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Abstract

Glycan-mediated interactions are essential in many biological processes and regulate a wide 

variety of cellular functions. However, characterizing these interactions is difficult because glycan 

biosynthesis is not template-driven and because carbohydrate recognition events are usually low-

affinity and transient. Photocrosslinking carbohydrate probes can form a covalent bond with 

molecules in close proximity upon UV irradiation, and are capable of capturing interactions 

between glycans and glycan-binding proteins in situ. Because of these advantages, multiple 

photocrosslinking carbohydrate probes have been designed and applied to study the biological 

functions of glycans. This review will discuss recent advances in the development of novel 

photocrosslinking functional groups and the design of photocrosslinking probes to detect 

interactions mediated by glycolipids, peptidoglycan, and multivalent carbohydrate ligands. These 

probes have demonstrated the potential to address some of the major challenges in the study of 

glycan-mediated interactions in both model systems and in more complex biological settings.
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Schematic representation of photocrosslinking probes and their applications in the study of 

glycan-mediated interactions.

Introduction

Glycosylation is a common posttranslational modification (PTM) that is characterized by the 

addition and extension of carbohydrates on proteins and lipids [1]. Glycosylation is essential 

in many biological processes, including regulation of protein folding and trafficking, 

protein-ligand interactions, signal transduction, cell-cell interactions and cell-matrix 

interactions [1,2]. Deficiencies in glycosylation pathways can lead to more than a hundred 

human diseases [3], and dysregulation of glycosylation has been associated with multiple 

human diseases, including diabetes, neurodegenerative diseases, and cancers [4–6]. Glycans 

are also involved in numerous host-pathogen interactions, such as the adhesion of pathogens 

to host cells and recognition of host receptors by some bacterial toxins [1,2].

Many glycan functions are achieved through direct interactions between glycans and glycan-

binding proteins (GBPs) [1,2]. However, characterization of these interactions is 

challenging. Unlike proteins and nucleic acids, the “non-template” nature of glycan 

biosynthesis makes it almost impossible to predict the glycan structures by simply 

examining gene expression [1]. Glycosylation is also a highly dynamic and context-

dependent process, varying in different species and tissues and in response to various 

environmental stimuli [1]. In addition, glycan-mediated interactions are usually low-affinity 

[7], which makes them difficult to study using traditional methods for analyzing protein-

protein interactions (PPIs) like co-immunoprecipitation and affinity chromatography. 

Adding to this complexity is the compartment-specificity of some carbohydrate-dependent 

interactions, as interactions may be restricted by the localization of some glycans and GBPs 

in specific organelles or microdomains [7,8].

To address these challenges, photoactivable crosslinkers (photocrosslinkers) have been 

applied in characterizing glycan-protein interactions [9,10]. Photocrosslinkers can be 

activated upon UV irradiation and form a covalent bond to nearby molecules, making them 
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capable of capturing low-affinity and transient interactions covalently [11]. This allows for 

harsh washing during purification processes, reducing co-elution of nonspecific proteins. 

Furthermore, some photocrosslinking probes can be used in live cells and capture the 

interactions in situ, leading to the identification of more physiologically relevant interactions 

[8]. Therefore, these photocrosslinkers have been used to study the interactions of proteins 

with a wide variety of ligands, including small molecules, lipids, glycans and proteins [9–

12].

Here, we will review recent advances in the development of novel photocrosslinking groups, 

the design of photocrosslinking carbohydrate probes, and the application of these probes in 

the study of glycan-protein interactions.

Novel photocrosslinking functional groups for carbohydrates

The most commonly used photocrosslinkers are benzophenone (BP), diazirine (DAz) and 

aryl azide (AAz) (Figure 1a). All three photocrosslinkers can be activated by UV irradiation 

to generate highly reactive intermediates, which form covalent bonds to biomolecules in 

close proximity [11]. Although BP, AAz and DAz have been widely used to study the 

interactions of proteins with various ligands, limitations in the application of these 

photocrosslinkers still exist. For example, although these photocrosslinkers are generally 

considered to be non-selective, they still demonstrate some extent of preference towards 

different amino acids [13–15]. Other concerns include the non-specific binding through 

hydrophobic interactions and the possibility of the photocrosslinking groups to sterically 

interfere with protein binding, especially when photocrosslinkers with bulky aryl groups 

(BP, AAz and aryl DAz) are used [16]. Furthermore, AAz and DAz can only be irreversibly 

activated by UV irradiation and may undergo photolysis and rearrangement after UV 

irradiation, leading to the reduced efficiency of photoaffinity labeling (PAL) [11,16–18]. 

Therefore, novel photocrosslinkers with improved properties and different mechanisms of 

crosslinking have the potential to enhance study of protein-ligand interactions.

Recently, thienyl-substituted α-ketoamide (Figure 1b) has been employed for PAL for the 

first time. Despite their known photoactivity, α-ketoamides have not been used for PAL 

because of their instability under physiological conditions [17]. By screening for optimal 

photochemical properties of α-ketoamide with different α-substituents, Sodeoka and 

coworkers successfully identified thienyl-substituted α-ketoamide as a photocrosslinker that 

is potentially useful in biological settings [17]. Thienyl-substituted α-ketoamide displays 

reasonable stability in the aqueous environment and a suitable half-life under UV irradiation 

for PAL. To demonstrate the utility of the photocrosslinker, the authors tested its ability to 

crosslink a carbohydrate to a lectin (a GBP that binds to specific monosaccharides or glycan 

structures). Indeed, mannose-conjugated thienyl-substituted α-ketoamide was crosslinked 

successfully to ConA, a mannose-binding lectin. Crosslinking was inhibited by α-D-methyl 

mannose, confirming its specificity. In the presence of nontarget proteins or HeLa cell 

lysates, the thienyl-substituted α-ketoamide probe showed higher specificity and efficiency 

compared to BP, AAz and aryl DAz probes, possibly because it is less hydrophobic. 

Although more detailed studies on the photochemical properties of thienyl-substituted α-

ketoamide are needed before further applications, current data suggest that thienyl-
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substituted α-ketoamide may be an alternative for BP and AAz, especially when nonspecific 

crosslinking is a concern.

Another category of novel photocrosslinking groups are based on tetrazole. In addition to its 

established application in photoclick chemistry [19], tetrazoles (Figure 1c) were recently 

reported to possess photocrosslinking activity [20,21]. These tetrazole-based 

photocrosslinkers have been applied to crosslink small molecules [20–22] and proteins to 

their binding partners [23,24]. Tetrazole-based photocrosslinkers can be crosslinked to 

biological nucleophiles and can be optimized for additional functions. For example, Yao and 

coworkers designed diaryl tetrazole photocrosslinkers that include fluorophores. These 

photocrosslinkers demonstrate increased fluorescence after being crosslinked to proteins, 

which therefore enables no-wash imaging [21]. Although tetrazole-based photocrosslinking 

groups have not yet been used to crosslink carbohydrates to proteins, they have potential 

applications in glycobiology such as cellular imaging of glycan-protein interactions.

Photoaffinity probes for glycolipids

Glycolipids are composed of a glycan head and lipid tails. As with glycoproteins, a variety 

of glycan structures can be identified on glycolipids, ranging from a single monosaccharide 

to more complex glycans such as the blood group antigens [1]. Glycolipids are also involved 

in multiple biological processes, such as regulation of signal transduction, intercellular 

interactions, and pathogen invasion [1]. However, study of glycolipids is challenging 

because of their small size and amphiphilic nature. Moreover, the glycan heads and the lipid 

tails of the glycolipids both vary among different cell types [1,25], making it critical to 

capture glycolipid-mediated interactions in situ. Therefore, multi-functional glycolipid 

probes have been designed to characterize these interactions. These probes can be 

functionalized on the glycan and/or the lipid part [25,26]. Strategies for the synthesis of 

glycolipid probes have been reviewed recently [25]. In this review we will focus only on the 

design and applications of photocrosslinking glycolipid probes in recent years (Figure 2a).

The design of the photocrosslinking glycolipid probes usually includes both a 

photocrosslinking group, as well as an additional functional group(s) that allows for tracking 

of the probes. For example, Mizuno and coworkers designed two photocrosslinking 

glycolipid probes with DAz or BP for photocrosslinking and a fluorescent BODIPY group 

for imaging, each located at the end of a lipid chain [27]. Functional groups that enable 

isolation of the crosslinked complexes have also been used in photocrosslinking glycolipid 

probes because they facilitate identification of the crosslinked GBPs [28–30]. Strategies that 

have been used to synthesize and study other non-glycosylated lipids may also be applied for 

glycolipids [25,31]. For example, Schultz and coworkers designed several trifunctional lipid 

probes that contain a photocrosslinking group, a caging group, and a bio-orthogonal alkyne 

group [32]. The addition of a photocleavable caging group allows for rapid release of the 

bioactive lipids by a pulse of light, which reduces undesired metabolism of lipids before the 

crosslinking and increases the accuracy in studies of lipid-protein interactions. On the other 

hand, crosslinking of the trifunctional lipid probes to proteins prevents further diffusion or 

loss of the probes during the fixation and washing, therefore benefits microscopic studies on 

localization and transport of the lipids. Furthermore, the rapid uncaging processes enable 
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time-dependent studies [31,32]. Because of these advantages, trifunctional glycolipid probes 

may be designed and become useful in glycobiology.

Bifunctional photocrosslinking glycolipid probes have been applied successfully to solve 

biological questions. For example, Lei and coworkers designed a bifunctional glycolipid 

probe that mimics the dilinolenoyl fatty acid ester of monogalactosyldiacylglycerol 

(dilinolenoyl MGDG) [30]. Dilinolenoyl MGDG is a plant glycolipid that demonstrates anti-

inflammatory activity in human peripheral blood neutrophils through unidentified 

mechanisms [30]. A fatty acid with a DAz and an alkyne group was used to replace one of 

the fatty acid chains of dilinolenoyl MGDG. The glycolipid probe was then crosslinked to 

human chondrocytes, and the alkyne group was modified with a biotin-azide using the 

copper (I) catalyzed azide-alkyne cycloaddition (CuAAC). The proteins crosslinked to the 

probes were isolated and analyzed by proteomics, leading to the identification of toll-like 

receptor 4 (TLR4) and another protein as candidate receptors. From the two candidates, 

TLR4 was further confirmed as a functional receptor for dilinolenoy MGDG using a variety 

of biochemical methods. This study provides an example of how photocrosslinking 

glycolipid probes can be used with complementary methods to identify and validate the 

binding partners of glycolipids from complex biological systems.

In addition to applications in receptor identification, photocrosslinking glycolipids have also 

been used to stabilize noncovalent interactions mediated by glycolipids. Porcelli and 

coworkers used analogs of α-galactosylceramide (α-GC) with a BP group on a fatty acid 

chain with various lengths to crosslink α-GC analogs to CD1d, a protein that presents lipid 

antigens to invariant natural killer T cells (iNKT cells) [33]. These analogs can be 

crosslinked to both purified recombinant CD1d and CD1d expressed on antigen-presenting 

cells, leading to the formation of stable covalent conjugates. Although lower activity was 

observed for α-GC analogs with shorter lipid chains bound non-covalently to CD1d, 

crosslinking improved their potency and extended the duration of activity in vivo. Therefore, 

photocrosslinking α-GC analogs with shorter lipid chains may be useful in 

immunotherapies, because they are expected to retain activity in stimulating iNKT cells 

while reducing the side effects due to dissociation of the α-GC analogs. These findings 

suggest that carbohydrate photocrosslinkers can potentially be useful in antigen presentation 

and aid in the development of glycan-based immunotherapies.

Multivalent photocrosslinking probes for carbohydrates

The interactions between individual glycans and GBPs are usually low-affinity. However, 

GBPs are often composed of multiple lectin domains that can bind to glycans, resulting in 

increased avidity through multivalent recognition [34,35]. Numerous multivalent glycan-

based probes have been designed based on various scaffolds, including nanoparticles, small 

organic molecules, polymers, dendrimers, liposomes, and peptides [35–37]. Despite the 

improved affinity by increasing valency of binding, co-elution of nonspecific proteins still 

causes a major challenge in the identification of the real targets. To address this challenge, 

multivalent carbohydrate probes functionalized by photocrosslinkers have been designed 

[38–43]. Among them, a polymer-based multivalent photocrosslinking carbohydrate probe 

was used successfully to identify novel GBPs that recognize fucose-α(1–2)-galactose from 
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rat brain lysates [40]. Here we highlight recent progress in the design and use of multivalent 

photocrosslinking probes for the study of glycan-mediated interactions.

Gold nanoparticles (AuNPs) have been used as a scaffold in the design of many multivalent 

carbohydrate probes. AuNPs can be easily and covalently modified with multiple functional 

groups, which allows for facile optimization. Therefore, AuNPs have been used to study 

glycan-biomolecule interactions and also demonstrated potential therapeutic applications, 

such as targeted drug delivery and detection of pathogens [35,44]. Recently, Okada and 

coworkers designed some multivalent carbohydrate probes that include photocrosslinking 

groups (Figure 2b) and are based on a AuNP scaffold [42]. The covalent crosslinking of 

GBPs to the probes allowed for the harsh washes with guanidine hydrochloride, largely 

reducing nonspecific interactions. As a proof of principle, lactose- and BP-modified AuNPs 

were used to purify PNA, a galactose-recognizing lectin, from a mixture of PNA and HeLa 

cell lysates. They successfully eluted PNA from AuNPs and observed minimal co-elution of 

nonspecific proteins.

Another recent study on multivalent carbohydrate photocrosslinkers used a small organic 

molecule as the scaffold. Lin and coworkers designed a photo-cleavable biotin tag to be used 

with a photocrosslinking multivalent carbohydrate probes (Figure 2c) [43]. This study took 

advantage of their previous observation that enhanced crosslinking of GBPs can be achieved 

using a photocrosslinking probe with an aryl DAz and a trivalent galactose unit compared to 

a single galactose [41]. In a recent study, the trivalent galactose unit, an aryl DAz, and a 

cyclooctyne were combined in a single probe. To enable the facile release of crosslinked 

GBPs, a photo-cleavable biotin-azide tag was designed. After the multivalent carbohydrate 

probe was crosslinked to GBPs, this biotin-azide tag was conjugated to the multivalent probe 

through the strain-promoted azide-alkyne cycloaddition (SPAAC). This cleavable probe 

allowed for the facile release of target proteins by UV irradiation, and also reduced the co-

elution of nonspecific proteins bound to the beads. The probe and the photo-cleavable tag 

were then used to successfully purify RCA120, a lectin that recognizes β-galactose, from the 

mixture of RCA120 and mouse brain lysates.

These multivalent carbohydrate photocrosslinking probes take advantage of both multivalent 

interactions and photocrosslinking, which greatly enhances their ability in capturing low-

affinity glycan-protein interactions. Although many of these probes have so far been used 

only to crosslink GBPs with known specificity, these probe molecules as well as the general 

design principles can potentially be used in future studies to identify novel GBPs.

Applications of carbohydrate photocrosslinkers

In the development of novel carbohydrate photocrosslinkers, the first step is usually to 

crosslink these probes to GBPs with known specificity. After optimization, these 

photocrosslinkers may be applied in more physiologically relevant systems to solve 

biological questions [9,10]. Here we will review a few recent examples to demonstrate the 

application of carbohydrate photocrosslinkers.
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Work from our lab and others [8,45–48] has shown that some photocrosslinking 

carbohydrate probes can be metabolically incorporated into cellular glycans (Figure 3a and 

3b). These probes are usually analogs of natural carbohydrates so that they can enter the 

glycan biosynthesis pathways and become incorporated into cellular glycans. To promote the 

cellular uptake, these analogs are sometimes ester derivatized [46,47]. For example, 

photocrosslinking carbohydrate analogs of sialic acid or its precursor N-acetylmannosamine 

(ManNAc) have been developed for metabolic labeling [8,45,46,48–51]. These analogs can 

be metabolized by cells and be incorporated into cell surface glycans on both proteins and 

lipids. These analogs have been used to study interactions between cell surface 

glycoconjugates with GBPs, including CD22 [8,52] and cholera toxin B subunit [53–56]. In 

addition to photocrosslinking analogs, Chen and coworkers developed a bifunctional sialic 

acid analog functionalized by a DAz and an alkyne group that can be incorporated into cell 

surface glycans (Figure 3a) [48]. This bifunctional probe enables both crosslinking and 

purification, and is therefore a potentially powerful reagent for the discovery and 

characterization of glycan-mediated interactions.

Another photocrosslinking analog that mimics N-acetylglucosamine (GlcNAc) has been 

used to study O-linked GlcNAc (O-GlcNAc), a single sugar PTM on the serine or threonine 

residues on numerous cytoplasmic and nuclear proteins [1]. O-GlcNAcylation has been 

reported to regulate multiple cellular processes, such as nutrient- and stress-responses, signal 

transduction, gene transcription, and chromatin modification. Furthermore, dysregulation of 

O-GlcNAcylation is associated with a number of diseases, including neurodegenerative 

diseases, diabetes, and cancer [57–60]. Despite the large number of proteins identified to be 

O-GlcNAcylated [61], the exact functions of O-GlcNAcylation on many proteins remain 

unknown. To study the interactions mediated by O-GlcNAc, Kohler and coworkers 

developed a photocrosslinking analog of GlcNAc functionalized by a DAz group (GlcNDAz; 

Figure 3b) [47]. The precursor of GlcNDAz can be metabolized by genetically-modified 

mammalian cells to generate DAz-functionalized UDP-GlcNAc, a nucleotide sugar that is 

the donor for various GlcNAc transferases. The functionalized UDP-GlcNAc can then be 

used by O-GlcNAc transferase (OGT) to modify proteins.

Recently, Boyce and co-workers used GlcNDAz to study the interactions regulated by O-

GlcNAc on several components of the coat protein complex II (COP II), which mediates the 

cargo trafficking from the endoplasmic reticulum (ER) [62]. They first mapped the O-

GlcNAc modification sites and then used GlcNDAz to successfully crosslink several COP II 

components to known or unknown protein binding partners, suggesting that O-GlcNAc is 

directly involved in these interactions. To identify the functional O-GlcNAc modification 

sites on SEC23A, an essential component of COP II, serine or threonine residues identified 

as potential O-GlcNAc modification sites were individually mutated to alanine. Five mutants 

demonstrated weakened or eliminated crosslinking of SEC23A, among which the S184A 

mutant was identified to impair the trafficking of collagen in human chondrosarcoma cells. 

In other studies, GlcNDAz was used to study the functions of vimentin O-GlcNAcylation 

[63] and the recognition of O-GlcNAcylated proteins by “reader” proteins [64]. Because of 

the short half-life of the carbene formed from DAz, GlcNDAz are expected to only capture 

biomolecules in close proximity. Therefore, this crosslinking approach is primed to capture 

binding interactions where O-GlcNAc is near the interaction interface, including interactions 
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that may be directly mediated by O-GlcNAc. This is an advantage to placing the crosslinker 

directly on the O-GlcNAc modification, as compared to other chemical crosslinking 

approaches, which may capture PPIs without distinguishing whether the interactions are 

mediated by O-GlcNAc.

Photocrosslinking carbohydrate probes have also been constructed for non-mammalian 

glycans. For example, Grimes and coworkers have been working to metabolically 

incorporate analogs of N-acetyl muramic acid (MurNAc) into peptidoglycan in live bacteria 

[65]. Recently, they successfully synthesized analogs of UDP-MurNAc modified with 

different functional groups, including DAz, using chemoenzymatic methods [66]. These 

photocrosslinking analogs may be applied in future co-culture assays to study interactions 

mediated by bacterial peptidoglycan. Another tool to study bacterial peptidoglycan is the 

photocrosslinking probes that mimic bacterial peptidoglycan fragments designed by Hang 

and coworkers. These probes were synthesized chemically and used to study the interactions 

of peptidoglycan fragments with receptors in mammalian cells [67]. Among these probes, x-

alk-MDP (Figure 3c) is a photocrosslinking analog of muramyl-dipeptide (MDP), one of the 

peptidoglycan fragments. The ability of MDP to bind to and activate nucleotide-binding 

oligomerization domain-containing protein 2 (NOD2) has been shown previously [68–71], 

but the direct binding had not been demonstrated in cells. Using x-alk-MDP, they 

successfully captured the interaction of MDP with NOD2. Surprisingly, Arf GTPases were 

also identified as novel binding partners of MDP by proteomic analysis of the crosslinked 

complexes and they were shown to form a complex with NOD2 and MDP. X-alk-MDP was 

also used to crosslink the Arf6 and NOD2 mutants, which revealed that a Crohn’s disease 

mutant of NOD2 abrogated the formation of MDP:Arf6:NOD2 complex.

These studies provide examples of how photocrosslinking carbohydrate probes can be 

applied to pinpoint the binding interactions in which glycans engage within complex 

physiological systems. We anticipate that more photocrosslinking carbohydrate probes will 

be developed to identify physiologically-significant glycan-dependent phenomena in cellular 

settings.

Conclusions and perspectives

Glycans are essential biomolecules and mediate many important biological interactions. 

Although the illumination of molecular mechanisms of glycan functions has accelerated in 

recent years, there is still much to be uncovered in glycobiology [2]. However, glycan-

mediated interactions are usually challenging to study using traditional methods. Therefore, 

efforts have been made on development and applications of chemical biology methods, 

including the employment of photocrosslinking carbohydrate probes to address the 

challenges in glycobiology.

While this review focuses on photocrosslinkers, it is worthwhile to note that chemical 

crosslinkers that are not photoactive can also be applied to covalently capture carbohydrate 

binding interactions [72,73]. Photoactivable and chemical crosslinkers have complementary 

advantages. Photocrosslinkers are generally considered to be noninvasive and can be 

activated at any time by UV-irradiation. Incorporation of photocrosslinkers into 
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biomolecules eliminates the necessity for the crosslinkers to diffuse to the interacting sites 

and potentially allows for time-dependent studies [11]. Photocrosslinkers are also generally 

considered to be less selective than chemical crosslinkers, because many chemical 

crosslinkers require specific amino acid(s) to achieve crosslinking. Nevertheless, chemical 

crosslinkers may demonstrate higher crosslinking efficiency [73]. Furthermore, some 

chemical crosslinkers can be added externally, eliminating the necessity to incorporate the 

crosslinkers into the biomolecules. This makes these crosslinkers easy to use and also 

minimizes the possibility of disturbing interactions by introducing unnatural functional 

groups. In addition to photoactivable and chemical crosslinkers, mechanism-based probes 

have also been designed to covalently label glycosyltransferases and glycosidases [74]. 

Unlike photocrosslinking carbohydrate probes, these mechanism-based probes should 

display higher selectivity towards glycosyltransferases and glycosidases compared to other 

GBPs. Therefore, they are powerful tools for enzyme characterization.

Most studies discussed here used photocrosslinking carbohydrate probes to identify GBPs 

from complex biological systems. However, photocrosslinkers have also been used to 

stabilize an interaction covalently to prevent dissociation of the glycan-protein complexes 

[33]. Photocrosslinkers have been used in concert with mass spectrometry (MS) to identify 

substrate binding pockets in enzymes involved in glycan biosynthesis [10]. Additionally, MS 

analysis of a glycan-protein binding interaction via crosslinking (albeit not photoactivated 

crosslinking) has provided information that is complementary to that obtained by NMR 

spectroscopy [75]. Indeed, PAL is now being applied successfully to locate the crosslinking 

sites for proteins crosslinked to small molecules [20,76,77], other proteins [78] and 

glycolipids [33]. Taken together, these studies predict future applications of PAL in 

characterizing the molecular details of glycan recognition events.

Because of the advantages demonstrated by photocrosslinkers in studying glycan-protein 

interactions, we anticipate that novel photocrosslinking carbohydrate probes will continue to 

be designed and developed. Furthermore, new methods to incorporate the photocrosslinking 

probes into biomolecules chemically or metabolically will facilitate the use of such reagents. 

The next generation of probes may address some of the limitations on current ones. For 

example, the application of bifunctional carbohydrate analogs that can be metabolically 

incorporated into cellular glycans, such as the 9Az-SiaDAz (Figure 3a) [48], may allow the 

ready isolation of the crosslinked glycan-protein complexes. In addition, such bifunctional 

probes can potentially be coupled with other probes through click chemistry, such as photo-

cleavable biotin tags [43] for optimal purification and fluorescent tags for imaging. 

Combined with other chemical biology methods, current and emerging photocrosslinking 

carbohydrate probes will greatly assist our understanding of how glycans function in 

physiological and pathological contexts.
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Figure 1. Structures of biocompatible photocrosslinkers.
(a) Structures of benzophenone (BP), diazirine (DAz), aryl azide (AAz) and the formation of 

their corresponding intermediates after UV irradiation. (b) Structure of thienyl-substituted 

α-ketoamide and the formation of intermediate after UV irradiation. (c) Structures of 

tetrazole-based photocrosslinkers.
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Figure 2. Design of recent glycolipid photocrosslinking probes and multivalent carbohydrate 
photocrosslinkers.
(a) Design of representative glycolipid photocrosslinking probes from recent studies. 

Photocrosslinking groups, purification tags, and fluorophores can be incorporated into a 

single probe on lipid tails and glycan heads. (b) Design of multivalent carbohydrate 

photocrosslinkers based on gold nanoparticles (AuNPs). (c) Design of a multivalent 

carbohydrate photocrosslinker and a photocleavable biotin purification tag. The multivalent 

photocrosslinker can be modified covalently with the photocleavable biotin purification tag 

through strain-promoted azide-alkyne cycloaddition (SPAAC).

Wu and Kohler Page 16

Curr Opin Chem Biol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Structures of photocrosslinking carbohydrate probes and their applications in cells.
(a) Structure of 9Az-SiaDAz and its metabolism in cells. After entering the cells, 9Az-

SiaDAz is metabolized to generate functionalized CMP-sialic acid (CMP-9Az-SiaDAz), 

which is used by sialyltransferases inside the Golgi, resulting in 9Az-SiaDAz incorporation 

into cell surface glycans. (b) Structure of GlcNDAz precursor and its metabolism in cells. 

GlcNDAz precursor can enter cells, be deprotected, and be metabolized by genetically-

modified cells to generate functionalized UDP-GlcNAc (UDP-GlcNDAz). UDP-GlcNDAz 

is then used by OGT to modify proteins. (c) Structures of a photocrosslinking analog of 

peptidoglycan fragment muramyl-dipeptide (MDP), which crosslinks to and promotes 

interactions between NOD2 and Arf GTPases.
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