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Abstract

:

Carbohydrate-protein conjugates have diverse applications. They have been used clinically as vaccines against bacterial infection and have been developed for high-throughput assays to elucidate the ligand specificities of glycan-binding proteins (GBPs) and antibodies. Here, we report an effective process that combines highly efficient chemoenzymatic synthesis of carbohydrates, production of carbohydrate-bovine serum albumin (glycan-BSA) conjugates using a squarate linker, and convenient immobilization of the resulting neoglycoproteins on carboxylate-coated fluorescent magnetic beads for the development of a suspension multiplex array platform. A glycan-BSA-bead array containing BSA and 50 glycan-BSA conjugates with tuned glycan valency was generated. The binding profiles of six plant lectins with binding preference towards Gal and/or GalNAc, as well as human galectin-3 and galectin-8, were readily obtained. Our results provide useful information to understand the multivalent glycan-binding properties of human galectins. The neoglycoprotein-immobilized fluorescent magnetic bead suspension multiplex array is a robust and flexible platform for rapid analysis of glycan and GBP interactions and will find broad applications.
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1. Introduction


Glycan-binding proteins (GBPs), anti-glycan antibodies, and many carbohydrate-active enzymes display distinct glycan-binding profiles [1]. Glycan-protein interactions are well known to be involved in diverse biological processes such as infection [2,3], inflammation [4,5], and tumor metastasis [1]. The related studies have attracted increasing interest for both basic and clinical research purposes.



Glycan arrays composed of a large library of glycans immobilized on a type of solid support provide a powerful high-throughput approach to examine glycan-protein interactions. The format allows the capture of multiple copies of glycans on the surface, thus mimicking the multivalent glycan-protein interactions in nature [6]. Various printed slide-based flat surface glycan microarray technologies have been established [7,8,9,10,11,12,13], which have greatly helped to advance our understanding of the glycan-protein interactions. Although successful, the technical demands of using the high precision robotic arraying instrument and high-resolution imaging system for the printed flat surface array technology make it less accessible to non-experts and difficult to be translated to clinical settings [10,14,15]. In comparison, Luminex fluorescent magnetic bead-based suspension arrays [16,17,18,19,20] are rapid, sensitive, flexible, reproducible, easy to use multiplexed assays, and are well suited for analyzing large number of samples [16,18,19,20]. The fluorescent magnetic bead-based array platform is developed from the flow cytometry principle and uses analytes immobilized on beads of 5–7 μm diameter that are identifiable by embedded unique fluorophore combinations [16,18,20]. Numerous Luminex bead-based assays have been approved by the United States Food and Drug Administration (FDA) for clinic diagnosis purposes [18,19,21].



Similar to the printed flat surface glycan microarrays, glycan (the analyte) purity, linker choice (length, structure, function group, etc.), conjugation chemistry, and conditions used will affect the glycan spacing, density, orientation [6,22], and the overall quality of the Luminex fluorescent magnetic bead-based suspension glycan arrays [21], which influence the results of the glycan-protein interaction studies.



Substantial information regarding GBP-binding specificities has been obtained from microarrays with glycans printed on the flat surface of slides. Some variations regarding GBP-binding specificity have been observed among different arrays [7,8,22,23]. For example, Gildersleeve and coworkers compared their neoglycoprotein-printed slide microarray data for eight plant lectins to those obtained by the Consortium for Functional Glycomics (CFG) using glycan-printed slide microarrays and found that the data from CFG correlated better to those obtained with the low-density neoglycoproteins [22]. In general, generating neoglycoproteins for glycan microarray studies has the significant advantage of being able to determine and control glycan density.



On the other hand, accessing high quantity and structurally defined homogenous glycans by synthesis [24] provides another advantage of reducing the ambiguity of the analyte purity and structure that may be inherited by the materials isolated from natural sources.



Here, we report the combination of highly efficient chemoenzymatic synthesis of oligosaccharides, generation of glycan-bovine serum albumin (glycan-BSA) neoglycoproteins with low and high glycan valencies using a squarate linker, and immobilization of the glycan-BSA on fluorescent magnetic beads (MagPlex beads or Bio-Plex Pro Magnetic COOH Beads) for the development of a multiplex suspension array to study glycan-protein interactions using a Bio-Plex Multiplex Assay System. The strategy and workflow are illustrated in Figure 1. We selected 24 glycosides (with sizes ranging from monosaccharides up to tetrasaccharides) containing D-glucose (Glc), D-galactose (Gal), N-acetyl-D-glucosamine (GlcNAc), N-acetyl-D-galactosamine (GalNAc) with various glycosidic linkages. By generating and immobilizing these glycan-BSA neoglycoproteins on MagPlex beads, we established a glycan bead array containing a BSA control and 50 glycan-BSA neoglycoprotein conjugates (two glycan-BSA conjugates with low and high glycan valencies, respectively, for each glycan except for LacNAc-BSA conjugate which has four different LacNAc valencies). We established an efficient multiplex binding assay process and characterized the glycan-binding profiles of six plant lectins and two human galectins.




2. Results


2.1. Glycan Synthesis


There are twenty-four glycosides in the glycan library including eight monosaccharides (1–8), six disaccharides (9–14), seven trisaccharides (15–21), and three tetrasaccharides (22–24) containing Glc, Gal, GlcNAc, GalNAc with various glycosidic linkages differing on regio- and stereo-specificities (Table S1). In addition to the propylazide (PropN3)-tagged glycans terminated with GlcNAc, Gal, GalNAc at the non-reducing end that we synthesized previously [25,26,27,28,29,30], GlcαPropN3 (1), GlcβPropN3 (2), GalαPropN3 (3), Galα3LacβPropN3 (15), Galα3LacNAcβPropN3 (16), Galα4LacβPropN3, (17), Galα4LacNAcβPropN3 (18), GalNAcβ3LacβPropN3 (20), and Galβ3GlcNAcβ3LacβPropN3 (LNT) (22) (Scheme 1) were chemically or enzymatically synthesized. These glycans are important molecular recognition components in glycoproteins, glycolipids, and milk oligosaccharides [31]. For example, glycans carrying Gal or GalNAc residue at the terminal and subterminal positions are the most common receptors for microbial adhesion, which is a process often required for microbial infections [32,33]. Galβ4GlcNAcβOR (Type-2) glycans have been found on the surface of most mammalian cell types; and Galβ3GlcNAcβOR (Type-1) glycans are common components of the O-glycans on glycoproteins and glycolipids presented by the epithelial cells of mammalian gastrointestinal or reproductive tracts [31]. Lac, LNT, LNnT are important milk oligosaccharides [34]. Other glycans such as GA2, GA1, LacNAc, Gb3, iGb3, etc., are components of biologically important glycosphingolipids [29,35].



GlcαPropN3 (1), GlcβPropN3 (2), and GalαPropN3 (3) were synthesized chemically. Briefly, GlcαPropN3 (1) was synthesized from D-glucose (D-Glc) and chloropropanol in the presence of an ion-exchange resin (H) using microwave-assisted Fischer glycosylation reaction, followed by the conversion of the chloride to azide by treating with sodium azide (NaN3) in dimethylformamide (DMF) with a total yield of 67% in two steps. GlcβPropN3 (2) was synthesized via glycosylation of peracetylated glucose trichloroacetimidate with azidopropanol in the presence of boron trifluoride diethyl etherate (BF3·Et2O), followed by de-O-acetylation using sodium methoxide (NaOMe) in methanol (MeOH). Fischer glycosylation of D-galactose (D-Gal) with chloropropanol in the presence of acetyl chloride (AcCl) produced GalαPropCl, which was converted to GalαPropN3 (3) by treating with NaN3 in DMF with a total yield of 75% in two steps.



Galα3LacβPropN3 (15), Galα3LacNAcβPropN3 (16), Galα4LacβPropN3, (17), Galα4LacNAcβPropN3 (18), GalNAcβ3LacβPropN3 (20), and Galβ3GlcNAcβ3LacβPropN3 (LNT) (22) were synthesized from LacβPropN3 (13) or LacNAcβPropN3 (14) using glycosyltransferase-containing one-pot multienzyme (OPME) systems with in situ generation of the sugar nucleotide donor of the glycosyltransferase. Using LacβPropN3 (13) and LacNAcβPropN3 (14) as the glycosyltransferase acceptor substrates in an OPME α1–3-galactosylation system containing a recombinant bovine α1–3-galactosyltransferase (Bα3GalT) [36] and uridine 5′-diphosphate galactose (UDP-Gal) biosynthetic enzymes including Streptococcus pneumoniae TIGR4 galactokinase (SpGalK) [37], Bifidobacterium longum UDP-sugar pyrophosphorylase (BLUSP) [38], and Pasteurella multocida inorganic pyrophosphatase (PmPpA) [30], iGb3 trisaccharides Galα1–3LacβPropN3 (15) and Galα1–3LacNAcβPropN3 (16) were readily synthesized in 93% and 92% yields, respectively. On the other hand, Gb3 trisaccharides Galα1–4LacβPropN3 (17) and Galα1–4LacNAcβPropN3 (18) were obtained in excellent 94% and 93% yields from LacβPropN3 (13) and LacNAcβPropN3 (14), respectively, via an OPME α1–4-galactosylation system containing N. meningitidis α1–4-galactosyltransferase (NmLgtC) [39] and the UDP-Gal biosynthetic enzymes including SpGalK, BLUSP, and PmPpA. α-Gal epitope Galα1–3LacNAc is presented abundantly on glycolipids and glycoproteins of non-primate mammals, prosimians, and New World monkeys and has important clinical significance [40]. Galα1–3Lac is the trisaccharide unit of iGb3 glycosphingolipid that has been found on various tissues of many non-primate mammals [41], and iGb3 was reported to act as an endogenous ligand for iNKT cells [42]. P1 trisaccharide Galα1–4LacNAc is the trisaccharide moiety of the P1 antigen, which is one of the key antigens present on red blood cells [43,44]. Galα1–4Lac, also known as the Pk antigen, is the trisaccharide unit of Gb3 glycosphingolipid, which is highly expressed on various tumor cells [45].



For the synthesis of GalNAcβ3LacβPropN3 (20), N. meningitidis β1–3-N-acetylglucosaminyltransferase (NmLgtA) was utilized. Although NmLgtA has been used commonly for the formation of GlcNAcβ3Lac/LacNAc linkages, it was shown to be able to form GalNAcβ3Lac-type structures efficiently [46]. Trisaccharide GalNAcβ3LacβPropN3 (20) was synthesized from LacβPropN3 (13) and N-acetyl-D-galactosamine (GalNAc) in 90% yield using a one-pot four-enzyme GalNAc-activation and transfer system containing NmLgtA [35] and uridine 5′-diphosphate N-acetylgalactosamine (UDP-GalNAc) biosynthetic enzymes including Bifidobacterium longum strain ATCC55813 N-acetylhexosamine-1-kinase (BLNahK) [47], Pasteurella multocida N-acetylglucosamine uridylyltransferase (PmGlmU) [48], and PmPpA. GalNAcβ3Lac was the oligosaccharide component of ganglioside GAA-7 which showed excellent neuritogenic activity to neuron-like rat adrenal pheochromocytoma (PC12) cells [49,50].



LNTβPropN3 (22) was synthesized from GlcNAcβ3Galβ4GlcβPropN3 (19) [28] and Gal in an excellent 97% yield using an OPME Gal-activation and transfer system containing SpGalK, BLUSP, PmPpA, and Chromobacterium violaceum β1–3-galactosyltransferase (Cvβ3GalT) [51]. LNT is an oligosaccharide component of lacto-series glycosphingolipids, and also a major human milk oligosaccharide (HMOS) [34,35,52].




2.2. Glycan-BSA Neoglycoprotein Synthesis


The propylazide aglycone in the structurally defined homogeneous synthetic glycans (1–24) was reduced by catalytic hydrogenation (Pd/C in water and MeOH) to form glycans with a propylamine aglycone (glycosyl propylamines) [53] which were ready for conjugation.



Diethyl squarate (3,4-diethoxy-3-cyclobutene-1,2-dione), a homobifuncational linker that has been used broadly to conjugate glycans to proteins and other carriers [54,55,56,57], was chosen for conjugating our synthetic glycosyl propylamines to BSA. Glycan-BSA neoglycoproteins were prepared in two steps including squarate derivatization of the glycan followed by conjugation with BSA.



For the first step, the formation of glycan squarate monoamides, not diamides, was desirable. This was achieved by the higher rate formation of monoamides than diamides in the reactions of a primary or secondary amine and the diethyl squarate [54,58] with a control of the reaction pH and the ratio of the glycan and diethyl squarate. We found that a co-solvent containing a 1:1 ratio of 100 mM NaHCO3 and ethanol at pH 9.0 and a diethyl squarate:glycan molar concentration ratio of 2.5:1 were efficient conditions for the formation of the desired glycan squarate monoamide. Diethyl squarate hydrolysis was minimized under these conditions. In general, the reaction was completed in 3 h at room temperature and a yield of around 80% was achieved after purification with a CombiFlash chromatography system equipped with a C18 column. The purified glycan squarate monoamides were analyzed and confirmed by high-resolution mass spectrometry (HRMS) (Table S1).



In the second step for the conjugation of the glycan squarate monoamide to BSA, the ratio of the two reagents was varied in the reaction to test its effect in influencing the glycan valency in the BSA conjugate. We chose a NaHCO3 buffer (250 mM) at pH 9.0 [54] and used lactosyl β-propylamine (LacβPropNH2, obtained from LacβPropN3 13 by reduction) as a model glycan. The obtained glycan-BSA conjugates were analyzed by MALDI-TOF mass spectrometry and the results were used to calculate the average glycan number per BSA, represented as the glycan valency shown in Table S2. When the molar ratio of LacβPropNH2 to BSA used for the conjugation was increased from 20:1 to 100:1, the average number of glycans per BSA (glycan valency) increased from 12 to 36 (Table S2). Therefore, the glycan-BSA valency can be easily controlled by adjusting the glycan to BSA ratio in the squarate coupling process.




2.3. Glycan-BSA Immobilization to MagPlex Beads


To determine the amount of glycan-BSA conjugate needed for maximal coating of the MagPlex beads, Lacβ-BSA conjugate with an average of 36 glycans per BSA molecule was used as a model system and Ricinus communis agglutinin I (RCA-I), a plant lectin recognizing β-linked lactose [59], was used for detection. As shown in Figure S1, 10 µg (0.12 nmol) of Lacβ-BSA per 25 µL of beads (0.3 × 106 beads) was found to be sufficient for maximal coating as increasing the amount of Lacβ-BSA did not increase the RCA-I binding outcome (Figure S1). The condition was shown to be efficient for the preparation of a glycan-bead library containing 50 different glycan-BSA conjugates and a BSA control (region #14) immobilized on MagPlex beads with 51 different fluorescence regions (one region per glycan-BSA conjugate, see Table S1). The beads of different regions immobilized with different molecules were then pooled together (the same number of beads were used for each bead region immobilized with specific glycan-BSA conjugate or BSA) and used for the assays described below.




2.4. Suspension Multiplex Array Assays for Plant Lectins


The bead-based suspension multiplex glycan array platform was used to obtain the glycan-binding profiles of six biotinylated plant lectins including Artocarpus integrifolia Lectin (AIA), peanut agglutinin (PNA), Erythrina cristagalli Lectin (ECA), Wisteria floribunda agglutinin (WFA), Griffonia simplicifolia lectin-I (GSL-I), and RCA-I which recognize Gal and/or GalNAc residues.



As shown in Figure 2, the panel of 50 glycan-BSA-beads presenting 24 different glycans clearly differentiates the binding profiles of the six plant lectins tested. In consistent with known general binding preferences of these lectins [22,60,61,62,63,64,65,66], no significant binding of Glcα/βOR (glycans #1 and #2) or GlcNAcβOR (glycan #6) by any of these lectins was observed. Quite interestingly, weak binding of GlcNAcαOR (glycan #5) by GSL-I was observed. In general, among the lectins tested, AIA had the highest specificity while RCA-I had the most promiscuous binding preference towards this library of glycans. PNA, WFA, and GSL-I had almost complete complementary binding specificities except for GalNAcα/βOR (glycans #7 and #8) which was bound by both WFA and GSL-I, and LacβOR (#13) which was recognized by both PNA and WFA. ECA bound only to a subset of glycans that were recognized by WFA. Except for the weak binding of RCA-I to the lower valency Galα4LacNAcβOR (#18), it was not recognized by any other lectins tested, while its counterpart trisaccharide Galα4LacβOR (#17) was recognized by both GSL-I and RCA-I very well. Among the oligosaccharides tested, GlcNAcβ3LacβOR (#19) was the only one that was not recognized by any lectins tested, while both GSL-I and RCA-I bound monosaccharide glycosides Galα/βOR (glycans #3 and #4) and GalNAcα/βOR (glycans #7 and #8) strongly, all disaccharides and tetrasaccharides tested, especially those with the higher valency presentation, were recognized by RCA-I but not by GSL-I.



Our array data showed that AIA bound strongly to GalNAcαOR (#7) and Galβ3GalNAcαOR (#11), while PNA bound strongly to Galβ3GalNAcα/βOR (#11 and #12) and LacβOR (#13) but not GalNAcαOR (#7). These results were consistent with previous reports regarding AIA’s binding specificity to both Tn antigen (GalNAcα) and TF antigen (Galβ3GalNAcα) [62] and PNA’s binding preference towards TF antigen [61,62] and lactose (Lac) [63] but not Tn antigen [62]. The strong binding of PNA to Galβ3GalNAcβ4LacβOR (GA1, #23) was also observed.



Similar to the previous observation that ECA recognized LacNAc better than Lac [64], our multiplex assay results showed that LacNAcβOR (#14) was the most preferred ligand for ECA while it also bound weakly to LacβOR (#13), LacNAcβ3LacβOR (LNnT, #24), and GalNAcαOR (#7) which was reported previously to inhibit ECA binding to human blood type O erythrocytes [64].



WFA was known to bind selectively to GalNAc- and Gal-terminated glycans [65,67] and was used as an effective diagnostic biomarker for some diseases such as liver fibrosis, liver cirrhosis, prostate, and ovarian cancer, cholangiocarcinoma, and IgA nephropathy [68,69,70]. In our assay, we observed that WFA bound strongly to GalNAc-terminated glycans including GalNAcα/βOR monosaccharide glycosides (#7 and #8), GalNAcβ3LacβOR (#20), and GalNAcβ4LacβOR (GA2, #21), as well as Gal-terminated glycans that was β1–3 or β1–4-linked to GlcNAc or Glc including Galβ3GlcNAcα/βOR (#9 and #10), LacβOR (#13), LacNAcβOR (#14), Galβ3GlcNAcβ3LacβOR (LNT, #22), and LacNAcβ3LacβOR (LNnT, #24). It bound only weakly to high valency Gal-terminated glycans that was β1–3-linked to GalNAc such as Galβ3GalNAcβOR (#12) and Galβ3GalNAcβ4LacβOR (GA1, #23).



GSL-I has been used to identify glycans terminated with α-linked Gal or GalNAc on the cell surface [66] and in tissues [71]. In our assay, we observed strong binding of GSL-I to Galα/βOR (#3 and #4) and GalNAcα/βOR (#7 and #8) monosaccharide glycosides although the binding signal to GalβOR (#4) was lower than others. Strong binding of GSL-I to trisaccharides Galα3LacβOR (iGb3, #15) and Galα4LacβOR (Gb3, #17) was observed, while its binding to Galα3LacNAcβOR (#16) was weaker and no binding to Galα4LacNAcβOR (#18) was detected. The results indicate the importance of the underlying distal glycan residue structure for recognition by GSL-I.



RCA-I has been commonly used to validate and cross-validate different glycan arrays [17,22]. Its binding specificity has been investigated extensively. Consistent with previous reports using printed slide flat surface arrays [13,22,60], RCA-I bound strongly to α or β-linked Gal (#3 and #4) and GalNAc (#7 and #8) monosaccharide glycosides as well as β1–4-linked galactosides such as LacβOR (#13), LacNAcβOR (#14), LacNAcβ3LacβOR (LNnT, #24), and α1–4-linked galactoside Galα4LacβOR (Gb3, #17), but not to β1–4-GalNAc-terminated glycan GalNAcβ4LacβOR (GA2, #21) or β1–3-GlcNAc-terminated glycan GlcNAcβ3LacβOR (#19) in our suspension multiplex bead array. Different from no binding of RCA-I to Galβ3GlcNAcβOR on bead array with immobilized glycans [17] or weaker binding of RCA-I to Galβ3GlcNAc-terminated LNT than Galβ4GlcNAc-terminated on a printed glycan slide flat surface array [72], our suspension multiplex neoglycoprotein-immobilized bead array showed that RCA-I bound strongly to these glycans including Galβ3GlcNAc-terminated glycans Galβ3GlcNAcα/βOR (#9 and #10) and Galβ3GlcNAcβ3LacβOR (LNT, #22). These results aligned better with those obtained from neoglycoprotein-printed slide flat surface arrays [22] which showed strong binding of RCA-I to both Galβ3GlcNAcβOR (glycan valency 15) and Galβ4GlcNAcβOR (glycan valency 15) although the binding for the latter was stronger. Our array showed that RCA-I also bound strongly to Galβ3GalNAc-terminated glycans Galβ3GalNAcβ4LacβOR (GA1, #23), Galβ3GalNAcβOR (#12), and high valency Galβ3GalNAcαOR (#11) as well as glycans with α1–3- or α1–4- terminated Gal including Galα3LacβOR (iGb3, #15), Galα3LacNAcβOR (#16), and high valency Galα4LacβOR (#17). Quite interestingly, RCA-I’s binding to Galα4LacNAcβOR (#18) was weaker than that to Galα4LacβOR (#17) which differed from the former glycan only at the C2-group on the third monosaccharide from the non-reducing end.




2.5. Multiplex Suspension Array Assays for Recombinant Human Galectin-3 and 8


Galectins are a class of lectins named after their β-galactoside-binding preference [73]. While all galectins recognize the key Galβ3/4GlcNAc unit in their ligands [74,75], some have evolved their glycan-binding specificity and have enhanced affinity for ‘repeated’ or ‘branched’ glycans to achieve their functions by multivalent interactions [75,76]. The high-affinity interactions between galectins and glycans assembled at the surface of cells and in the extracellular matrix play important roles in triggering signaling response and modulating biological functions [77,78,79]. Not only the glycan structure but also the density and spatial organization of glycan determinants influence the functions of galectins [80].



We chose to investigate the binding preference of human galectin-3 and galectin-8 using our focused neutral glycan-BSA library with the bead-based multiplex assay. Galectin-3, the only member of the chimera-type galectin, is involved in many biological processes, such as controlling cell-cell and cell-matrix interactions, adhesion, proliferation, apoptosis, immunity, and involvement in the pathogenesis of numerous diseases [81,82,83]. Galectin-8, a member of the tandem-repeat-type galectins, also mediates cell-cell and cell-matrix interactions and is widely expressed in many organs and tissues under physiological or pathological conditions such as inflamed synovia, osteoarthritis, and tumors [84].



As shown in Figure 3, galectin-3 and galectin-8 shared some similarities and differences in their binding profiles toward the glycans in the array. Both bound strongly to low and high valency Galβ4GlcNAβ3LacβOR (LNnT, #24) and high valency Galβ3GlcNAcβ3LacβOR (LNT, #22). They also bound to Galα3LacβOR (iGb3, #15) although less strongly. High valency LacβOR (#13) was recognized by both galectins only moderately. Except for weak binding of high valency GlcαOR (glycan #1) and GalNAcβOR (glycan #8) by galectin-3, monosaccharide glycosides tested were not good ligands for either galectin. The results were consistent with a previous report that galectin-8 did not bind to monosaccharide Gal or GlcNAc in a printed slide flat surface array [85]. While minimal binding to Galβ3GalNAαOR (#11) was observed for both galectins, Galα4LacβOR (#17) and GalNAcβ4LacβOR (GA2, #21) were not recognized by either galectin. Their binding towards other glycans varied. Galα4LacNAcβOR (#18), GlcNAcβ3LacβOR (#19), and high valency Galβ3GlcNAcα/βOR (#9 and #10), LacNAcβOR (#14), and Galα3LacNAcβOR (#16) were bound by galectin-3 either moderately or strongly but only weakly by galectin-8. In contrast, galectin-8 bound to high valency Galβ3GalNAcβOR (#12), GalNAcβ3LacβOR (#20), and Galβ3GalNAcβ4LacβOR (GA1, #23) moderately or strongly but they were not bound (#12 and #23) or bound only weakly (#20) by galectin-3. It was worthy to note that LacβOR (#13) was recognized by both galectins moderately but LacNAcβOR (#14) was not recognized by galectin-8 and was bound by galectin-3 only at high valency (average 37 glycans per BSA).



The binding of both galectins to LacβOR (#13), Galα3LacβOR (iGb3, #15), and GalNAcβ3LacβOR (#20) but neither Galα4LacβOR (Gb3, #17) nor GalNAcβ4LacβOR (GA2 #21) indicated that the 4-OH group of Gal in the lactose motifs was important for recognition, which was consistent with a previous report [75].



It was clear from our results that the glycan valency influenced the binding of many glycans by both galectin-3 and galectin-8 significantly. Low valency glycans #1, #8, #9, #13, #14, and #22 lost almost all signals observed from the binding of their high valency counterparts with galectin-3. Similarly, low valency glycans #16 and #22 lost almost all signals from the binding of galectin-8 to their high valency counterparts. The low valency glycan-binding results of galectin-3 aligned well with those obtained from a bead-based glycan array study [17] where no galectin-3 binding to disaccharides including Lac, LacNAc, Galβ3GlcNAc, and Galβ3GalNAc was detected. Similarly, no or very weak binding between galectin-3 and LacNAc and/or Lac was observed in several printed slide flat surface glycan arrays [85,86,87].





3. Discussion


Glycopeptides [16,88,89], bacterial lipopolysaccharides [90,91,92], and capsular polysaccharides [93,94,95] have been isolated from natural sources and used to construct glycoconjugate beads for multiplex assays. In comparison, accessing high quantity homogenous synthetic glycans using the highly efficient chemoenzymatic strategy that we report here has the advantage of reducing the ambiguity of the analyte purity and structure.



Using structurally defined synthetic carbohydrates conjugated to a protein carrier (such as BSA) has the advantage of being able to determine and control the glycan valency that affects downstream glycan-binding assays. BSA is a well-suited protein carrier for generating neoglycoprotein conjugates for glycan-binding assays. It is commercially available, inexpensive, and used broadly in research [96]. It has good water solubility and itself is not glycosylated [97]. The mature BSA protein has 583 amino acid residues including 61 lysine residues presenting primary amino groups [96], most of which are accessible for convenient conjugation reactions.



On the other hand, diethyl squarate is a well-suited linker reagent. It has been widely applied in carbohydrate chemistry to couple amino group-containing glycans to protein carriers due to its high coupling efficiency under mild reaction conditions [58,98]. The glycan-BSA conjugates produced using the squarate linker, however, have not been used for either printed slide flat surface glycan microarray or bead-based suspension multiplex array. We demonstrated here that the squarate-based conjugation was robust to generate glycan-BSA with different glycan valencies and was well suited for bead-based suspension multiplex glycan array studies. The application of the same linker for the preparation of all neoglycoproteins in the library made the results comparison more straightforward and reliable. It is worth pointing out that the valency of the glycan on the glycan-BSA conjugates could be easily controlled by adjusting the ratio of the glycan and BSA in the conjugation reaction. However, when different glycans were used, the conjugation efficiency could vary, resulting in variations of glycan valency in the obtained products.



Due to the dependence of multivalency presentation of glycans for strong binding by many GBPs and antibodies, preparation of glycan-protein conjugates in the neoglycoprotein form is a well-suited strategy for glycan array studies, not only with the printed slide flat surface platforms but also with the suspension multiplex systems.



Compared to printed slide flat surface glycan microarray platforms, the neoglycoprotein-immobilized fluorescent magnetic bead-based suspension multiplex array is more flexible. As long as additional bead regions are available, other analytes on the beads can be added to an established library. In addition, unlike the production of printed slides which is limited by the printing speed [20], the process for immobilization of analytes on beads is well suited for large-scale production. Furthermore, compared to four spots per glycan commonly used for printed slide-based flat surface glycan microarrays [99], the bead-based suspension multiplex glycan array platform analyzes 50 beads or more per analyte easily, providing a higher scientific rigor. With the additional advantage of ease of handling, glycan-protein conjugate immobilized bead-based suspension multiplex arrays have the potential to become a general strategy for both research and clinical settings [20,21].




4. Materials and Methods


4.1. Materials and Instruments


Chemicals and reagents were purchased and used as received without further purification unless otherwise specified. 3,4-Diethoxy-3-cyclobutene-1,2-dione (diethyl squarate) was purchased from Ark Pharm (Libertyville, IL, USA). BSA was purchased from Fisher Scientific (Chicago, IL, USA). Microwave-assisted Fischer glycosylation was performed using a Biotage® Initiator+ microwave synthesizer (Biotage, Charlotte, NC, USA). Reversed-Phase C18 Columns (ODS) were purchased from Yamazen Science Inc. USA (Burlingame, CA, USA). 1H NMR (800 MHz) and 13C NMR (200 MHz) spectra were recorded on a Bruker (Billerica, MA, USA) Avance-800 NMR spectrometer and 1H NMR (600 MHz) and 13C NMR (150 MHz) spectra were recorded on a Bruker Avance-III HD 600 NMR spectrometer. Thin-layer chromatography (TLC) was performed on silica gel plates (Sorbent Technologies, Norcross, GA, USA) using a UV lamp and anisaldehyde sugar staining for detection. Matrix-assisted laser desorption/ionization (MALDI) mass spectra were obtained using Bruker UltraFlextreme MALDI-TOF (Billerica, MA, USA) at the mass spectrometry facility at the University of California, Davis, CA, USA. High-resolution electrospray ionization (ESI) mass spectra (HSMS) were obtained using the Thermo Fisher Scientific (Waltham, MA, USA) Q Exactive HF Orbitrap Mass Spectrometer at the Mass Spectrometry Facility in the University of California, Davis, USA. Slide-A-Lyzer™ MINI Dialysis Device, 10 k MWCO were purchased from Fisher Scientific (Chicago, IL, USA). IKA MTS 2/4 orbital shaker (IKA Works, Inc., Wilmington, NC, USA) was used for plate shaking. Bio-Plex 200 system, Bio-Plex Handheld Magnetic Washer, Bio-Plex ProTM Flat Bottom Plates, 16-Tube SureBeadsTM Magnetic Rack, Sheath Fluid, and Bio-Plex ProTM streptavidin-PE were purchased from Bio-Rad (Hercules, CA, USA). Proteins were purified using Bio-ScaleTM Mini ProfinityTM TMAC (5 mL) cartridges in an NGC QUEST 10 Chromatography System from Bio-Rad.




4.2. Magnetic Fluorescent Beads


Magplex beads (MagPlexTM-C Microspheres or Bio-Plex Pro Magnetic COOH beads) were purchased from Bio-Rad. The diameter of the beads is 6.5 µm. The beads are internally labeled with a combination of two fluorescent dyes for beads identification by a Bio-Plex system and have carboxyl groups on the surface for conjugation. Fifty-one regions of beads (Table S1) were used in this work.




4.3. Plant Lectins, Galectins, and Antibodies


Biotin conjugated Artocarpus integrifolia Lectin (Jackfruit)-Jacalin, (AIA) was purchased from EY Laboratories, Inc. (San Mateo, CA, USA). All other biotin-conjugated lectins including RCA I, PNA, ECA, WFA, GS-I were purchased from Vector Laboratories (Burlingame, CA, USA). Human galectin-2 with N-terminal His6-tag (E. coli source, Cat. No. NBP14832601) and Human galectin-8 with N terminal His6 tag (E. coli source, Cat. No. NBP14833505) were purchased from Novus Biologicals (Centennial, CO, USA). Biotinylatedmouse anti-6x-His Tag antibody (Invitrogen™, Cat. No. MA121315BTI) was purchased from Fisher Scientific (Chicago, IL, USA).




4.4. Syntheisis of Glycans


Chemical synthesis of GlcαPropN3 (1). GlcαPropN3 (1) was synthesized from D-glucose in two steps. Microwave-assisted Fischer glycosylation [100] of D-glucose with 3-chloropropanol was performed by adding D-glucose (1.0 g, 5.56 mmol), Dowex 50 W × 4–100 (H) resin (1.0 g), and anhydrous 3-chloropropanol (10 mL) to a tube reactor vial (20 mL). The reactor vial was then sealed with a Teflon septum and heated in the microwave reactor at 120 °C for 15 min with continuous stirring. The reaction mixture was then filtered and the filtrate was concentrated in vacuo. The resulting dark brown residue was purified by silica column using MeOH:EtOAc = 1:9 by volume as the eluting solvent to yield the product 3-chloropropyl-α-glucopyranoside (1.03 g, 68%) as a colorless sticky solid. The product was dissolved in anhydrous DMF (15 mL), and NaN3 (2.61 g, 5.55 mmol) was added. The reaction mixture was heated at 70 °C for 6 h with continuous stirring and then filtered. The filtrate was concentrated in vacuo, and the residue was purified by silica column using MeOH:EtOAc = 1:9 by volume as the eluting solvent. The fractions containing pure products were combined, concentrated in a rotavap, and dried in vacuo to yield the desired product GlcαPropN3 (1, 1.04 g, 98%) as a colorless sticky syrup. 1H NMR (600 MHz, D2O) δ 4.92 (d, J = 3.6 Hz, 1H), 3.86 (dd, J = 2.4, 12.6 Hz, 1H), 3.85–3.79 (m, 1H), 3.76 (dd, J = 5.4, 12.6 Hz, 1H), 3.71 (t, J = 9.6 Hz, 1H), 3.69–3.66 (m, 1H), 3.62–3.54 (m, 2H), 3.51–3.44 (m, 2H), 3.41(t, J = 9.0 Hz, 1H), 2.05–1.76 (m, 2H). 13C NMR (150 MHz, D2O) δ 98.16, 73.07, 71.81, 71.29, 69.54, 64.98, 60.51, 48.13, 27.96. HRMS (ESI-Orbitrap) m/z: [M + Cl]− Calcd for C9H17N3O6Cl 298.0806; found 298.0807.



Chemical synthesis of GlcβPropN3 (2). Peracetylated glucose trichloroacetimidate [101] (0.92 g, 1.87 mmol) was dissolved in CH2Cl2 (30 mL) containing 4 Å molecular sieves (2 g). 3-Azidopropanol (0.57 g, 5.60 mmol) was added, and the reaction mixture was cooled down to −40 °C. After the mixture was stirred for 30 min, TMSOTf (0.2 eq.) was added dropwise. The mixture was allowed to warm up to 0 °C and incubated for 5 h with stirring using a magnetic bar. The mixture was filtered over Celite and concentrated. The crude material was purified by flash silica gel column (Hexane:EtOAc = 1:2 by volume) to yield preacetylated GlcβPropN3 (0.61 g, 76%). Peracetylated GlcβPropN3 was dissolved in dry methanol (30 mL) containing a catalytic amount of sodium methoxide. The resulted mixture was stirred at room temperature for overnight, neutralized with Dowex 50 W × 4–100 (H) resin, filtered, and concentrated to yield GlcβPropN3 (2, syrup, 1.32 g, 99%). 1H NMR (800 MHz, D2O) δ 4.45 (d, J = 8.0 Hz, 1H), 3.99 (dt, J = 5.6, 9.6 Hz, 1H), 3.91 (dd, J = 2.4, 12.8 Hz, 1H), 3.75 (dt, J = 6.4, 10.4 Hz, 1H), 3.71 (dd, J = 6.4, 12.8 Hz, 1H), 3.49–3.44 (m, 4H), 3.37 (t, J = 9.6 Hz, 1H), 3.26 (t, J = 8.8 Hz, 1H), 1.92–1.90 (m, 2H). 13C NMR (200 MHz, D2O) δ 102.25, 75.89, 75.71, 73.09, 69.63, 67.29, 60.72, 47.86, 28.21. HRMS (ESI) m/z: [M + Na]+ Calcd for C9H17N3O6Na 286.1015; found 286.1017.



Chemical synthesis of GalαPropN3 (3). To a solution of D-galactose (1.0 g, 5.55 mmol) in 3-chloropropanol (15 mL) acetyl chloride (0.53 g, 6.73 mmol) was added dropwise at 0 °C. The reaction mixture was heated at 80 °C for 6 h. The solution was concentrated and the residue was purified by silica gel chromatography to yield GalαPropCl (1.15 g, 78%). The obtained GalαPropCl (1.0 g, 3.89 mmol) was dissolved in DMF (5 mL), and NaN3 (0.304 g, 4.67 mmol) was added. The reaction mixture was heated at 60 °C for 7 h. The reaction mixture was then concentrated and the residue was purified using a short silica gel column with EtOAc:MeOH = 5:1 as the mobile phase. The fractions containing pure products were combined, concentrated in a rotavap, and dried in vacuo to yield GalαPropN3 (3, syrup, 0.96 g, 94%) as a syrup. 1H NMR (800 MHz, D2O) δ 4.93 (d, 1H, J = 4.0 Hz, H-1), 3.96 (d, 1H, J = 4.0 Hz), 3.92 (t, 1H, J = 6.4 Hz), 3.84 (dd, 1H, J = 3.2, 10.4 Hz), 3.82–3.71 (m, 4H), 3.59–3.42 (m, 3H), 1.95–1.86 (m, 2H); 13C NMR (200 MHz, D2O) δ 98.24, 70.84, 69.37, 69.15, 68.17, 64.95, 61.08, 48.06, 27.85. HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C9H17N3O6Na 286.1015; found 286.1012.



Enzymatic synthesis of trisaccharides 15 and 16. A reaction mixture of LacβPropN3 or LacNAcβPropN3 (20 mM, 1 eq.), Gal (1.5 eq.) in Tris-HCl buffer (100 mM, pH 7.5) containing ATP (1.7 eq.), UTP (1.7 eq.), MgCl2 (20 mM), SpGalK (0.2 mg/mL), BLUSP (0.2 mg/mL), Bα1–3GalT (0.3 mg/mL), and PmPpA (0.15 mg/mL) was incubated at 30 °C for 20 h in an incubator shaker with agitation at 100 rpm. The product formation was monitored by LC-MS. When an optimal yield was achieved, the reaction was quenched by adding the same volume of pre-chilled ethanol and the resulting mixture was incubated at 4 °C for 30 min. The precipitates were removed by centrifugation and the supernatant was concentrated. The reaction mixture was purified using a 51 g ODS-SM column (50 µM, 120 Å, Yamazen) on a CombiFlash® Rf 200i system and eluted with gradient acetonitrile in water (0 to 100%). The fractions containing pure products were combined, concentrated in a rotavap, and lyophilized to obtain the desired product Galα3Galβ4GlcβPropN3 (15, when LacβPropN3 was the acceptor) or Galα3Galβ4GlcNAcβPropN3 (16, when LacNAcβPropN3 was the acceptor).



Galα3Galβ4GlcβPropN3 (15). White amorphous powder, 63 mg, 93%. 1H NMR (800 MHz, D2O) δ 5.14 (d, J = 3.9 Hz, 1H), 4.52 (d, J = 8.0 Hz, 1H), 4.49 (d, J = 8.0 Hz, 1H), 4.21–4.14 (m, 2H), 4.07–3.51 (m, 17H), 3.46 (t, J = 6.4 Hz, 2H), 3.25 (t, J = 8.0 Hz, 1H), 1.93–1.89 (m, 2H). 13C NMR (200 MHz, D2O) δ 102.82, 102.11, 95.40, 78.60, 77.16, 75.02, 74.72, 74.42, 72.76, 70.81, 69.55, 69.26, 69.10, 68.18, 67.35, 64.78, 60.96, 60.89, 60.12, 47.85, 28.21. HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C21H37N3O16Na 610.2072; found 610.2074.



Galα3Galβ4GlcNAcβPropN3 (16). White amorphous powder, 62 mg, 92%. 1H NMR (600 MHz, D2O) δ 5.15 (d, J = 4.2 Hz, 1H), 4.55 (d, J = 8.0, 1H), 4.53 (d, J = 8.0, 1H), 4.25–4.12 (m, 2H), 4.07–3.90 (m, 4H), 3.89–3.52 (m, 14H), 3.41–3.33 (m, 2H), 2.05 (s, 3H), 1.87–1.83 (m, 2H). 13C NMR (150 MHz, D2O) δ 174.42, 102.79, 101.09, 95.41, 78.73, 77.18, 75.02, 74.70, 72.41, 70.81, 69.57, 69.27, 69.11, 68.18, 67.10, 64.79, 60.97, 60.91, 60.13, 55.05, 47.77, 28.10, 22.18. HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C23H40N4O16Na 651.2337; found 651.2331.



Enzymatic synthesis of trisaccharides 17 and 18. A reaction mixture of LacβPropN3 (13) or LacNAcβPropN3 (14) (20 mM, 1 eq.) in Tris-HCl buffer (100 mM, pH 7.5) containing Gal (1.5 eq.), ATP (1.7 eq.), UTP (1.7 eq.), MgCl2 (20 mM), SpGalK (0.2 mg/mL), BLUSP (0.2 mg/mL), NmLgtC (0.25 mg/mL), and PmPpA (0.15 mg/mL) was incubated at 30 °C for 20 h in an incubator shaker with agitation at 100 rpm. The product formation was monitored by LC-MS. When an optimal yield was achieved, the reaction was quenched by adding the same volume of pre-chilled ethanol and the mixture was incubated at 4 °C for 30 min. The precipitates were removed by centrifugation and the supernatant was concentrated. The reaction mixture was purified using a 51 g ODS-SM column (50 μM, 120 Å, Yamazen) on a CombiFlash® Rf 200i system and eluted using gradient acetonitrile in water (0 to 100%). The fractions containing pure products were combined, concentrated in a rotavap, and lyophilized to obtain the desired product Galα4Galβ4GlcβPropN3 (17, when LacβPropN3 was the acceptor) or Galα4Galβ4GlcNAcβPropN3 (18, when LacNAcβPropN3 was the acceptor).



Galα4Galβ4GlcβPropN3 (17). White amorphous powder, 65 mg, 94%. 1H NMR (800 MHz, D2O) δ 4.94 (d, J = 4.0 Hz, 1H), 4.50 (d, J = 8.0 Hz, 1H), 4.48 (d, J = 8.0 Hz, 1H), 4.34 (t, J = 7.2 Hz, 1H), 4.05–3.94 (m, 4H), 3.95–3.86 (m, 2H), 3.86–3.53 (m, 13H), 3.45 (t, J = 6.4 Hz, 2H), 3.30 (t, J = 8.0 Hz, 1H), 1.93–1.89 (m, 2H). 13C NMR (200 MHz, D2O) δ 103.24, 102.06, 100.29, 78.63, 77.33, 75.40, 74.78, 74.40, 72.87, 72.14, 70.89, 70.79, 69.10, 68.91, 68.53, 67.33, 60.48, 60.34, 60.01, 47.85, 28.21. HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C21H37N3O16Na 610.2072; found 610.2071.



Galα4Galβ4GlcNAcβPropN3 (18). White amorphous powder, 63 mg, 93%. 1H NMR (600 MHz, D2O) δ 4.95 (d, J = 4.0 Hz, 1H), 4.53 (d, J = 8.0 Hz, 2H), 4.36 (t, J = 6.4 Hz, 1H), 4.08–3.94 (m, 4H), 3.95–3.63 (m, 14H), 3.62–3.52 (m, 2H), 3.42–3.35 (m, 2H), 2.05 (s, 3H), 1.89–1.80 (m, 2H). 13C NMR (150 MHz, D2O) δ 174.49, 103.24, 101.04, 100.26, 78.77, 77.26, 75.40, 74.77, 72.39, 72.13, 70.89, 70.78, 69.12, 68.91, 68.52, 67.11, 60.48, 60.33, 60.01, 55.24, 47.76, 28.09, 22.15. HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C23H40N4O16Na 651.2337; found 651.2330.



Enzymatic Synthesis GalNAcβ3Galβ4GlcβPropN3 (20). A reaction mixture of LacβPropN3 (50 mg, 1.17 mmol, 10 mM), GalNAc (1.5 equiv., 1.76 mmol), ATP (1.5 equiv., 1.76 mmol), and UTP (1.5 equiv., 1.76 mmol) in a Tris-HCl buffer (100 mM, pH 7.5) containing MgCl2 (20 mM), NmLgtA (0.5 mg/mL), BLNahK (0.3 mg/mL), PmGlmU (0.3 mg/mL), and PmPpA (0.15 mg/mL) was incubated at 30 °C for 22 h. The reaction progress was monitored using TLC (ethyl acetate:methanol:water = 5:2.4:1, by volume) and mass spectrometry. The reaction mixture was quenched by adding the same volume of pre-chilled ethanol and incubated at 4 °C for 30 min. The mixture was centrifuged, and the supernatant was concentrated. The reaction mixture was purified using a 51 g ODS-SM column (50 μM, 120 Å, Yamazen) on a CombiFlash® Rf 200i system and eluted with a gradient of acetonitrile in water (0 to 100%). The fractions containing pure products were combined, concentrated in a rotavap, and lyophilized to obtain GalNAcβ3Galβ4GlcβPropN3 (20, white amorphous powder, 67 mg, 90%). 1H NMR (800 MHz, D2O) δ 4.53 (d, J = 8.4 Hz, 1H), 4.40 (d, J = 8.0 Hz, 1H), 4.35 (d, J = 7.9 Hz, 1H), 4.07 (d, J = 3.3 Hz, 1H), 3.95–3.84 (m, 4H), 3.73–3.62 (m, 9H), 3.60–3.48 (m, 5H), 3.38 (t, J = 6.7 Hz, 2H), 3.25–3.20 (m, 1H), 1.95 (s, 3H), 1.83 (pd, J = 6.6, 1.6 Hz, 2H). 13C NMR (200 MHz, D2O) δ 175.13, 103.29, 102.93, 102.08, 81.74, 78.33, 74.95, 74.85, 74.75, 74.33, 72.76, 70.71, 70.04, 68.45, 67.72, 67.34, 60.96, 60.92, 60.05, 52.54, 47.84, 28.20, 22.21. HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C23H40N4NaO16 651.2337; found 651.2307.



Enzymatic Synthesis of Galβ3GlcNAcβ3Galβ4GlcβPropN3 (LNTβPropN3, 22). A reaction mixture (10 mL) of GlcNAcβ3Galβ4GlcβPropN3 (100 mg, 0.16 mmol), Gal (37 mg, 0.21 mmol), ATP (132 mg, 0.24 mmol), and UTP (130 mg, 0.24 mmol) in Tris-HCl buffer (100 mM, pH 7.5) containing MgCl2 (20 mM), SpGalK (0.2 mg/mL), BLUSP (0.2 mg/mL), PmPpA (0.15 mg/mL), and Cvβ3GalT (0.15 mg/mL) was incubated at 37 °C in an incubator shaker for 24 h with shaking (100 rpm). The product formation was monitored by TLC (n-PrOH:H2O:NH4OH = 5:2:1, by volume, detected with p-anisaldehyde sugar stain) and mass spectrometry (MS). When an optimal yield was achieved, pre-chilled ethanol (10 mL) was added and the mixture was incubated at 4 °C for 30 min. The precipitates were removed by centrifugation and the supernatant was concentrated and purified by a Bio-Gel P-2 gel column (2.5 cm × 80 cm, water was the eluent). The factions containing pure products were combined, concentrated in a rotavap, and lyophilized to obtain LNTβPropN3 (22, white amorphous powder, 122 mg, 97%). 1H NMR (800 MHz, D2O) δ 4.73 (d, J = 8.8 Hz, 1H), 4.48 (d, J = 8.0 Hz, 1H), 4.43 (d, J = 8.0 Hz, 2H), 4.15 (d, J = 4.0 Hz, 1H), 4.00–3.97 (m, 2H), 3.91–3.69 (m, 15H), 3.65–3.45 (m, 9H), 3.30 (d, J = 8.0 Hz,1H), 2.02 (s, 3H), 1.92–1.89 (m, 2H); 13C NMR (200 MHz, D2O) δ 174.95, 103.47, 102.91, 102.54, 102.09, 82.04, 81.96, 78.35, 75.26, 75.16, 74.87, 74.75, 74.34, 72.76, 72.44, 70.65, 69.97, 68.51, 68.43, 68.29, 67.35, 61.01, 60.93, 60.47, 60.04, 54.68, 47.85, 28.21, 22.20. HRMS (ESI-Orbitrap) m/z: [M + Na]+ Calcd for C29H50N4O21Na 813.2865; found 813.2868.




4.5. General Procedures for Converting Propylazide-Tagged Glycans to Glycosyl Propylamines


To a stirred solution of a propylazide-tagged glycan (selected from 1–24, 5–10 mg) in water-methanol solution (3 mL, 1:2 by volume), a catalytic amount of 10% palladium on charcoal was added to a 50 mL round bottom flask. The mixture was stirred under a hydrogen environment for 2–5 h. The solution was passed through a syringe filter. Methanol was removed from the filtrate by blowing air inside a fume hood. The residue was lyophilized and used directly for coupling with diethyl squarate without purification.




4.6. General Procedures for Preparing Glycan-Squarate Conjugates


Glycosyl propylamine (2–10 mg, 10 mM) was dissolved in NaHCO3 (100 mM, pH 9.0) and ethanol (1:1, by volume) cosolvent. Two and a half equiv. of diethyl squarate was added. Diethyl squarate was reported to have the possibility of causing skin allergy [102]. Wear gloves and handle with caution. The mixture was incubated at room temperature with shaking at 850 rpm on an IKA MTS 2/4 orbital shaker. The pH was monitored and adjusted to 9–10 using a NaOH (1 M) solution. The reaction was monitored by TLC (EtOAc/MeOH/H2O = 4:2.5:0.5 by volume for monosaccharides and 3:2:1 by volume for disaccharides, trisaccharides, and tetrasaccharides). When the glycan propylamine starting material was completely consumed as detected by TLC (usually takes 3 h), the mixture was concentrated and purified by CombiFlash equipped with a C18 cartridge (13 g). Gradient elution with acetonitrile in water (0 to 100%) was used for the purification. The purified monoamides were collected and characterized by HRMS.




4.7. Coupling Glycan-Squarate to BSA


BSA was dissolved in NaHCO3 solution (0.25 mM, pH 9.0) at a concentration of 2 or 4 mg/mL. The same volume of a glycan squarate monoamide (20–100 equiv.) in the same buffer was added. The reaction mixtures were incubated at room temperature for 60 h with shaking at 850 rpm on an IKA MTS 2/4 orbital shaker. The glycan-BSA neoglycoprotein conjugates were dialyzed against 6 mM NaCl using Slide-A-Lyzer™ MINI Dialysis (10 k MWCO) devices at 4 °C for overnight and analyzed by MALDI-TOF mass spectrometry.




4.8. Immobilization of Glycan-BSA Neoglycoprotein Conjugates to MagPlex Beads


Bio-Plex Magnetic COOH beads of a specific fluorescence region were used for immobilizing each glycan-BSA neoglycoprotein conjugate. The beads were protected from light as much as possible by covering the tubes with aluminum foil during the whole conjugation procedure. Briefly, the stock vial of beads (1.25 × 107 beads/mL) was vortexed vigorously for 30 s, followed by sonication for 15 s, and 50 µL was aliquoted into a 1.5 mL microcentrifuge tube. The tubes with beads were placed on a SureBeads™ 16-tube magnetic rack for more than 1 min, the storage solution was discarded. The beads were washed once with deionized water (100 µL) and once with MES buffer (100 µL, 0.1 M, pH 6.0) with the help of a SureBeads™ 16-tube magnetic rack. The beads were resuspended in MES buffer (80 µL, 0.1 M, pH 6.0), NHS (10 µL of 50 mg/mL, the final concentration was 91 mM) and EDC (10 µL of 50 mg/mL, the final concentration was 68 mM) was added. The samples were incubated at room temperature for 30 min with shaking at 850 rpm on an IKA MTS 2/4 orbital shaker. Beads were washed three times using MES buffer (100 µL, 0.1 M, pH 6.0), resuspended in phosphate buffer (100 µL, 0.1 M, pH 8.0) containing 20 µg of glycan-BSA neoglycoprotein conjugate, and incubated at room temperature for 2 h. The beads were washed by 100 µL of 0.05% PBST (PBS + 0.05% Tween 20 (v/v)) twice, quenched by 50 mM ethanoamine in 50 mM Tris-HCl (pH 8.0, 100 µL) at room temperature for 30 min. The beads were then blocked by incubating with 1% BSA (w/v) in PBS buffer (100 µL) at room temperature for 2 h. The beads were stored in PBS buffer (100 µL) in the dark at 4 °C. As a control, BSA was immobilized a selected region of beads using the same process.




4.9. Prepare Neoglycoprotein-Immobilized MagPlex Beads Library for Binding Assays


The stock vials of beads immobilized with BSA or glycan-BSA neoglycoprotein conjugates were resuspended by vortexing for 30 s, sonicated for 15 s, and added together into a 15 mL centrifuge tube to create an array containing 51 regions of fluorescent magnetic beads (1 for BSA and 50 for glycan-BSA conjugates. Two glycan-BSA conjugates with low and high glycan valencies, respectively, for each glycan except for LacNAc-BSA conjugates which have four different LacNAc valencies. See Table S1 for details). Before binding assays, the mixed beads stock was vortexed and sonicated.




4.10. Multiplex Glycan-Binding Assays for Plant Lectins


The assays were carried out in duplicates for each lectin. A total volume of 18 μL of a mixed bead suspension containing around 2250 beads for each bead fluorescence region was transferred into each well of a 96-well Bio-Plex Pro Flat Bottom plate (black) and ddH2O (100 μL) was added to each well. A Bio-Plex handheld magnetic washer was used to remove the liquid from the wells by placing the plate on the magnetic washer for more than 1 min to carefully remove all liquid. The beads in each well were then resuspended in 100 µL of TSM buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 0.05% Tween 20) containing 1% BSA and a lectin (50 µg/mL). The plate was covered with aluminum foil and shaken at 850 rpm using an IKA MTS 2/4 Orbital Shaker at room temperature for 1 h. The plate was then washed with 100 µL of TSM buffer twice for each well with the help of the Bio-Plex handheld magnetic washer. The beads of each well were then incubated with TSM buffer (100 µL) containing 1% BSA and freshly prepared 100-fold-diluted streptavidin-PE at room temperature for 1 h with shaking at 850 rpm. The liquid was removed with the help of the Bio-Plex handheld magnetic washer. The beads of each well were washed using TSM buffer (100 µL) twice, then resuspended in 125 µL of TSM buffer without Tween 20 and subjected to analysis by a Bio-Plex 200 system. The bead count setting was 50 (at least 50 beads for each bead fluorescence region were analyzed in each sample).




4.11. Multiplex Glycan-Binding Assays for Recombinant Human Galectins


The assays were carried out in duplicate for each galectin. A total volume of 30 μL of a mixed bead suspension with around 3000 beads for each bead fluorescence region was transferred into each well of a 96-well Bio-Plex Pro Flat Bottom plate (black) and ddH2O (100 μL) was added to each well. After removing the liquid with the help of the Bio-Plex handheld magnetic washer, the beads in each well were incubated with TSM buffer (100 μL) containing 1% BSA and a recombinant N-terminal His6-tagged human galectin (50 µg/mL) at room temperature with shaking (850 rpm) for 1 h and then washed with TSM buffer twice. The beads were then incubated with TSM buffer (100 μL) containing 1% BSA and 3 µg/mL biotinylated anti-His antibody at room temperature for 2 h with shaking (850 rpm) and washed twice using TSM buffer (100 µL). The washed beads were incubated with freshly prepared TSM buffer (100 µL) containing 1% BSA and 100-fold diluted streptavidin-PE at room temperature for 1 h with shaking (850 rpm), washed twice using TSM buffer (100 µL), resuspended in TSM buffer (125 µL) without Tween 20, and analyzed using a Bio-Plex 200 system. The bead count setting was 50 (at least 50 beads for each fluorescence region were analyzed in each sample).





5. Conclusions


In conclusion, combining highly efficient chemoenzymatic synthesis, glycan-BSA conjugation with a squarate linker, and fluorescent magnetic bead-based suspension multiplex assay, we established a robust glycan array system comprising a focused library of neutral glycan-BSA conjugates containing glycans of common human monosaccharide building blocks including Glc, Gal, GlcNAc, and GalNAc and the corresponding oligosaccharides with different linkages. The suspension multiplex glycan array was used to differentiate the binding profiles of six Gal/GalNAc-binding plant lectins and to elucidate the binding specificities of human galectin-3 and galectin-8. Compared to printed slide flat surface glycan or glycan-BSA microarray platforms, the bead-based suspension glycan-BSA conjugate arrays have the advantage of flexibility, ease of handling, and the capability of rapid analysis of a large number of samples. We expect that the platform developed in this work can be readily extended to other glycan-binding and inhibition studies for investigating GBPs and antibodies and can be easily translated to clinical diagnostics settings.
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Figure 1. Design and workflow of glycan-BSA neoglycoprotein-immobilized MagPlex bead suspension multiplex array. Abbreviations: EDC and NHS: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxylsuccinimide, reagents that activate carboxyl groups for conjugation with amines; PE: phycoerythrin, a red protein-pigment complex for fluorescence detection. 
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Scheme 1. Chemical or enzymatic synthesis of glycans 1–3, 15–18, 20, and 22. 
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Figure 2. Binding profiles of six plant lectins including AIA, PNA, ECA, WFA GSL-I, and RCA-I studied using the glycan-BSA neoglycoprotein-immobilized bead suspension multiplex array. The glycan numbers (#1–#24) shown on the bottom X-axis correspond to the glycans shown in Table S1. The values shown above the glycan numbers in the X-axis represent the average numbers of glycans per BSA molecule in the glycan-BSA conjugate. The fluorescence intensity results shown in bars represent the mean ± standard deviation of duplicates. 
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Figure 3. Binding profiles of galectin-3 and galectin-8. The names of glycans are shown in Table S1. The value above each glycan number represents the glycan valency of each glycan-BSA conjugate. The data are presented as the mean ± standard deviation of duplicates. 
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