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Abstract 

The Central Dogma of Biology does not allow for the study of glycans using DNA sequencing. We report 

a “Liquid Glycan Array” (LiGA) platform comprising a library of DNA ‘barcoded’ M13 virions that 

display 30-1500 copies of glycans per phage. A LiGA is synthesized by acylation of phage pVIII protein 

with a dibenzocyclooctyne, followed by ligation of azido-modified glycans. Pulldown of the LiGA with 

lectins followed by deep sequencing of the barcodes in the bound phage decodes the optimal structure and 

density of the recognized glycans. The LiGA is target agnostic and can measure the glycan-binding profile 

of lectins such as CD22 on cells in vitro and immune cells in a live mouse. From a mixture of multivalent 

glycan probes, LiGAs identifies the glycoconjugates with optimal avidity necessary for binding to lectins 

on living cells in vitro and in vivo; measurements that cannot be performed with canonical glass slide-

based glycan arrays. 
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Introduction 

The Central Dogma of Biology, DNA → RNA → Protein, facilitates the study of these 

biopolymers using a unified toolbox of next-generation DNA sequencing1. This ability has revolutionized 

and transformed all areas of biomedical and life science.2 In contrast, investigating the biological roles of 

carbohydrates cannot rely on DNA sequencing directly. Akin to the DNA microarrays used in the 1990s, 

glycan arrays – made by printing carbohydrates on distinct locations on a glass surface3 – are a high 

throughput approach for identifying carbohydrates that bind to glycan binding proteins (GBPs)4-8. The 

information provided by glycan arrays, a glycan binding profile for a receptor, is a critical starting point for 

downstream fundamental applications such as improved design of inhibitors, vaccines and therapeutics9-14. 

DNA arrays have been largely replaced by de novo analysis of DNA by deep sequencing15. A technology 

that allows the one-to-one correspondence between a DNA sequence and a carbohydrate structure would 

enable application of powerful deep sequencing approaches to identify the binding profiles of GBPs in 

cells in vitro and in vivo.  

Valency and spatial presentation of glycans are critical variables in glycan–GBP interactions16, 17. 

Traditional ‘solid’ glycan arrays mimic the multivalent nature of these interactions18, 19, and the valency of 

glycans on the surface can be adjusted20-22.  Indeed, the density of the multivalent display influences both 

the affinity and specificity of binding for lectins, carbohydrate processing enzymes, and antibodies3, 22, 23. 

For example, systematic variation of glycan density on microarrays enables differentiating subpopulations 

of serum antibodies that are not detectable using a single glycan density22. The solid-phase nature of 

canonical glycans arrays, however, fundamentally limits the ability to study the cross talk and dynamic 

competition between multiple glycans with a GBP. The format has also demonstrated limited utility for 

investigating cell-surface GBPs and is incompatible with in vivo studies. Ligation of glycans to DNA is 

possible24-26, but the monovalent display on DNA cannot mimic the multivalent presentation of glycans, a 
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critical requirement because the very large majority of GBPs recognize their biologically relevant ligands 

with weak affinity. Tri- and tetravalent displays of glycans on RNA27, have been reported. However, 

investigating protein-glycan interactions in a cellular milieu and in vivo would place such platforms at risk 

of degradation by nucleases, which are ubiquitous.  

One of the most successful platforms for investigating interactions between glycans and cell 

surface GBPs ex vivo and in vivo are glycan-decorated liposomal nanoparticles28, 29 and viral capsids30. 

However, neither technology permits encoding or tracking of different glycan structures. The multivalent 

presentation of ~180–1300 different glycans was reported on micron-size beads encoded via the 

Luminex® strategy31 or encoded chemical tags32, but cell-binding assays and in vivo applications, which 

would necessitate injection of microbeads, have not been reported. This summary of these state-of the art 

technologies leads to the ideal platform for glycan arrays: it should display glycans on a multivalent, 

monodisperse carrier of sub-micron size equipped with an internal DNA barcode. This carrier must be 

stable and non-interfering with binding assays in vitro, in cell culture or in vivo. The internal location of 

the barcode would protect the DNA from nucleases and would also prevent undesired interactions between 

the coding element and other biological species. To satisfy these design elements, we describe here a liquid 

glycan array (LiGA) format built on M13 phage particles with silent DNA barcodes33 inside the phage 

genome. The LiGA technology combines the multivalent presentation of traditional ‘solid’ or bead-based 

arrays and liposome constructs with a soluble format and DNA encoding of both the composition and 

density of glycans. The components of a LiGA— a multivalent display of chemically-defined synthetic 

glycans—are fundamentally different from another reported glycan-functionalized phage: ‘glycophage 

display’34-36, which was obtained via the heterologous expression of the Campylobacter jejuni 

glycosylation machinery in E. coli. LiGAs retain most of the benefits of other M13 phage-displayed 

libraries, importantly genetic-encoding and robust protection of the DNA message inside the virion, which 
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has allowed successful profiling of ligand–receptor interactions with proteins, cells, organs in live 

animals37, 38, and in humans39, 40. 

 
Results  

Construction of the LiGA building blocks: glycan–phage conjugates 

Although many types of phage and viruses have been used for genetically-encoded display, we 

selected the M13 platform41 as a scalable, stable platform, compatible with a wide range of cloning 

methods, as well as chemical and enzymatic conjugation strategies. As we show here, while the M13 

virion is not naturally glycosylated, desired glycans can be chemically conjugated to a subset of the 2700 

copies of the major coat protein pVIII to produce a multivalent display of ~200–1500 glycans on the 700 x 

5 nm virion, creating a phage population with a single glycan composition. For DNA-encoding, the 

previously reported silent barcode33 cloned near the pIII cloning site of vector M13KE can be used 

(Supplementary Fig. S1a,b). This strategy allows the assembly of a glycan library of phage with distinct 

DNA encoded barcodes, each with a different glycan. Cloning of a degenerate nucleotide sequences with 

1010 theoretically-possible combinations into the N-terminal region of protein pIII yielded a library of 

‘silently’ barcoded vectors that encode chemically-identical phage particles. After serial propagation of the 

library to remove the unfit clones, we subcloned and amplified separate populations of phage particles that 

contained DNA barcode sequences separated by least three nucleotide substitutions (Supplementary Table 

S1). This design allowed us to correct any mistakes during DNA deep sequencing (Supplementary Fig. 

S1).  

As the glycan source, we used synthetic glycans with an alkyl-azido linker, which are common 

intermediates in oligosaccharide synthesis; 63 glycans functionalized in this way were obtained as part of 

the public Consortium for Functional Glycomics (CFG) collection42, and an additional 12 azido-glycans 

were synthesized in this report (Supplementary Schemes S1–S5) or previous reports (see Supplementary 
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Table S2 for list of glycans). We first tested a reported30 ligation of azido glycans by Cu-Activated Azido 

Alkyne Cycloaddition (CuAAC) to phage particles acylated by N-succinimidyl 4-pentynoate; however, 

CuAAC reduced the number of infective M13 particles indicating damage to either DNA or the capsid of 

phage (Supplementary Fig. S2). We tested Strain Promoted Azido Alkyne Cycloaddition43 (SPAAC) as an 

alternative (Fig. 1a) and, importantly, SPAAC ligation did not decrease the number of infectious particles 

(Supplementary Fig. S2c,d). Acylation of the N-terminus of the pVIII with dibenzocyclooctyne-N-

hydroxysuccinimidyl ester (DBCO-NHS) followed by SPAAC ligation could be monitored by MALDI-

TOF mass spectrometry (Fig. 1b). As the spacing of pVIII on the surface of M13 phage is well defined, the 

degree of conjugation would be expected to influence binding to antibodies or glycan binding proteins 

(Fig. 1c). The peak intensities in MALDI yielded a semi-quantitative estimate of the densities of the 

glycans on phage; such analysis was reliable down to ~107 phage particles (Supplementary Fig. S3). 

Control of the concentration of DBCO–NHS (Fig. 1d) and reaction conditions (Supplementary Fig. S4) 

enabled modification from 1–50% of pVIII proteins, yielding phage particles with 30–1400 copies of 

glycan per virion. For example, 0.5–1.5 mM of DBCO led to acylation of 15–50% of the pVIII population 

(Fig. 1d). Subsequent addition of 2 mM azido-glycan quantitatively consumed the alkyne and ligated the 

glycan to pVIII as evidenced by the pVIII–DBCO–glycan signal and concomitant disappearance of pVIII–

DBCO signal (Fig. 1d). Quality control by MALDI confirmed the conjugation of diverse glycan structures 

(Fig. 1e) and detected rare problems in reactivity: for example, the use of glycosyl azides in the SPAAC 

yielded suboptimal coupling leaving unreactive pVIII-DBCO even after 24 h reaction time (Fig. 1b). This 

problem was resolved by introducing a linker between the glycan and the azido group (Fig. 1d,e). When 

the density of modification exceeded 50%, we observed that ~5% of pVIII proteins contained two 

modifications per protein (Supplementary Fig. S5). To assess the regioselectivity of the acylation, we took 

advantage of the known spontaneous cleavage of the Asp7–Pro8 bond in pVIII by TFA in a sinapinic acid 
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matrix44. We observed that the amide bond is formed predominantly at an N-terminal amine and not at the 

Lys10 of the pVIII sequence (Supplementary Fig. S6).  

Functional validation of LiGAs 

We produced ~140 glycan-modified phage conjugates and characterized the density of glycans on 

phage by MALDI (summarized in Data/Maldi.pdf in the Supplementary Information). Mixing a subset of 

these differentially barcoded glycan-labeled phages produces a LiGA library that contains any desired 

combinations of glycans and/or glycans at different densities. Here, we employed several related LiGA 

libraries by mixing of 50–80 conjugates that display different glycan types (Supporting Table S3). An 

ELISA confirmed the functional integrity of glycans on individual glycosylated phage (Supplementary Fig. 

S7); however, analysis by ELISA was incompatible with optimization of assays that contained mixtures of 

phage clones. We thus employed a LiGA composed of phage that transduce galactosidase, mNeonGreen45, 

or mCherry46 reporters within host cells (Fig. 2a-b). Composition of the mixture of these phage clones can 

be measured as plaque forming units (PFU). Plating of the input and the output of the assay on a bacterial 

agar overlay enabled measurement of blue, white, green-fluorescent and red-fluorescent plaques (Fig. 2c) 

and define recovery of each subpopulation of phage as PFUoutput/PFUinput. This recovery tracked the 

binding of the associated glycans: such as binding the Manα-[green] to ConA but not Galβ1-4Glc1β-[red] 

and unmodified wild type [white] present in the same mixture (Fig. 2c). It further demonstrated that 

binding of α-Man-decorated clone to ConA either alone, or as part of the complex LiGA mixture, was 

statistically indistinguishable (Fig. 2c). This observation suggested that in an assay with super-

stoichiometric GBP, the binding of the glycosylated particles is not influenced by the composition of the 

LiGA. The PFU assay validated that ConA or Galectin-3 (G3C) proteins immobilized on agarose beads 

can enrich clones decorated by Manα1-6(Manα1-3)Manα1-[red]-phage (Man3-[red]-phage) and Galβ1-

3GlcNAcβ1-3Galβ1-4GlcNAcβ1-phage (LNT-NAc-[green]-phage) from a complex mixture of 75 
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glycosylated clones. Enrichment of LNT-NAc by G3C was specifically inhibited by soluble lactose (Fig. 

2d). The PFU-assay is target agnostic and allows optimization of both protein and cell-binding assays. For 

example, it confirmed that Chinese hamster ovary (CHO) cells engineered to express murine CD22 

(mCD22) preferentially bound phage with Neu5Gcα2-6LacNAc over those with Neu5Acα2-6LacNAc, 

reflecting the known specificity of mCD22 for sialosides with Neu5Gc. In contrast, CHO cells that 

expressed human CD22 (hCD22) enriched both glycans, consistent with its equal preference for α2-6 

sialosides with NeuAc or NeuGc. As expected, the parental CHO cell line exhibited no enrichment of 

either sialoglycan (Fig. 2f). 

We used the PFU assay to optimize the input and wash stringency of LiGA binding assays, to 

check the quality of the biotin-labeled protein (Supplementary Fig. S8) or to detect whether a complex 

LiGA mixture contained target-binding clones (Supplementary Fig. S9). The PFU assay was a critical 

proxy for downstream PCR and sequencing. For example, robust PCR-based preparation of phage DNA 

for sequencing requires >103 copies of phage DNA. The PFU assay identified the optimal conditions that 

minimized non-specific binding and yielded >104 phage particles (Fig. 2d), which were then used as DNA 

templates for deep-sequencing and further analysis of glycan-protein interaction (Fig. 2g-h). 

LiGA characterizes the glycan recognition profile of glycan binding proteins (GBPs) 

Next we analyzed the interactions of several GBPs with LiGAs (Fig. 2g,h). Here we used LiGA-75, 

which contains 75 glycoconjugates produced from 62 different glycans with nine of these glycans 

displayed at 2–5 different densities. Differential enrichment (DE) analysis was employed to examine phage 

DNA sequences associated with the control streptavidin agarose (SA) beads and phage DNA sequences 

associated with biotinylated GBP immobilized on SA-beads. Significantly enriched glycans were 

identified by Biocondutor EdgeR DE analysis47, 48 using negative binomial model with Trimmed Mean of 

M-values normalization49, Benjamini–Hochberg50 correction to control the false discovery rate (FDR) at 
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α�=�0.05. This analysis identified 11 glycans associating significantly with Galectin-3 (G3C)-SA-beads 

and not SA-beads alone (Fig. 2g). The enrichment pattern was consistent between independently 

conducted experiments and it was ablated in the presence of soluble lactose (Fig. 2h). The results for 

glycan recognition by G3C using LiGA-75 (Fig. 2h) is consistent with results obtained using a glass slide-

based printed microarray deposited to the CFG database42 (Fig. 2i). To expand on these observations, we 

tested binding of a panel of biotinylated GBP and antibodies to LiGA-65 comprising 65 glycoconjugates 

produced from 56 different glycans with four of the glycans (βMan, Lac, 3’SLN and Galf4) displayed at 2-

4 different densities. Fig. 3a describes enrichment by FLAG monoclonal antibody (Flag) and anti-

galactofuranose monoclonal antibody (Galf4) and nine lectins: Cholera Toxin B subunit (CTb), Lens 

culinaris agglutinin (LCA), Pisum sativum agglutinin (PSA), Soybean agglutinin (SBA), Agrocybe 

cylindracea lectin (ACG), Narcissus pseudonarcissus lectin (NPL), Maackia amurensis leucoagglutinin 

(MAL I), Ulex europaeus agglutinin (UEA), and Sambucus nigra lectin (SNA). Fig. 3b describes public 

CFG microarray data for eight of the aforementioned lectins. 

There was general agreement between glycan-GBP interactions measured by LiGAs and binding of 

lectins to printed glycan microarrays. Similarly to previous reports that evaluated the binding of lectins to 

glycans presented on different platforms24, 51, lectin binding to glycans in LiGAs and printed arrays 

highlighted some cross-platform differences. We noted several glycans that exhibited binding to GBP in 

LiGA experiments and in the published literature but not in printed arrays. For example (Neu5Acα2-

8)nNeu5Acα2-3Galβ1-4Glcβ-Sp glycans (n=3: TetraSLac, n=1: GD3) do not bind to MAL-I in printed 

array (Fig. 3b); however, these glycans bind to this lectin as part of a LiGA (Fig. 3a) and when printed on 

glass as a multivalent BSA conjugate51. Binding of Galili-tri (Galα1-3Galβ1-4Glcβ-Sp) to SBA was not 

observed in printed array but this glycan bound to SBA as part of a LiGA and interaction of this glycan 

with SBA was confirmed by lectin frontier affinity chromatography52 (entry LfDB0166 at Lectin Frontier 
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Database53). Interactions of cholera toxin B (CTB) with blood group B antigens on type 2 chains (2’F-B 

type 2) is not detected in a printed array but is detected in a LiGA. Such interactions have been confirmed 

by X-ray crystallography to occur at the non-primary binding site of CTB with low mM monovalent 

affinity54. We also note that some glycans observed bind to lectins in printed arrays did not exhibit 

enrichment in pull down of a LiGA by lectins. Notable examples were: (i) phage decorated with Manα1-

6[Manα1-3]Manα1- was not enriched by NPL and LCA; (ii) Phage decorated LeY was not recognized by 

UEA nor CTB; in the same LiGA mixture, both UEA and CTB enriched LeY-(LeX)1-2 glycans but not the 

LeX-repeats alone; and (iii) Phage clones decorated by tri-LN and group A type-2 glycans were not 

recognized by G3C (Fig. 2h). Diminished recognition of glycan by lectins may result from suboptimal 

display of glycans on phage. Indeed, we noted that that when the same glycan was presented to G3C at 

several different densities on phage (e.g., LNT-NAc Fig. 2h), enrichment was the most optimal at one of 

those densities. Controlling the valency of the displayed glycans over several orders of magnitude is a 

critical technological benefit of LiGAs when compared to a monovalent DNA-glycan platform or low-

valency phage-displayed glycan platforms. Building on this advantage, we further tested the effect of 

density of display of glycans on phage virion on recognition by some lectins. 

To more systematically investigate the importance of density, a LiGA-9x6 was produced that 

contains nine glycans displayed at six different densities (Fig. 4a). Binding of LiGA-9x6 components to 

tetravalent ConA, Galectin-3 and mAb-Galf4 target uncovered density-dependent response in addition to 

the expected affinity-dependent response (Fig. 4b,d). Within the same glycan type, we observed a bimodal 

response: phage decorated with high copy of Manα1-6(Manα1-3)Manα1- (>300 per phage) exhibited 

weaker binding when compared to particles that contained intermediate (130–300) copies (Fig. 4b). We 

observed similar bimodal binding at different densities of Galf-glycans to anti-Galf IgG and the binding of 

LNT NAc to biotinylated Galectin-3 displayed on streptavidin beads (Fig. 4c-d). The LiGA technology 
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decoupled affinity-based and avidity-based observations, highlighting both optimal recognition units and 

their density. Similar observations have been made in prior studies that employed arrays of glycan-BSA 

conjugates printed on a glass slide22. Critical to both approaches is the quality control of every synthesized 

glycoconjugate or LiGA components by MALDI to create arrays with predefined, consistent valency of 

glycans.  

LiGAs characterize the glycan recognition profile of cell-surface lectins 

The previously mentioned PFU assay highlighted the possibility of interrogating specific 

recognition of glycans on the cell surface. Therefore, we probed two important immunomodulatory 

receptors, hCD22 and DC-SIGN, expressed on the cell surface with LiGA-71 produced from 66 different 

glycans with five of these glycans displayed at two different densities. To initially dissect hCD22 

recognition, we immobilized hCD22-Fc on protein G-resin and tested with LiGA-70. Deep-sequencing 

confirmed known recognition of α2-6-linked sialic acid glycans but not the α2-3-linked regioisomers or 

asialo-glycans (Fig. 5a). We incubated the same LiGA-71 with CHO cells expressing hCD22 or control 

CHO cells, and sequenced the associated phage (Fig. 5b). Differential enrichment analysis uncovered 

indistinguishable recognition profile within LiGA-71 for hCD22 on the surface of CHO cells compared to 

recombinant soluble hCD22 immobilized on agarose beads.  

Next, we incubated LiGA-71 with rat fibroblasts expressing DC-SIGN or isogenic fibroblasts 

without DC-SIGN and compared the barcoded DNA associated with the DC-SIGN(+) and DC-SIGN(–) 

cell pellets. The resulting binding profile from DC-SIGN (+) cells revealed enrichment of αMan3 (Manα1-

6(Manα1-3)Manα1-), glycans with LeX motifs and other fucosylated (α1-3 or α1-2-linked) glycans (Fig. 

5c). We observed a statistically significant but modest fold change (FC) enrichment of blood-group 

glycans, which was considerably lower than FC in interaction of these glycans with blood-group antibodies 

(Fig. S10). Binding of LiGAs to DC-SIGN on cells was qualitatively similar to the glycan-binding profile 
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of purified DC-SIGN measured by canonical printed glycan arrays deposited to CFG website42 (Supporting 

Fig. S11), with only minor differences. For example, αMan3 was reproducibly enriched in LiGA-71 as 

well as in LiGA mixtures of other composition (Fig. S11a), whereas the CFG glycan microarray only 

detected binding only to penta- and decamannose glycans. Recognition of alpha-linked Man3-motifs by 

DC-SIGN was postulated based on structural studies55 and specific binding of Manα1-6[Manα1-

3]Manα1-(CH2)6-N3 to DC-SIGN was measured56. Thus, lack of detection of the Manα1-6(Manα1-

3)Manα1-(CH2)9-amino glycan on the CFG glycan microarray may not have been recognized as a result of 

differences in the presentation of the glycan in the LiGA and printed array formats (Fig. S11b-c). 

Deploying the density-scanning LiGA-9x6 array with DC-SIGN(+)/(-) fibroblasts not only confirmed the 

specific recognition of αMan3 but also uncovered pronounced bell-shaped dependence on density of 

αMan3 (Fig. 5d, Supplementary Fig. S11). Phage particles that displayed 300 copies exhibited binding 

significantly higher than those with <150 or >1000 copies of αMan3. This density scan suggests 

presentation of the αMan3 on the slide-based arrays may not have been optimal for the recognition by DC-

SIGN. These observations highlight the ability of the LiGA platform to robustly and reproducibly measure 

both affinity-based and avidity-based effects on glycan-GBPs interactions and in a complex biological 

milieu on the surface of mammalian cells. 

LiGAs, like other M13-display platforms, makes it possible to detect interactions between 

displayed ligands and receptors on the surface of organs and cells in live animals37. To demonstrate this 

capacity, we tracked the biodistribution of a LiGA to different organs in mice and its association with two 

subpopulations of B cells. We carried out a mixed bone marrow chimera to generate mice that contain a 

50:50 mixture of B cells expressing transgenic hCD2257 or lacking hCD22 expression, both of which are 

on a mCD22-/- background (Fig. 6a and SI for details). We used a red-green-blue-white (RGBW) LiGA, 

which was a 1:1 mixture of LiGA-70 linked to Lac-reporter phage (‘blue’) and non-glycosylated phage 
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associate with reporter-free phage (‘white’) supplemented with ~1% of two phage clones displaying 

Neu5Gcα2-6LacNAc and Neu5Acα2-6LacNAc linked to NeonGreen and mCherry transducing phage. 

The latter ‘red’ and ‘green’ clones previously demonstrated significant enrichment by cell surface-

displayed hCD22 protein (Fig. 2f). We injected this RGBW-LiGA in the tail vein of mice (n=3), recovered 

the organs after one hour, sorted the B cell populations from the spleen and measured the composition of 

the library associated with each organ or B cell type by PFU assay (Fig. 6b). Gratifyingly, we observed 

significant enrichment of the phage displaying the NeuAcα2-6Gal sialosides only with B cells that 

expressed hCD22 sorted from the same spleen of the same mouse (Fig. 6c). No enrichment of the phage 

displaying the NeuAcα2-6Gal sialosides was found in the bulk organs, including the lungs, heart, liver, 

kidney. This experiment demonstrates the feasibility of studying glycan-GBP interactions on the surface of 

cells in vivo using the LiGA technology.  

   

Discussion 

Multivalent interactions are ubiquitous in biological systems58. At a cell surface interface, 

multivalent receptor–ligand interactions are central to signal transduction, cell–cell recognition and the 

interpretation of external signals by cells11. The LiGA technology makes interrogation of these interactions 

possible using a mixture of monodisperse multivalent probes17: each probe with a DNA barcode and well-

defined glycan density. Modern advances in DNA barcoding, deep-sequencing and bioorthogonal 

modification enabled high-throughput manufacturing of LiGA components via a parallel conjugation of 

the glycans to phage virion. Like the majority of arrays with glycans printed on glass, the linkage between 

the glycan and the carrier (phage) is not natural. However, chemical conjugation affording 30–1500 copies 

of glycan per phage particle was key to addressing two critical limitations of prior glycophage: density and 

glycan diversity. The pioneering reports of glycophage display by groups of DeLisa34 and Aebi35 employed 
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M13 “3+3” phagemid particles displaying a D/E-X1-N-X2-S/T acceptor motif on pIII protein. Like all 3+3 

display systems, it is a monovalent display of one copy of engineered pIII fusion and four copies of wild 

type pIII (on average). Importantly, both groups observed that only 1 in 100 phagemid particles carried a 

glycan biosynthesized by the bacterial host. The display of truncated glycopeptides was common. The 

latter problem was subsequently resolved by DeLisa and co-workers36 by employing truncated pIII instead 

of full-length pIII. However, even in the optimized construct, the authors could not quantify the density of 

glycans on the different glycophages due to the low level of phage glycosylation36. The biosynthesis of a 

DNA-encoded bona fide multivalent display of diverse glycan structures on phage remains an interesting 

bioengineering challenge. Recent advances in this area include biosynthesis of multivalent display of 

glycoproteins on mammalian cell surface59 and multivalent display of biosynthesized glycans on DNA-free 

virus-like particles60. Unlike these and other display systems that employ the biosynthesis of glycans, 

LiGA decouples DNA encoding and glycan display from biosynthesis. Chemical manufacturing of LiGA 

components allows the repurposing of many chemical approaches previously employed in the construction 

of traditional slide-based glycan arrays18. 

Although SPAAC is a convenient linking strategy, other linking strategies may also work. For 

example, ligation of glycans with a carboxy linker to lysine side chains of bovine serum albumin is 

routinely employed in microarray manufacturing22 (reviewed in18). This approach is straightforward to 

adapt to LiGA manufacturing via acylation of N-termini of the pVIII protein instead of BSA. A growing 

palette of site-specific chemical conjugation strategies can inspire new and improved variants of LiGAs. 

The source of glycans in this paper is chemical, but it should also be possible to develop LiGAs using 

glycans isolated from natural sources. For example, ongoing efforts in our laboratory are focused on 

exploring the chemoenzymatic synthesis of LiGAs from biantennary N-linked glycan precursors.  
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We have shown that the multivalent LiGA platform effectively measured the glycan-binding 

preferences of purified GBPs and GBPs displayed on cells, including cells in organs in live animals. A 

typical preparation of one of the individual LiGA components requires only 50–100 μg of glycan and 

yields 1012 PFU of glycosylated phage particles. This amount is sufficient to perform on the order of 

100,000 lectin-binding or cell-binding assays using 106–107 copies of each glycosylated clone as input. 

The deployment of the LiGA technology further benefits from accurate knowledge of copy number, 

composition, and valency of LiGA components. This critical information will facilitate the investigation 

and modeling of complex interactions between a multivalent display of glycans and multivalent display of 

receptors on the cell surface. The LiGA platform has the potential to uncover critical glycan binding 

information of between glycans and cell-displayed GBP that has remained elusive due to limitation of 

other glycan array platforms. 
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Materials: 

Detailed Biochemical Methods 1.1-1.17, Data Processing Methods 2.1-2.6, and Synthetic Methods 3.1-

3.6 are available as part of the Supplementary Information document. 

Supplementary information 

Supplemental Figures S1-S13, Supplemental Schemes S1-S4, Supplemental Tables S1-S3; detailed 

biochemical methods describing the synthesis of LiGA components, protein- and cell-binding assays, 

animal experiments; synthetic methods describing the synthesis of the glycans, and data processing 

methods describing the analysis of the DNA sequencing data, statistical methods.  

Source data: submitted as “data.zip” contain files describing (i) MALDI spectra of the LIGA components, 

(ii) *.xlsx tables describing the correspondences between DNA and glycan structures (“LiGA 

dictionaries”); (iii) *.xlsx tables describing raw sequencing data and  statistical analysis used to generate 

Figures 2h, 3a, 4b-d, 5a-d, S9c, S10, S11a, S12; (iv) CFG glass array data used to generate Figures 3b, 

S11b, S13.  

Data Availability: All raw deep-sequencing data is publically available on http://ligacloud.ca/ with data-

specific URL listed in Table S3. DNA sequences of the three LiGA phage constructs have been deposited 

to GeneBank (#MN865131, MN865132, MN872303). MatLab, Python and R scripts have been deposited 

to https://github.com/derdalab/liga  
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Fig. 1: Synthesis and characterization of LiGA components. a, Representation of two-step chemical 
glycosylation of phage. b, MALDI mass spectrometry characterization of starting material (protein pVIII), 
alkyne-functionalized product (DBCO-pVIII, P1), and glycoconjugate product (P2). c, Spacing of glycans 
on M13 virion (PDB: 2MJZ and 2C0W) compared to spacing of binding sites of IgG antibody and lectin 
ConA. d, Control of the density of the modification by controlling the concentration of DBCO-NHS. e, 
Representative spectra of chemical modification of coat protein pVIII with glycans of different structural 
complexity. In MALDI conditions, sialoglycans exhibited a loss of sialic acid during ionization in acidic 
matrix; therefore MALDI of phage particles decorated with glycans containing terminal Neu5Ac contained 
two peaks (intact glycoconjugate and that with cleaved Neu5Ac). 
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Fig. 2: A colormetric PFU assay for rapid validation of LiGA. a, Clonal phage containing mNeonGreen 
reporter gene modified with mannose (α-Man), clonal phage containing mCherry gene with lactose (Lac), 
LiGA 3 x 3 array, constructed with LacZ reporter gene. b, Scheme of screenings against a immobilized 
GBPs and a fluorescent image of agarose plate used in plaque forming assay. c, Recovery of α-Man 
(mNeonGreen) in complex mixture and alone. d, The titer results suggested specific retention of G3C 
binders and ConA binders. e, hCD22 retains α2-6 sialoside, Neu5Gc (mNeonGreen) and Neu5Ac 
(mCherry) indiscriminately and has significantly higher recoveries compared to agarose beads. f, mCD22 
expressing CHO cells have preference for recognizing α2-6 sialoside, Neu5Gc while hCD22 on cells do 
not have preference for Neu5Gc and Neu5Ac. g, Differential enrichment analysis of deep-sequencing of 
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LiGA binding to G3C and streptavidine beads as described in (d). h-i, comparison of the Fold Change 
values observed in DE analysis (h) with (i) data observed in glass-based glycan array; public microarray 
data, CFG request #2564; searchable as “primscreen_6003” to “primscreen_6011” at CFG website42. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 25, 2020. ; https://doi.org/10.1101/2020.03.24.997536doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.24.997536


21 
 

 
 
Fig. 3: Summary of lectin binding to LiGA composed of 66 different glycophage constructs. a, Heat 
map describing the binding of 11 proteins to LiGA-66. Glycan notations, color-code of α/β linkages is 
show in the legend. b, Binding specificity of the glycan binding proteins to glass-based glycan array. The 
data is an aligned subset of multiple publicly available CFG array data. CFG request numbers or 
experiment dates are provided for each dataset. The lines between (a) and (b) connect either identical or 
structural related glycans in LiGA and CFG. * FC>3.8, whereas circles represents 3.8>FC>2 with 
FDR<0.05 in both cases. DE analysis was performed from 4 instances of binding to of LiGA to lectin 
captured by the streptavidin or protein G beads and 4 reference sets (binding to of LiGA to beads alone) 
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Fig. 4: LiGA measures affinity and avidity-based responses in purified GBPs. a, LiGA 9x6 is 
composed of nine glycans displayed at six densities. b-d, Binding of LiGA 9 x 6 to ConA (b), Galectin-3 
(c) and mAb-Galf4 (c) measured by deep-sequencing confirms enrichment of specific glycans; for each 
glycan-GBP pair, the phage that display high density of the glycan showed significantly lower enrichment 
than those that display intermediate density. MALDI spectra of the low and high density LiGA 
components b1, b2, b3, c1, c2, d1 and d2 described in (b-d). Asterisks indicate FDR≤0.05. 
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Fig. 5: LiGAs measure affinity and avidity-based responses in cell-displayed GBPs. a, Binding of 
LiGA to construct hCD22-Fc and normalized by binding of the same LiGA to protein-G beads. b, Binding 
of LiGA to hCD22(+) CHO cells normalized by binding of the same LiGA to CHO cells. c, Binding of the 
same LiGA to DC-SIGN(+) fibroblast cells normalized by binding of the same LiGA to DC-SIGN(-) 
fibroblasts uncover a binding profile significantly different from hCD22; enriched glycans contain Lex 
motif and  branched mannose structure. d, Phage virions that display 300 copies or 500 copied of core 
trimannoside exhibit binding to DC-SIGN clusters on the cell surface, virions with <150 copies or >1200 
copies exhibit insignificant enrichment. * represents FDR<0.05. 
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Fig. 6: a, Lethally irradiated mice were reconstituted with a 50:50 mixture of bone marrow from the two 
indicated recipient bone marrow to generate chimeric mice that have a mixture of hCD22+ and hCD22- B 
cells both lacking mCD22 and with different CD45 congenic markers for sorting purposes. b, The LiGA 
was injected into mice via the tail vein. One hour later, the mice were euthanized, and organs collected. 
The B cells were stained with the appropriate antibodies and sorted for differential expression of hCD22. 
Sorted cells and cells from organs were analyzed for phage by plaque assay. c, Analysis of types of phage 
from the PFU assay expressed as PFU enrichment (top) or total PFU (bottom).  
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