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Abstract

An engineered cyanovirin-N homolog that exhibits specificity for high mannose N-glycans has 

been constructed to aid type I α-1,2-mannosidase inhibitor discovery and development. 

Engineering the lectins C-terminus permitted facile functionalization with fluorophores via a 

sortase and click strategy. The resulting lectin constructs exhibit specificity for cells presenting 

high mannose N-glycans. Importantly, these lectin constructs can also be applied to specifically 

assess changes in cell surface glycosylation induced by type I mannosidase inhibitors. Testing the 

utility of these lectin constructs led to the discovery of type I mannosidase inhibitors with 

nanomolar potency. Cumulatively, these findings reveal the specificity and utility of the 

functionalized cyanovirin-N homolog constructs, and highlight their potential to fill the need for 

high mannose-specific lectins that can be applied for analytical purposes.

Graphical Abstract

Lectins that can be applied to specifically detect high mannose N-glycans on cell surfaces have 

been prepared by engineering the C-terminus of a naturally occur cyanovirin-N homolog. The 

functionalized lectins can be utilized to aid type I α-1,2-mannosidase inhibitor discovery and 

development. Here we utilize the functionalized lectin to prepare kifunensine analogues that are 

>75-fold more potent than kifunensine.

Keywords

Glycoscience; lectin; mannosidase inhibitors; bioconjugation; protein modifications; natural 
products

markfarrell@ku.edu. 

HHS Public Access
Author manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 May 25.A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript



N-linked glycans are present in the glycocalyx of human cells, and play important roles in 

various processes.[1] N-glycans are covalently attached to proteins via asparagine residues, 

and are modified by successive enzymatic transformations, culminating in the formation of 

complex N-glycans (Figure 1). Modulating N-glycosylation has shed light on the 

physiological and pathophysiological importance of N-glycans.[2] These studies have also 

uncovered the therapeutic benefits of modulating the enzymes that facilitate N-glycan 

attachment and maturation.[3]

Among these enzymes, the type I mannosidase (MAN I) enzymes have been described as 

promising targets for cancer,[4] viral infections,[5] sarcoglycanopathies,[6] lysosomal storage 

disorders,[7] and for the preparation of therapeutic high mannose bearing glycoproteins.[8] 

Despite this potential, kifunensine (1, Kif), an alkaloid isolated in the 1980’s, remains the 

predominantly applied MAN I inhibitor.[9] Efforts to identify Kif analogues or novel 

scaffolds have yet to provide an inhibitor with superior activity in cellular assays.[10] The 

development of cell-based assays to aid MAN I inhibitor development is hampered by the 

scarcity of tools available to specifically detect the high mannose N-glycans induced by 

MAN I inhibitors. In the absence of said tools, the discovery and development of MAN I 

inhibitors will remain limited.

Lectins, labelled with fluorophores, are prevalently applied to detect specific carbohydrate 

motifs on cell surfaces;[11] however, the lectins commonly applied to detect high mannose 

N-glycans (i.e., concanavalin A, Galanthus nivalis agglutinin and Hippeastrum lectin) bind 

to motifs that are not unique to the high mannose N-glycans that predominate upon MAN I 

inhibition.[12] These lectins lack the specificity required to differentiate between the glycans 

induced by MAN I (e.g., Kif) and MAN II (e.g., swainsonine, 2) inhibitors.[13] For example, 

concanavalin A (Con A) binds to α 1,3- and α 1,6-mannose motifs that are present in 

complex, hybrid, and high mannose N-glycans.[12c]

Lectins that bind to motifs uniquely present in high mannose N-glycans have been 

investigated for their anti-viral properties (e.g., cyanovirin-N and griffithsin);[14] but 

surprisingly, there are limited examples of these lectins being utilized for analytical 

purposes. The development and application of cyanovirin-N from Nostoc ellipsosporum has 

been hampered by this lectin’s tendency to aggregate and precipitate from solution;[15] 

however, a cyanovirin-N homolog that exhibits favorable solution phase properties has been 

isolated from Cyanothece7424 (i.e., Cyt-CVNH).[16] We reasoned that labelled Cyt-CVNH 

derivatives could be applied to detect high mannose N-glycans on cell surfaces.

Here, we describe the design, synthesis and characterization of a series of novel fluorophore 

labelled Cyt-CVNH derivatives. We demonstrate that these lectins preferentially bind to 

cells expressing elevated levels of high mannose N-glycans. Importantly, these lectins 

specifically detect the high mannose N-glycans that predominate on the surface of cells post 

treatment with MAN I inhibitors. We have applied these Cyt-CVNH derivatives in our 

efforts to develop Kif analogues, which has led us to identify MAN I inhibitors that exhibit 

nanomolar activity in cellular assays.
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Our initial analysis of Cyt-CVNH, lead us to realize that the residues amenable to facile 

functionalization are present in or are proximal to the lectin’s carbohydrate binding domains 

(Figure 2 and SI Figure S1). Unfortunately, conjugation of a fluorophore to these 

nucleophilic residues hampered binding to high mannose N-glycan expressing cells (SI 

Figure S1). In search of an alternative strategy, we noted that the C-terminus of cyanovirin-N 

can be modified without impacting carbohydrate binding.[17] Given the structural similarity 

between these two lectins (SI Figure S2), we set out to design a C-terminus modified Cyt-

CVNH derivative that would permit site selective C-terminus conjugation via a sortase 

mediated ligation (SML).[18] The C-terminus of Cyt-CVNH was thus modified to 

incorporate a sortase motif (i.e., LPETG) flanked by a glycine-serine Linker, and a His tag, 

referred to as Cyt-CVNH-LSH (3, Figure 2). The expression of 3 was performed in an 

analogous manner to that previously described for the expression of the parental lectin Cyt-

CVNH,[16] and appreciable quantities were readily prepared.

Attention turned to the preparation of the other components required for the SML. The 

sortase A heptamutant (7M SrtA) was chosen to catalyze these reactions as it works 

independently of Ca2+ and has enhanced catalytic activity.[19] Additionally, we pre-pared 

acyl acceptors 6a and 6b that would be utilized to optimize the SML with Cyt-CVNH-LSH 

(Scheme 1). To gain access to 6a and 6b, previously reported intermediate 4 was 

functionalized with NHS esters 5a and 5b.[20] The resulting intermediates were subjected to 

acidic conditions to remove the Boc groups, thus delivering GGGK-PEG4-N3 (6a) and 

GGGK-PEG4-Biotin (6b).

Next, we subjected the acyl donor CVNH-LSH 1 and acyl acceptor 6a to SML conditions. 

Initial attempts provided the desired product 7a, however, a threonine terminated lectin by-

product was also produced (SI Figure S3). Unfortunately, this by-product cannot be readily 

separated from the desired product due to modest differences in molecular weight and the 

absence of an affinity tag on both the desired and undesired products. Upon further 

experimentation, we found that applying 0.02 equivalents of 7M SrtA and an excess of 6a 
for 24 hours led to the formation of Cyt-CVNH-N3 (7a) in the absence of the hydrolyzed 

byproduct (Figure 3 and SI Figures S4-5). The general applicability of these conditions was 

validated using acyl acceptor 6b.

With Cyt-CVNH-N3 (7a) in hand, we reasoned that this is an ideal intermediate to facilitate 

the preparation of fluorophore labelled Cyt-CVNH constructs. The azide permits the use of 

strain-promoted azide–alkyne cycloadditions (SPAAC), which proceed in aqueous solutions 

at room temperature in the absence of additives.[21] Furthermore, numerous 

dibenzocyclooctyne (DBCO) functionalized fluorophores are commercially available which 

provides great flexibility. As such, CVNH-N3 (7a) was functionalized with DBCO-

fluorophores 8a-c in PBS at room temperature to provide Cyt-CVNH MB 488 (9a), Cyt-

CVNH-AFDye 647 (9b) and Cyt-CVNH-AFDye 594 (9c) in high purity after a simple 

dialysis (Figure 4C and SI Figure S7).

The ability of these functionalized lectins to detect high mannose N-glycans on the surface 

of cells was subsequently investigated (Figure 4D). Previous studies demonstrate that high 

mannose N-glycans are prevalent in the glycocalyx of CHO K1 cells,[22] thus making them 
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an ideal cell line for our initial experiments. Gratifyingly, staining CHO K1 cells with the 

Cyt-CVNH fluorophore conjugates 9a-c and subsequent flow cytometry analysis revealed an 

increase median fluorescence intensity (MFI) relative to unstained controls.

Next, we compared the specificities of Cyt-CVNH MB 488 (9a) and Con A AF488 using 

cell lines with differential N-glycan profiles (Figure 5a-b). For this, we chose to use CHO 

K1 cells, in addition to HEK 293 cells, which have a relatively low abundance of glycocalyx 

localized high mannose N-glycans, but alternatively, have a relatively high abundance of 

complex N-glycans.[22] Both cell lines were stained with equal concentrations of the 

respective lectins, and lectin staining was assessed relative to unstained controls. As 

expected, the high mannose N-glycan expressing CHO K1 cells were stained significantly 

with both lectins relative to unstained controls; however, staining of the complex N-glycan 

expressing HEK 293 cells with Con A AF488 is significant, while Cyt-CVNH MB 488 (9a) 

staining is not significant relative to unstained controls (Figure 5b).

The observed specificity prompted us to investigate if Cyt-CVNH MB 888 (9a) could 

differentiate between the N-glycans that prevail upon the treatment of cells with MAN I and 

MAN II inhibitors (Figure 5c-d). As such, Raji cells were treated with 25 μM Kif (1) and 

swainsonine (2, Swain) for 48 hours prior to staining with Cyt-CVNH MB 488 (9a) and Con 

A AF488. Treating cells with either Kif (1) or Swain (2) significantly increased Con A 

AF488 staining. Conversely, staining of Swain (2) treated cells using Cyt-CVNH MB 488 

(9a) was not significantly different to DMSO treated controls, but this lectin readily stained 

Kif (1) treated cells (Figure 5d). As such, the functionalized Cyt-CVNH lectins have the 

ability to differentiate between the glycans induced by MAN I and MAN II inhibitors.

Next, we investigated if Cyt-CVNH MB 488 (9a) staining correlates to the concentration of 

Kif (1) that is applied to cells (Figure 5e). To evaluate this, Raji cells were treated with 

different concentrations of Kif (1) for 48 hours before staining and analysis by flow 

cytometry. The fold change in staining was assessed relative to DMSO treated controls, and 

we were pleased to observe that the intensity of cell staining with Cyt-CVNH MB 488 (9a) 

increased proportionally to the concentration of Kif. Importantly, we could use this assay to 

determine the EC50 of Kif in Raji, Jurkat, and MDA-MB-231 cells. In addition to flow 

cytometry, we assessed if changes in the prevalence of high mannose N-glycans on cell 

surfaces could be visualized by microscopy (Figure 5f). MDA-MB-231 cells were treated 

with different concentrations of Kif (0, 1, and 10 μM) and were subsequently stained with 

Cyt-CVNH MB 488 (9a). Using confocal microscopy, an increase in staining, correlating to 

the concentration of Kif (1), is evidently visualized.

Finally, using a small panel of Kif derivatives, we examined if the functionalized lectins 

could differentiate between the activity of different MAN I inhibitors. Kif has been reported 

as a nanomolar inhibitor in biochemical assays;[9c] however, Kif exhibits micromolar 

activity in the cellular assays. We hypothesized that the lipophilicity (i.e., cLogP = −2.05) of 

this molecule was likely preventing it from efficiently entering cells. As such, we prepared 

Kif analogues 10a-c functionalized at the primary hydroxyl with esters (Figure 6a). We 

envisioned that intracellular esterases would cleave the esters appended to Kif once the 

molecules enter cells, thus providing Kif. The ability of these compounds to increase the 
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prevalence of high mannose N-glycans in the glycocalyx of Raji cells after treatment for 48 

hours was assessed by staining with Cyt-CVNH MB 488 (9a) and analysis by flow 

cytometry. The addition of a propionate ester (10a) negatively impacted activity, but the 

more lipophilic butyrate (10b) and hexanoate (10c) esters considerably increased activity 

(Figure 6b). Spurred on by these results, we prepared three additional analogues (11a-c) by 

modifying all of the hydroxyl groups with esters. The per-O-acetylated derivative (11a) 

exhibited a marginal increase in activity relative to Kif (1), however, the per-O-propionate 

(11b) and butyrate (11c) derivatives exhibit nanomolar activity. The activity of 11b and 11c 
was further assessed in Jurkat cells with similar results being observed (SI Figure S6).

In summary, engineering the C-terminus of Cyt-CVNH to include a sortase motif has 

facilitated the preparation of tools to analyze the prevalence of high mannose N-glycans on 

cell surfaces. These lectin-fluorophore conjugates can differentiate between the glycans 

induced by Man I and Man II inhibitors, and can be used to assess the activity of Man I 

inhibitors; thus, their utility as tools for the discovery and development of Man I inhibitors 

in evident. Said utility, facilitated our efforts to develop Kif analogues that are >75-fold 

more potent than Kif (1), and to the best of our knowledge, these molecules are the most 

potent MAN I inhibitors in cellular assays described to date.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
N-glycan maturation pathway. N-glycans attached to proteins are trimmed by α-glycosidase 

(Gls), type I α-1,2-mannosidase (Man I) and type II α-mannosidase (Man II) enzymes. The 

latter steps can be inhibited by kifunensine (1) and swainsonine (2) respectively. Elaboration 

of the N-glycans is facilitated by N-acetyl glucosamine transferase I (GnT I), galactosyl 

transferase (GalT) and sialyl transferase (ST) enzymes.
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Figure 2. 
Structure guided design of Cyt-CVNH-LSH (3). The structure of Cyt-CVNH (PDB: 5K79) 

annotated to highlight binding domain residues (cyan), nucleophilic residues (Lys = orange; 

Cys = yellow), and the modified C-terminus.
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Figure 3. 
Sortase mediated ligation. A) A schematic depiction of the SML involving Cyt-CVNH-LSH 

(3) and 6a-b to provide Cyt-CVNH-N3 (7a) and Cyt-CVNH-Biotin (7b); B) MALDI spectra 

of the r products. A.U. = arbitrary units.
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Figure 4. 
Functionalization of Cyt-CVNH-N3 (7a) with fluorophores using SPACC. A) A schematic 

depiction of the click reaction between Cyt-CVNH-N3 (7a) and DBCO-fluorophores 8a-c; 

B) The structure of the respective fluorophores. C) MALDI spectra of the reaction products 

9a (left), 9b (middle), and 9c (right). D) Histograms depicting the binding of 9a-c to CHO-

K1 cells (Grey = unstained controls; Green = 9a; Red = 9b; and Pink = 9c). MFI = Median 

Fluorescence Intensity.
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Figure 5. 
Cyt-CVNH MB 488 specificity. The binding of Cyt-CVNH MB 488 (green) and Con A 

AF488 (purple) to CHO K1 (left) and HEK 293 (right) cells depicted with (A) histograms 

and (B) a bar chart; C) Histograms depicting the binding of Con A AF488 (left) and Cyt-

CVNH MB 488 (right) to Raji cells that have been treated with DMSO (purple/green), 25 

μM of Swain (red) or Kif (yellow); D) Bar chart depicting the binding of Con A AF488 

(purple) and Cyt-CVNH MB 488 (green) to Raji cells that have been treated with DMSO, 25 

μM of Kif or Swain; E) Fold change in MFI of Cyt-CVNH MB 488 staining induced by Kif 

relative to DMSO treated controls. Experiments were carried out using Raji (left), Jurkat 

(middle), and MDA-MB-231 (right) cells; F) Assessing Kif induced changes in the 

prevalence of high mannose N-glycans by staining with Cyt-CVNH MB 488 and analyzing 

microscopy. Statistical significance was determined as described in the SI.
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Figure 6. 
Kifunensine analogues. A) The structure, CLogP, and activity of the Kif analogues 10a-c 
and 11a-c; B) Percentage change in MFI relative to DMSO control (0%) and 200 μM Kif 

(100%). Experiments were carried out using Raji cells.
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Scheme 1. 
The synthesis of azido and biotin functionalized acyl acceptors.
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