3. 
(a) Fluorescence imaging of MDA-MB-231 cells under bright field image, in the blue 

channel (to visualize the nucleus-binding Hoechst 33342), in the green channel (to visualize 

Neu5Acα2–6Gal stained by FITC-SNA I), in the red channel (to visualize Neu5Acα2–3Gal 

stained by biotinylated MAL-II lectin and Rhodamine-labelled streptavidin), and overlay of 

the green and red channel. The cells were untreated and treated with an α2–3-sialidase, a 

nonspecific α2–3/6/8/9 sialidase, and MINP7a-COOH (functionalized with surface ligand 

6b so that the MINPs were not internalized by cells), respectively, from top to bottom. 

(b) Fluorescent intensity of differently treated MDA-MB-231 cells in the green channel 

determined by FACS. (b) Fluorescent intensity of differently treated MDA-MB-231 cells in 

the red channel determined by FACS.
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Scheme 1. 
Preparation of a glycan-cleaving catalyst from molecular imprinting of a cross-linked 

micelle, with the surface ligands omitted for clarify. A schematic representation of 

MINPGlc2 with the boroxole-bound template 1b is shown in the right panel.
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Table 1.

Binding properties of MINPs determined by isothermal titration calorimetry (ITC).a

entry host guestb Ka (×103 M−1) Krel c

1 MINPGlc1 4 425 ± 23 -

2 MINPGlc1 Glc1 4.24 ± 0.26 1

3 MINPGlc1 Glc2 1.22 ± 0.31 0.29

4 MINPGlc1-COOH Glc1 9.51 ± 0.87 1

5 MINPGlc1-COOH GlC2 2.41 ± 0.62 0.25

6 MINPGlc1-COOH Glc4 2.21 ± 0.33 0.23

7 MINPGlc2 Glc1 1.48 ± 0.62 0.13

8 MINPGlc2 Glc2 11.3 ± 1.14 1

9 MINPGlc2-COOH Glc1 4.26 ± 0.73 0.10

10 MINPGlc2-COOH Glc2 42.3 ± 1.58 1

11 MINPGlc2-COOH Glc4 10.4 ± 1.24 0.25

12 MINPMan3-COOH Man3 3.79 ± 0.22 1

13 MINPMan3-COOH OVA 2.51 ± 0.23 0.66

14 MINPOVA-COOH OVA 1.78 ± 0.36 1

15 NINP Glc1 <0.01

a
Titrations were performed in duplicates with the indicated errors in 10 mM MES buffer (pH 6.5) at 298 K.

b
Glc1, Glc2, and Glc3 refer to glucose, maltose, and maltotriose, respectively.

c
Krel is the binding constant of a guest relative to that of the templating sugar for a particular MINP.
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