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ABSTRACT: Multivalent iminosugars have been recently explored for glycosidase inhibition. Affinity enhancements 
due to multivalency have been reported for specific targets, which are particularly appealing when a gain in enzyme 
selectivity is achieved, but raise the question of the binding mode operating with this new class of inhibitors. Here we 
describe the development of a set of tetra- and octavalent iminosugar probes with specific topologies and an assessment 
of their binding affinities towards a panel of glycosidases including the Jack Bean α-mannosidase (JBαMan) and the 
biologically relevant class II α-mannosidases from Drosophila melanogaster belonging to glycohydrolase family 38, 
namely Golgi α-mannosidase GMIIb (GM) and lysosomal α-mannosidase LManII (LM). Very different inhibitory pro-
files were observed for compounds with identical valencies, indicating that the spatial distribution of the iminosugars is 
critical to fine-tune the enzymatic inhibitory activity. Compared to the monovalent reference, the best multivalent com-
pound showed a dramatic 800-fold improvement in the inhibitory potency for JBαMan, which is outstanding for just a 
tetravalent ligand. The compound was also shown to increase both the inhibitory activity and the selectivity for GM over 
LM. This suggests that multivalency could be an alternative strategy in developing therapeutic GM inhibitors not affect-
ing the lysosomal mannosidases. Dynamic light scattering experiments and atomic force microscopy performed with co-
incubated solutions of the compounds with JBαMan shed light on the multivalent binding mode. The multivalent com-
pounds were shown to promote the formation of JBαMan aggregates with different sizes and shapes. The dimeric na-
ture of the JBαMan allows such intermolecular cross-linking mechanisms to occur.  

INTRODUCTION. Synthetic glycoclusters presenting 
multiple copies of a sugar epitope have been extensively 
investigated to inhibit carbohydrate binding proteins called 
lectins.1 Logarithmic affinity enhancements compared to 
monovalent references are often observed with fine-tuned 
glycoclusters. These affinity improvements termed “multi-
valent or glycoside cluster effects”,2 can be rationalized by a 
limited number of binding mechanisms occurring inde-
pendently or simultaneously.3 The highest multivalent ef-
fects have been reported when the tethered epitopes of a 

glycocluster embrace at least two binding sites of a multi-
meric lectin (chelate binding mode).4 When the linkers are 
too short for such chelation, organized and stabilized gly-
cocluster-lectin networks can be formed. Both interactions 
require a multimeric presentation of the receptors, a situa-
tion generally encountered with lectins. 

In stark contrast, multivalency was largely disregarded as 
a means to inhibit carbohydrate processing enzymes, until 
recently. Only a few examples of multivalent glycosidase 
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inhibitors were reported in the literature.5 This can be ex-
plained by the synthetic hurdles in obtaining acceptable 
quantities of inhibitors for multivalent grafting, and by the 
generally monovalent nature of glycosidases, which are not 
prone to chelate or aggregative processes. Nevertheless, 
significant affinity enhancements may also be expected with 
multivalent conjugates interacting at a single protein bind-
ing site. The locally high concentration of the tethered lig-
ands in close proximity to the binding site may favour a 
rebinding mechanism and prevent complex dissociation, as 
previously observed with lectins.6 These considerations 
stimulated us to study multivalency in the context of glyco-
sidase inhibition. In previous work, we designed mono-, di- 
and trivalent deoxynojyrimycin (DNJ) analogues (a broad 
glycosidase inhibitor) grafted onto ethylene-glycol scaffolds 
by click chemistry and assessed the inhibitory activities of 
our compounds toward a panel of glycosidases. We ob-
served different inhibitory profiles depending on the en-
zymes, and showed the first significant multivalent effect on 
a glycosidase (Jack Bean-α-D-mannosidase = JBαMan).7 
These results were further supported by others with click 
DNJ-based dodecavalent fullerenes showing high multiva-
lent effects (up to three orders of magnitude) on the same 
enzyme.8 Multivalent effects were also reported on biologi-
cally relevant enzymes such as glucosylceramide synthase 
and the bacterial heptosyltransferase WaaC, with implica-
tions for Gaucher diseases9 and bacterial infections,10 re-
spectively. Together, these results highlight the great poten-
tial for multivalent inhibition of glycosidase enzymes and 
pave the way to potential biomedical applications. 

Surprisingly, positive responses to multivalency are only 
observed with certain enzymes, which is very beneficial for 
selectivity improvements, but remains intriguing. Insights 
into the multivalent binding mode operating should give 
clues about such selectivity and may enable prediction of the 
efficiency of multivalent inhibitors for new targets. In the 
present work, we wished to assess the multivalent binding 
mode(s) operating with JBαMan, for which the first and the 
highest multivalent effect has been described. JBαMan is a 
class II-α-mannosidase, a group of glycoside hydrolases of 
considerable interest. Golgi α-mannosidase (GM) and lyso-
somal α-mannosidases (LM) are two other members of this 
family (GH38) with closely related protein sequences. Inhi-
bition of the former enzyme by the indolizidine alkaloid 
swainsonine, has been shown to reduce tumor growth and 
cell metastasis11 while a deficiency in the latter is observed 
in the inherited disorder mannosidosis. There is a signifi-
cant interest in developing selective GM inhibitors over LM, 
to prevent un-wanted mannosidosis syndromes during 
cancer chemotherapies. 

Based on structural analogies, JBαMan is considered a 
good model for these two glycosidases, and studying multi-
valent effects on JBαMan to develop a new enzymatic mode 
of inhibition is therefore of particular interest. For this pur-
pose, we designed a series of mono-, tetra- and octavalent 
DNJ probes 1-8 based on porphyrin, calix[4]arene, glucose, 
galactose, trehalose and γ-cyclodextrin scaffolds (Chart 1). 

 

 

Chart 1. Structure of the multivalent glycoclusters incorporating 4 to 8 DNJ moieties. 

 

The different scaffolds selected give specific spatial orien-
tations of the tethered DNJ, and may thus impact the inhi-
bition. The inhibitory activities of the compounds were 
tested on a range of commercially available glycosidases 
including JBαMan. The two compounds showing the high-
est inhibition of JBαMan were also tested against GM and 

LM to evaluate the potential of this multivalent approach in 
anti-cancer therapy. 

Dynamic Light Scattering experiments (DLS) and Atomic 
Force Microscopy (AFM) images shed light on the binding 
mode operating with the multivalent iminosugars and 
JBαMan. 
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Synthesis. 

Benzoylated azido-functionalized DNJ 117 was obtained 
from commercially available methyl-α-D-glucopyranoside as 
we previously described (Scheme 1). 

 

Scheme 1. Synthesis of the acetylated azido-
functionalized DNJ intermediate 14. 

  

This procedure requires a critical double reductive amina-
tion step involving 3-azidopropylamine 913 and the 1,5-

dicarbonylated compound 1014. Deprotection of the benzyl 
groups was problematic on octavalent and porphyrin-based 
compounds. Thus, we synthesized a second N-azidopropyl-
DNJ synthon 14 with acetate protecting groups. The double 
reductive amination developed for the cyclization of 11 was 
not applicable to compound 14 due to the rather labile es-
ters under these conditions. Thus, we chose to obtain com-
pound 14 directly from 11. Initial attempts to remove the 
benzyl groups selectively with BCl3 failed and gave a com-
plex mixture of products.15 Azides and benzyl groups of 11 
were then reduced with Pearlman’s catalyst in acidic me-
dia.16 The azide group was recovered with a copper-
catalyzed diazo-transfer reaction performed with imidazole-
1-sulfonyl azide 13,17 a safer reagent than the generally used 
triflyl azide.18 The crude product was acetylated in a mixture 
of pyridine and acetic anhydride to give 14. 

Propargylated scaffolds 1519, 1620, 17,21 18, 20, 21 (Scheme 
2) were obtained in yields ranging from 46 to 90% with 
propargyl bromide, sodium hydride and the corresponding 
alcohols in DMF (see Supporting Information). 19 was ob-
tained as previously described.22 

 

 

Scheme 2. Structure of the eight glycoclusters obtained by CuAAC 

 
Yields are indicated for the cyclization-deprotection steps. Conditions: (a) Pd(OH)2, MeOH-1M aq HCl; r.t., 48 h; (b) Am-

berlite resin IRN 78, MeOH-H2O, r.t., 14 h. 

 

The protected azidopropyl-DNJ 11 or 14 was tethered to 
the propargylated scaffolds 15-21 with microwave-assisted 
copper-catalyzed azide-alkyne cyclization (CuAAC). The 

compounds were irradiated in the presence of copper sulfate 
and sodium ascorbate in a mixture of dioxane and water. 

The exclusive formation of the 1,4-cycloadducts was ob-
served in all cases as shown by the large ∆(δC-4–δC-5) val-
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ues (>20 ppm) recorded by 13C NMR spectroscopy for the 
different structures.23 The 1,3-dipolar cycloaddition was 
initially performed with 11 and propargyl alcohol to form the 
monovalent reference 1 after hydrogenolysis of the benzyl 
groups of 22 with Pearlman’s catalyst in acidic media. 
Deprotection of the benzyl groups by such protocols was 
shown to be problematic with octavalent and porphyrin-
based scaffolds and incomplete on the octavalent imino-
sugars. This problem was overcome with the corresponding 
acetylated analogues 22, 23, 27-29 that were easily depro-
tected using basic anion exchange resin Amberlite IRN-78. 
Compounds 1-9 were obtained with fair to good yields (57-
92%) for the cycloaddition-deprotection sequence depend-
ing on the difficulty of purification using silica gel column 
chromatography. 

 

Inhibition studies on glycosidases. Variation of the 
spatial ligand presentation on glycoclusters was previously 
shown to affect the binding profiles for specific lectins.24 
Multivalent glycoconjugates with identical valencies were 
shown to discriminate between lectins with closely related 
sequences.25 The set of multivalent DNJ 2-6 and 7,8 based 
on different chemical architectures but with identical valen-
cies are interesting tools to investigate if such topological 

effects are also of importance for inhibition. In particular, 
the alternate 2 and cone calix[4]arene 3 are isomers with 
distinct spatial presentations of the DNJ epitopes.26,27 The 
two sets of carbohydrate-based ligands 4-5 and 7,8 also 
possess rather similar scaffolds but should provide distinct 
presentations of the DNJ ligands. 

The inhibition constants (Ki) for the monovalent refer-
ence 1, the tetravalent compounds 2-6 and the octavalents 
7,8 are presented in Table 1.  

In agreement with previous studies,7-9 different inhibitory 
profiles were observed depending on the glycosidase targets. 
This further supports the hypothesis that multivalency can-
not be considered a general strategy for glycosidase inhibi-
tion as it is for lectins since not all enzymes were inhibited 
by these multivalent inhibitors.27 

Significant affinity enhancements were observed for 
JBαMan and multivalent ligands 2-8. In order to quantify 
better the level of the multivalent inhibitions observed, the 
relative inhibitory potencies (RIP) and affinity enhancement 
per DNJ motif (AED) are presented in Table 2. 

 

 

 
 

Table 1. Glycosidases inhibitory activities (Ki, µM) for compounds 1-8. 

 
 

       

 1 2 3 4 5 6 7 8 

β-galactosidase 

(bovine liver) 
n.i. 58 ± 6 38 ± 4 n.i. 64 ± 6 52 ± 5 71 ± 9 191 ± 19 

β-galactosidase 

(E. coli) 
85 ± 9 n.i. n.i. n.i. n.i. n.i. n.i. n.i. 

α-galactosidase 

(green coffee) 
55 ± 6 36 ± 4 24 ± 2 228 ± 23 24 ± 2 18 ± 1 1.7 ± 0.2 40 ± 4 

β-glucosidase 

(almonds pH 7.3) 
233 ± 24 729 ± 87 n.i. 311 ± 36 283 ± 28 n.i. 281 ± 27 177 ± 18 

α-glucosidase 

(baker’s yeast) 
n.i. 45 ± 4 585 ± 59 n.i. n.i. n.i. 243 n.i. 

α-mannosidase 

(jack bean) 
400 ± 48 20 ± 2 1.5 ± 0.2 76 ± 8 41 ± 4 0.5 ± 0.05 21 ± 2 23 ± 2 

β-mannosidase 

(helix pomatia) 
n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. 

amyloglucosidase 

(Aspergillus niger) 
45 ± 4 11 43 ± 5 11 ± 1 2.3 ± 0.2 24 ± 2 4.6 ± 0.5 8 ± 0.8 

n.i. = no inhibition observed at 2 mM concentration of the inhibitor. Most of the compounds displayed significant multiva-
lent effects relative to 1 on α-mannosidase from Jack Bean (grey cells) 
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Table 2. Affinity enhancements observed with glycoclus-
ters 2-8 on the α-mannosidase from jack bean. 

 

 Com-
pound 

Valen-
cy 

α-
mannosidase 

 
  RIP[a

] 
AED[b

] 

 1 1 1 1 

 
2 4 20 5 

 
3 4 267 67 

 

4 4 5 1.2 

 

5 4 10 2.5 

 
6 4 800 200 

 
7 8 19 2.4 

 
8 8 17 2.1 

 

[a] RIP = Relative Inhibitory Potency calculated by divid-
ing Ki of reference 1 by the Ki of the corresponding multiva-
lent compound. [b] AED = Affinity Enhancement per DNJ 
motifs calculated by dividing RIP values by the compound 
valency. AED values > 1 are indicative of a positive multiva-
lent effect. The highest multivalent effect observed on 
JBαMan is presented in the grey cells. 

 

RIP values are calculated by dividing the Ki of the mono-
valent reference 1 by the Ki of the multi-DNJ and gives the 
affinity enhancement per molecule. The RIP values were 
divided by the ligand valency to assess strictly the affinity 
gain per DNJ motif (positive multivalent effect for AED>1). 
All the compounds showed positive multivalent effects on 
JBαMan. The cone calix[4]arene 3 showed a strong multiva-
lent effect on JBαMan (RIP = 267) but was surpassed by 6 
(RIP = 800) for which a dramatic AED gain of 200 was 
observed. This tetravalent porphyrin-based compound dis-
played a higher enhancement per DNJ motif than a previ-
ously described dodecavalent DNJ-based fullerene (AED = 
179),8 which is remarkable for such a low-valency ligand. 

JBαMan is a zinc metalloenzyme which can be signifi-
cantly inactivated by micromolar concentrations of cop-
per.29 We therefore ascertained that the strong affinity ob-
served with the multivalent DNJ was not due to the pres-
ence of residual copper from the CuAAC step. The residual 
concentration of free copper was estimated with a colori-
metric test kit (excluding colored compound 6).30 In each 

case, the residual amount of copper ranged from 50 to 150 
ppm. As an example, for the second most potent compound 
3 (Ki = 1.5 µM, Cu<150ppm) this corresponds to a sub-
nanomolar concentration of copper (Cu<0.2 nM) during the 
enzymatic assay, well below the micromolar concentration 
required for JBαMan inhibition. The glycosidase inhibitory 
activities observed for the compounds are therefore not 
related to or affected by the low residual amount of copper. 

The octavalent γ-cyclodextrin-based compound 8 only 
displayed a limited multivalent effect (AED = 2.1) which was 
surprising considering that β-CD analogues with closely 
related sequences and spatial distribution of the epitopes 
were previously shown to be potent inhibitors of the same 
enzyme.31 The latter differed in valency (7 or 14-valent) and 
displayed more carbon atoms in the N-alkyl chain (N-hexyl 
or N-nonyl DNJ). Subtle differences in ligand presentations, 
or non-specific positive interactions of the β-CD scaffold 
with the mannosidase may explain the strong differences in 
inhibitory activities among these compounds. 

Importantly, topological effects were shown here to influ-
ence strongly the selectivity and inhibition for specific gly-
cosidases. This is well illustrated with isomeric alternate 2 
and cone calix[4]arene 3 displaying significantly different 
AED values on JBαMan of 5 and 67, respectively. 

These results clearly highlight the importance of the scaf-
fold selection in fine-tuning the epitope presentation in 
order to increase multivalent glycosidase inhibition. The 
fact that compounds with the highest valencies are not nec-
essarily the most potent inhibitors may be similar to the 
situation encountered with lectins, where plateaus of inhibi-
tion are often observed when the valency of inhibitors is 
further increased.32 

 

Inhibition studies on GM and LM. Potent GM inhibi-
tors such as the indolizidine alkaloid swainsonine have a 
strong potential in cancer therapy by blocking N-glycan 
biosynthesis. However, their development is greatly ham-
pered by un-wanted coinhibition of the closely related man-
nosidase LM, resulting in symptoms of α-mannosidosis. 

In view of the results obtained on JBαMan, we wanted to 
evaluate here if the multivalent strategy could be a means to 
increase the affinity and selectivity for GM over LM. For this 
reason we used human homologues of Drosophila melano-
gaster Golgi (GMIIb, labeled here GM) and lysosomal 
(LManII, labeled here LM) α-mannosidases as model en-
zymes. The recombinant enzymes were expressed in Pichia 
pastoris, processed and assayed as already described.33 
Briefly, concentrated and dialyzed induced culture medium 
was used as an enzyme in the assay with p-nitrophenyl-α-D-
mannopyranoside (pNP-Man) as a substrate. Liberated p-
nitrophenol was measured spectrophotometrically. 

The tetravalent inhibitors 3 and 6 showing the highest 
inhibition of JBαMan and the monovalent references 1 were 
assessed on GM and LM (Table 3). Interestingly, an affinity 
enhancement due to valency was observed with 6. Although 
the effect on GM was moderate compared to the inhibition 
observed on JBαMan, the results show that multivalent 
iminosugars may be considered to increase affinity for this 
pharmaceutical target. Compound 6 was also selective for 
GM with no inhibition observed on LM at the high concen-
tration of 1 mM. At present, the reason for such selectivity is 
unclear.  A specific residue in LM may sterically prevent the 
approach of the large scaffolds of 3 and 6. Alternatively, LM 
may also respond to multivalency but at a smaller level than 
GM and the associated increased inhibitory activity may 
remain undetectable (below 1 mM).    
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Compound 3 did not show any significant GM and LM 
inhibition which is surprising in view of the inhibitory activ-
ity observed on JBαMan. It seems that the multivalent 
iminosugars are able to discriminate glycosidases from the 
same family with high homology. 

 

Table 3. Mannosidase inhibitory activities (Ki, µM) for 
compounds 1, 3, 6. 

 

Compound GM (Ki/ µM) LM (Ki/ µM) 

1 362 ± 88 n.i. 

3 n.i. n.i. 

6 24 ± 10 n.i. 

 

n.i. = no inhibition observed at 1 mM concentration of the 
inhibitor. 

 

 

Binding mode operating with Jack Bean α-
mannosidase. The fact that multivalent effects only occur 
with a limited number of glycosidases is of great interest in 
enzyme selectivity but raises the question of the binding 
mode(s) operating. It is of particular importance to answer 
this question in order to rationalize the future development 
of inhibitors and potentially predict possible multivalent 
effects with specific targets. 

We wanted to assign the binding mode operating with 
JBαMan for which the highest multivalent effects are re-
ported. JBαMan is a 230 kDa heterodimer with two sub-
units of around 49 and 66 kDa. The larger sub-unit was 
postulated as the catalytically competent active site.34 Inter-
estingly, a recent study suggested that each unit of 115 kDa 
(49 + 66) was catalytically active in the dimeric structure.35 
Based on these considerations, four different multivalent 
binding modes can be proposed to explain the affinity en-
hancement observed with the multivalent iminosugars. 
These specific interactions (Figure 1) are frequently ob-
served with carbohydrate binding proteins.1a In the “bind 
and jump” process (Figure 1A),6a, 36, 37 the high local concen-
tration of the DNJ ligands in close proximity to the binding 
site favour a recapture mechanism on the adjacent ligands. 
Although strong affinity enhancements have been reported 
with lectin and polymeric structures by this mechanism,38 
size-controlled glycoclusters of low valency generally do not 
exceed a 10-fold increase in affinity compared to monova-
lent ligands. It is therefore unlikely that the strong multiva-
lent effect observed with 6 could be solely due to this recap-
ture mechanism. Aggregative processes (Figure 1B) can be 
expected with the tetravalent ligands because of the dimeric 
nature of the enzyme. Different types of ligand-lectin net-
work have been previously described, with moderate to high 
stabilizing effects.39 Chelate and aggregative chelate (Fig-
ures 1C, 1D) binding modes may be operating if the distance 
between the tethered iminosugars can embrace both catalyt-
ic sites of the divalent glycosidase. The highest multivalent 
effects reported on lectins with glycoconjugates occurred 
through chelate interactions.4 

 

 

 

 

 

Figure 1. Illustration of the possible binding modes 
operating with a tetravalent ligand and a divalent protein 

 A) Recapture mechanism favored by the high local concen-
tration of ligands; B) Formation of ligand-protein networks; 
C) Chelate binding mode; D) Aggregative chelate. 

 

Atomic Force Microscopy experiments were performed to 
shed light on the binding mode operating with the multiva-
lent iminosugars and JBαMan. AFM is a powerful tool for 
measuring and imaging interactions in biological samples. 
This technique provides nanoscale views of various im-
portant biological processes and structures such as recep-
tor/ligand interactions, cell functions, microbial activity, 
lipid membrane properties and protein confor-
mation/assemblies. Experiments were performed in tripli-
cate and similar images were recorded for a given com-
pound. AFM imaging of JBαMan alone (See Figure S7 in 
Supp Mat) or co-incubated with the monovalent reference 1 
gave isolated spots at the mica surface matching the size of 
the JBαMan (height of 5.1±0.3 nm). In stark contrast, the 
interaction between JBαMan and the multivalent com-
pounds 2-8 produced nano-assemblies (Figure 2 and Fig-
ures S8 and S9). 

This clearly illustrates that the multivalent iminosugars 2-
8 have the ability to aggregate JBαMan. The stabilization 
effect observed with the multivalent iminosugars may there-
fore be related to the formation of the stabilized supramo-
lecular aggregates, in analogy to that previously described 
for lectin-saccharide networks.38  

Remarkably, aggregates with different sizes and shapes 
were observed in AFM images depending on the com-
pounds. Alternate calix[4]arene 2 formed rectilinear struc-
tures with JBαMan (Figure 2B). The specific presentation of 
the DNJ in 2, which are paired on each sides of the rigid 
calixarene scaffold, seems to favour the formation of recti-
linear structures compared to more packed aggregates. It is 
worth mentioning that supramolecular assemblies of similar 
shapes were previously observed with a bacterial lectin and 
a tetragalactosylated glycocluster based on the same 1,3-
alternate calix[4]arene scaffold.40 
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Figure 2: AFM height (left) and deflection (right) images 
of JBαMan interacting with mannose multivalent ligands 
(z= 10 nm in height images; scale bars = 500 nm). 

 

 

 
 

Significantly different networks were observed with the 
other multivalent DNJ glycoclusters. Compounds 3, 4, 5 or 
8 formed large ring-shaped structures while the porphyrin-
based compound 6, displaying the highest inhibitory activi-
ty, formed much larger aggregates with JBαMan (Figure 2, 
Figures S8 and S9). 

Although the supramolecular ring-shape adopted by most 
of the compounds is difficult to explain by molecular level 
considerations, the very large 6-JBαMan aggregates formed 
may be due, at least in part, to the well-known tendency of 
porphyrin to self-assemble in water through intermolecular 
π-π stacking interactions.41 Aggregates of 6 with enhanced 
valency could play the role of a template facilitating the 
formation of the larger JBαMan aggregates observed by 
AFM. Self-assembling multivalent ligands have been previ-
ously reported as powerful tools to target bacterial lectins.42 
This assumption is supported by AFM images of 6 alone 
showing small supramolecular structures with a thickness of 
0.8 to 1 nm (Figure S10) and by DLS experiments (Figure 
S12, pick around 1 nm). It should be noted that aggregates 
in Figure 2 have a thickness matching the protein size (5 
nm) and are therefore unambiguously ascribed to JBαMan 
and not to the ligands alone. 

AFM analyses were also performed with different 
6/JBαMan ratios. The AFM images showed that the size of 
aggregates increases with growing 6/JBαMan ratio (Figure 
S11). This confirms that the ratio influence the size of struc-
tures found in AFM images, and further supports the thesis 
that JBαMan aggregates are promoted by the multivalent 
iminosugars. 

Next, we wanted to investigate if aggregative processes 
are also observed with glycosidases that do not respond to 
multivalency. The Alpha-glucosidase (αGlu) and beta-
galactosidase (βGal) were selected and imaged with or with-
out 3 and 6 (Figure 3). Aggregates were never observed and 
co-incubated solutions showed particles matching the size 
of αGlu or βGal alone. These results reinforce the hypothesis 
that the increased inhibitory activity observed with JBαMan 
is induced by the formation of large aggregates. This also 
potentially explains the inversion of the αGlu / JBαMan 
selectivity observed with the monovalent 1 and the multiva-
lent DNJ inhibitors (Table 1). Despite its preference for the 
monovalent DNJ motif, αGlu is less inhibited by the multi-
DNJ because the enzyme does not respond to multivalency 
and does not form the large aggregates observed with 
JBαMan. 

 

Figure 3. Control AFM images of beta-galactosidase and 
alpha-glucosidase incubated with mannose tetravalent lig-
ands. 

  
(z=10 nm in height images ; scale bar is 500 nm). The 

mean size of particles is indicated below images. According 
to these images, these two enzymes cannot form complexes 
with mannose-based ligands. 

 

The formation of DNJ glycoclusters-JBαMan aggregates 
was further explored in solution by DLS experiments (Table 
4, Figure S12). DLS was used to determine the hydrodynam-
ic diameter of JBαMan alone or in complex with monova-
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lent compound 1 and tetravalent compounds 3 and 6, both 
showing the highest inhibitory activity with the enzyme. A 
hydrodynamic diameter of 10 nm was observed for JBαMan 
alone. Co-incubation with the monovalent reference 1 led to 
a similar particle-size distribution. In stark contrast, large 
aggregates of more than 500 nm were formed in the pres-
ence of the tetravalent iminosugars 3 or 6. These results are 
in good agreement with the AFM studies and further con-
firm the potency of the tetravalent iminosugars to form 
cross-linked complexes with JBαMan. 

 

Table 4. Hydrodynamic diameters of JBαMan in the 
absence or presence of iminosugars.  

JBαMan alone 10.4 ± 2.2 

JBαMan/1 9.9 ± 2.5 

JBαMan/3 663.3 ± 128.9 

JBαMan/6 731.9 ± 161.9 

β-galactosidase (E. coli) /6 7.4 ± 1.4 

α-glucosidase (baker's yeast) /6 3.3 ± 0.7 

Results expressed in nm correspond to the mean of three 
independent samples. The JBαMan/ligand ratio was 1/10. 
The size of ligands without proteins was less than 1 nm and 
control proteins (αGlu or βGal) did not yield aggregates in 
solution with the ligands. 

 

Conclusion 

After our first proof of the concept of the multivalent in-
hibition of JBαMan,7 we wished to gain more insight into 
the binding mode operating with this enzyme. The different 
affinities and inhibitory profiles observed here with com-
pounds of identical valencies, clearly highlight that the spa-
tial presentation of the DNJ epitopes modulates the 
strength of the multivalent effects to a large extent. A careful 
selection of the scaffold is therefore essential to provide an 
adequate spatial distribution of the DNJ ligands. The octa-
valent compounds with the highest valencies were not the 
strongest inhibitors, and this further suggests that designing 
multivalent iminosugars with fine-tuned spatial distribution 
of the DNJ is much more relevant than an ever-increasing 
valency. The porphyrin-based compound 6, displayed a high 
JBαMan selectivity, with a dramatic 800-fold improvement 
compared to the monovalent reference, which is unprece-
dented for a tetravalent ligand. Insights into the multivalent 
binding mode operating are also provided here. DLS exper-
iments indicate that large JBαMan aggregates are formed in 
the presence of the tetravalent compounds 3 and 6 but not 
with the monovalent 1. AFM images and DLS measurements 
also clearly show that the multivalent compounds are able 
to aggregate dimeric JBαMan, but not αGlu or βGal which 
did not respond to multivalency in the inhibitory assay, 
giving a rational basis for the multivalent effect seen with 
JBαMan. Interestingly, different patterns are observed 
depending on the multivalent inhibitors, and this may well 
explain the difference in inhibition among the compounds. 
Furthermore, JBαMan is a class II-α-mannosidase of the 
GH 38 family, a group of glycoside hydrolases of considera-
ble interest, including GM and LM. Inhibitory activities 
measured with 6 on the pharmaceutical target GM showed 
an increased affinity compared to the monovalent reference 
1 with a high selectivity over LM. This finding is of particu-
lar interest considering the importance of selectively inhibit-

ing GM over LM in cancer chemotherapy. Studies are cur-
rently in progress in our laboratories to evaluate the poten-
tial of new multivalent iminosugars for selective GM inhibi-
tion. 

 

Supporting Information.  
Experimental procedures, AFM images, and spectral data 
for all new compounds. This material is available free of 
charge via the Internet at http://pubs.acs.org. 
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