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Introduction 
 
Glycosidases, the enzymes responsible for the breakdown of glycoconjugates are ubiquitous through 
all kingdoms of life. The extreme chemical stability of the glycosidic bond combined with the catalytic 
rates achieved by glycosidases makes them among the most proficient of all enzymes.1  They have 
been classified in families based on amino acid sequence similarities (http://www.cazy.org). Because 
there is a direct relationship between sequence and folding similarities, such a classification reflects the 
structural features of these enzymes better than their sole substrate specificity and provides a 
convenient tool to derive mechanistic information  Given their multitude of roles in vivo, inhibition of 
these enzymes is highly attractive with potential in the treatment of a vast array of pathologies ranging 
from lysosomal storage diseases2,3 and diabetes4 to viral infections5. Therefore great efforts have been 
invested in the last three decades to design and synthesize inhibitors of glycosidases6,7 leading to a 
number of drugs currently on the market.8 Glycosidase inhibitors are also extremely useful probes for 
dissecting the subtle differences in mechanisms employed by different glycosidase families. They can 
also be used as tools for chemical biology and selective inhibitors are invaluable for modulating effects 
in cells or in vivo. 
Most of the mechanisms developed by glycosidases for glycoside hydrolysis proceed with either net 
retention or inversion of anomeric configuration. Traditionally, glycosidases possess two carboxylate-
containing residues which are responsible for hydrolysis. Inversion of stereochemistry is a single step 
mechanism (Figure 1a), which allows both substrate and a water molecule to be bound simultaneously. 
One of the catalytic residues acts as a general acid and the other as a general base. Protonation of the 
glycosidic oxygen by the general acid and departure of the leaving group is accompanied by concomitant 
nucleophilic attack by a water molecule that has been deprotonated by the general base.9 Retention of 
stereochemistry is a double displacement mechanism, consisting of two inverting steps (Figure 1b); one 
of the catalytic residues acts as the acid/base residue and the other as a nucleophile. During the first 
(glycosylation) step of the reaction the acid/base protonates the glycosidic oxygen to assist leaving 
group departure, which is concomitant with attack of the enzyme nucleophile at the anomeric carbon, 
thus leading to a covalent glycosyl-enzyme intermediate. In the second (deglycosylation) step the 
acid/base residue deprotonates a water molecule that attacks at the anomeric carbon and displace the 
glycoside.  
 
 
 
a) 

b)  
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Figure 1: Classical glycosidase mechanisms with a) inversion of anomeric configuration and b) with retention of anomeric 
configuration.  
 
Pauling was the first to postulate that the inhibitors with the highest affinity for an enzyme were likely to 
be those that mimicked more closely the transition state structure.10a Accordingly, a large number of 
inhibitors have been reported and proposed to mimic the fleeting transition state of the hydrolysis 
reaction. However, their true transition state analogy has been validated only in a handful of cases.10b-d 
As glycoside-degrading enzymes are able to enhance the rate of catalysis 1017 fold over the 
noncatalyzed reaction, this would translate to an estimated dissociation constant for the transition state 
to not be greater than 10-22 M, emphasizing a tremendous affinity between the transition state and the 
enzyme active site.11 The short-lived transition state of most glycosidases has a substantial 
oxocarbenium character (Figure 1)12 with a trigonal anomeric carbon which causes sp2 hybridisation 
along the bond between the anomeric carbon and the endocyclic oxygen. The double bond character 
imposed on the pyranose ring forces a distortion from the substrate initial chair conformation to 
energetically unfavourable half chair or boat conformation where C1, C2, O5 and C5 lie in a plane 
(Figure 2).13 There is also a considerable build-up of positive charge on the pyranose ring at the 
transition state, which is delocalised along the bond between the anomeric carbon and endocyclic 
oxygen.11  
 
 

 
 
Figure 2: Range of transition state conformations adopted by classical glycosidases  
 
Most of the putative glycosidase inhibitors reported in the literature are typically found in a relaxed chair 
conformation in solution, although some distortion may occur upon binding to an enzyme.14 The majority 
of them display a protonated secondary amine group and hence mimic the charge distribution at the 
transition state to some degree but not the distorted chair imposed by the anomeric carbon hybridization. 
In the early 1990s, an approach aimed at incorporating group(s) in the inhibitor which caused distortion 
of the compound to mimic the geometry of the transition state. Glycoamidine inhibitors, introduced by 
Ganem et al.,15,16 combine the two key structural elements, charge and conformation, in a single 
compound. In this review, we discuss the various structures that have emerged since Ganem pioneering 
work as well as their inhibition profile and their use as transition state analogues. 
 
 
1 Glycoamidines and derivatives: structure and glycosidase inhibition 
 
1.1 Glycoamidines  
 
Glycosylamines and iminosugars, with a basic nitrogen directly attached to the anomeric carbon, mimic 
the partial positive charge of the putative transition state for glycoside hydrolysis in their protonated 
forms (Figure 3). In their chair conformations, however, neither structure accurately reflects the ring 
distorsion accompanying displacement reactions catalyzed by either retaining or inverting enzymes. 
Nucleophilic attack either by water or enzyme carboxylate is accompanied by rehybridization of the 
anomeric carbon to a sp2 geometry, thus flattening the saccharide ring. The importance of this 
conformational distortion has been studied in depth17 and is illustrated by the inhibitory potency of simple 
aldonolactones18 which are unprotonated at neutral pH but which adopt a pseudo-half-chair 
conformation. Combining the correct charge and shape of the glycosyl cation into a stable structure 
seemed like an interesting new design target and amidines derivatives of glycopyranoses, that can be 
seen as promising but not perfect transition state mimics, have been developed according to the 
following considerations. First, their resonance-stabilized π-system was expected to prefer the 
endocyclic tautomer,19 thus recreating the flattened conformation of the hydrolysis transition state. In 
case of exocyclic tautomer, the C1 and the exocyclic amidine nitrogen would be sp2-hybridized, the 
aglycone of the glycoamidine being located approximately in the plane of the glycopyranosyl part, which 
resembles more closely its location in β-glycoside substrates than in α-glycosides. Second, unlike 
lactones, the basic amidines would be fully protonated at physiological pH, thus mimicking the positive 
charge of the glycosyl cation. Therefore, in this review, they will be represented in their protonated state. 
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Nevertheless, they will be thereby not capable of accepting a proton from a side-chain carboxylic acid 
in the enzyme active site as the natural substrates are alleged to do.20 Finally, the presence of nitrogen 
atoms at both exo and endo positions flanking the anomeric site combined the essential structural 
features of both the iminosugar and glycosylamine families (Figure 3). The combination of all these 
features embodied in a sugar-like ring made the amidine targets particularly appealing in the 1990s.  
 
 
 

 
 
Figure 3: General structure of glycosylamine, glycoamidine and iminosugar in their protonated state 
 
The first suggestion that a D-glucoamidine 1 might be a good candidate for study was proposed by 
Reese et al. in 1971.21 An unsuccessful synthetic approach to 1 was reported by Bird et al. in 1990.22 
The same year, Ganem et al. reported the first synthesis of a glycoamidine.15 Starting from readily 
available persilylated D-gluconolactam the synthetic strategy involved its conversion to the 
thionolactam, which upon treatment with ammonia-saturated methanol, afforded amidine 1 (pKa 10.6) 
as a moisture sensitive oil. Acidification with anhydrous HCl-CH3OH gave its stable hydrochloride salt. 
As the free base, 1 is extremely sensitive to nucleophiles at higher pH and reverted to lactam by 
nucleophilic hydrolysis (pH 8) with a half-life of 1 h. As its hydrochloride salt, amidine 1 was found 
indefinitely stable in water. The synthetic sequence developed by Ganem was successfully applied to 
D-galactonolactam to afford galactoamidine 2 but failed to produce mannoamidine from D-
mannonolactam as epimerization at C-2 occurred to solely produce glucoamidine 1.23 Amidine 1 proved 
to be a potent inhibitor of sweet almond β-glucosidase, displaying a pH-independent inhibition (Ki ≈ 10 
μM) between 4.5 and 7.0, a moderate inhibitor of bovine β-galactosidase but a good competitive inhibitor 
of jack bean α-mannosidase (Ki 9 μM). By comparison, gem-diamine 3,24 displaying the same 
combination of endocyclic and exocyclic nitrogens without the flattened half-chair conformation was 
found to be a good competitive inhibitor of sweet almond β-glucosidase (Ki 40 μM) but has no activity 
against other glycosidases, suggesting that the half-chair conformation of 1 might be responsible for its 
unusual broad spectrum activity (Figure 4). 
 

 
 

Figure 4: Structures and inhibitory potency of glucoamidine 1, galactoamidine 2 and gem-diamine 3  
 
1.2 Introduction of an aryl or alkyl aglycon moiety  
 
Efforts to improve the inhibitory potency of original glycoamidines mainly focused on the incorporation 
of supplementary electrostatic interaction to the glycoamidine core by using aliphatic and aromatic 
aglycons. To avoid the detrimental epimerization at C-2 position observed in the D-mannose series, 
Tellier et al. exploited a 2,3:4,6-di-O-isopropylidene-D-mannonolactam and installed a benzyl group as 
the aglycon moiety to produce mannoamidine 4 (Figure 5a) in which the CH2 group was supposed to  
mimick the lengthening of the glycosidic bond during the enzymatic cleavage. As its hydrochloride salt, 
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amidine 4 proved to be a potent inhibitor of jack bean α-mannosidase (Ki 550 nM) and snail β-
mannosidase (Ki 6 µM).25  
In parallel, Striegler et al. reported the synthesis of a series of substituted benzyl galactoamidines 5a-j 
(Figure 5a) and studied the influence of the electronic properties of the aromatic aglycon through the 
incorporation of an electron-withdrawing fluorine or an electron-donating methyl group at various 
positions of the aromatic ring. All compounds behaved as very potent competitive inhibitors of β-
galactosidase (Aspergillus oryzae) with inhibition constants (Ki) in the low nanomolar range (12-48 nM) 
that were influenced by the electronic nature of the substituent in p-position of the aglycon.26 Encouraged 
by these results, the same group evaluated this library as putative transition-state analogs (TSA) leading 
to the identification of p-methylbenzyl-D-galactoamidine 5d as a suitable candidate fulfilling the 
requirements as a TSA.27 These preliminary results prompted an in-depth investigation on the 
contributions of the aglycon moiety toward the interaction with the active site of the enzyme that may 
include steric, electronic, hydrophobic, and spacer effects, π−π stacking of the benzyl ring, and van der 
Waals interactions, leading to assess 20 derivatives 5a-t displaying either an alkyl or aryl substituent at 
the pseudoanomeric position.28 Galactoamidines derived from cyclic aliphatic and linear amines showed 
higher inhibition activity on β-galactosidase (Aspergillus oryzae) than those derived from benzylamines. 
Hydrophobic interactions of the methyl group rather than π−π stacking interactions of the aromatic ring 
in p-methylbenzyl-D-galactoamidine 5d (Ki 8 nM) were identified to cause its transition-state-like 
character. Interestingly, a flexible 3-carbon methylene spacer between the exocyclic amine of the sugar 
moiety and the phenyl group increased the inhibition drastically. This library was next used to examine 
similarities in the active sites of β-galactosidases within the GH35 family, demonstrating a significant 
higher inhibition in the picomolar range of bovine liver β-galactosidase than previously determined for 
Aspergillus oryzae β-galactosidase. Molecular dynamics studies suggested loop closing interactions as 
a rationale for the disparity of the active sites in the two β-galactosidases under investigation.29 
Interestingly, these galactoamidines proved to be also potent inhibitors of β-glucosidase from sweet 
almonds (10 < Ki < 300 nM). To provide a rationale for the observed structure–activity relationship and 
because of the lack of solid state data for this enzyme, another GH1 glycosidase from white clover, 
1CBG  β-glucosidase, was used for subsequent docking studies to visualize the interactions of 5d in the 
active site.30 Amidine 5d interacts with both amino acids relevant for catalysis, Glu-183 (nucleophile) 
and Glu-397 (proton donor). Further interactions of 5d as H-bond acceptor were noted with Trp-454 and 
Gln-33, as H-bond donor with Glu-453 in addition to electrostatic interactions between the protonated 
amidine binding site and Glu-453, and π-π stacking interactions between the p-methylbenzyl aglycon 
and Trp-369 (Figure 5b). Striegler et al. then attempted to target and competitively inhibit glucosyl 
hydrolases and transferases through the design of glucoamidines bearing an aromatic aglycon moiety.  
However, they failed to synthesize such compounds. Modeling studies suggested an intrinsic H-
abstraction from C-4 in the glycon to the endocyclic N-atom in twisted perbenzylated glucoamidines 
leading to elimination of substituents at C-3 and C-4. To overcome the encountered synthetic pitfall, 
they decreased the ring size of the glycon from a six- to a five-membered ring and synthesized the first 
five-membered arabinoamidine 5u (Figure 5a). Disappointingly, arabinoamidine 5u was a poor β-
glucosidase inhibitor, making fewer interactions within the active site of model 1CBG β-glucosidase and 
importantly no interaction with the amino acid acting as nucleophile (Glu-183) according to docking 
studies (Figure 5b).  
 
 
a) 
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Figure 5: (a) Structures of benzyl mannoamidine 4, galactoamidines 5a-t and arabinoamidine 5u; (b) docking of galactoamidine 
5d and arabinoamidine 5u in the active site of 1CBG β-glucosidase  
 
 
In line with the studies above aiming at deciphering and improving the impact of the aglycone moiety on 
the potency of glycoamidines as glycosidase inhibitors, Heck, Mioskowski et al. explored the effect of a 
supplementary electrostatic interaction to the glycoamidine core structure of the inhibitor to target both 
carboxylates of the glycosidase active site (Figure 6a).31 Indeed, once the inhibitor is protonated, the 
amidine functionality is a monocation that can ionically interact with only one of the two carboxylates 
(Figure 6b). Thus, the addition of a supplementary amino group through a short spacer attached to the 
exocyclic nitrogen was planned to provide a new ionic interaction via its protonated ammonium form 
with the second carboxylate (Figure 6c).  
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Figure 6: a) Postulated exploded transition state of a mannosidase; b) monocationic mannoamidine and c) biscationic 
mannoamidine as transition state analogues 
 
A set of monocyclic amidines in the D-gluco 6 and in the D-manno 7 series, bearing an ethyl-, a propyl-
, or a butylamino group linked to the exocyclic nitrogen were synthesized. In an attempt to demonstrate 
the role of this additional amine, amidines 8 bearing an alkyl chain, a hydroxyl function or a fused six-
membered ring were also produced (Figure 7). All the prepared compounds demonstrated good to 
excellent inhibition toward glycosidases. In particular, the biscationic D-mannoamidine bearing an 
exocyclic ethylamine moiety proved to be a selective competitive inhibitor of α- and β-mannosidases (Ki 
6 nM and 9 nM respectively) making it one of the most potent inhibitors of these glycosidases.31 A 
favorable B2,5 boat conformation was invoked to explain the selectivity of mannosidase inhibition 
compared to other glycosidases. To reveal the significance of binding interactions and probe the degree 
of transition state mimicry of these molecules, these mannoamidines were the subject of linear free 
energy correlations studies. Despite their sp2 anomeric centers and B2,5 conformations in solution, these 
amidines were not classified as transition state mimics of Bacteroides thetaiotaomicron β-mannosidase 
BtMan2A.32 The reason for this most likely stems from the high (8–10) pK values of the amidines, which 
cannot accept a favorable hydrogen bond from the catalytic acid at pH 5.6. The interaction of catalytic 
acid with the glycosidic oxygen in catalysis is known to be highly significant. At pH 5.6, the protonated 
state of the amidinium ion is likely to hinder binding, which is consistent with the observation that the Ki 
for one of these amidines 7 bearing a CH2CH2NH2 aglycon moiety decreases from 1 µM at pH 5.6 to 49 
nM at pH 7.5.  
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6d 0.12 0.71 39 50 451 6 221 136 

6e 1.7 0.87 31 20 28000 1000 470 4500 

6f 8.8 nd 1100 nd 2000 1400 75 1100 

7a 0.11 0.19 125 111 4700 2200 34 900 

7b 0.006 0.009 81 6600 218 82 6 99 

7c 0.019 0.15 2870 22 1400 119 8.5 85 

7d 0.012 0.06 155 315 1800 156 10 112 

7e 0.08 0.15 38 44 1200 235 79 1300 

7f 6.0 nd 1800 nd 7400 6300 930 750 

 
 
Figure 7: Structures and inhibitory potency of mannoamidines and glucoamidines designed by Heck and Mioskowski. 
 
The concept of introducing an amidine moiety into known inhibitors has been applied to various 
structures. In its protonated form, glycosidase inhibitor isofagomine resembles the alternate resonance 
form of the oxocarbenium ion transition state, that is the glycosyl cation (Figure 8). Isofagomine is a 
potent β-glycosidase inhibitor presumably because it forms a strong salt bridge with the nucleophilic 
carboxylate in these enzymes,33 an hypothesis supported by X-ray structures of the inhibitor-enzyme 
complex showing a protonated isofagomine.34 Inspired by the importance of the ionic interaction for the 
binding of isofagomine, Bols et al. synthesized isofagomidine 9 (Figure 8), which has an amidine function 
placed at the 1,2-positions and the advantage to display a polar group at the 2-position.35 Partial atomic 
and group charges of selected atoms in isofagomine and isofagomidine were calculated and showed 
that the more stable isomer of isofagomidine 9 has atom and group charges at N-1 that are more 
negative than isofagomine. Compound 9 was tested for inhibition of seven commercially available 
glycosidases. Compared to isofagomine, it is a weaker inhibitor of all the tested glycosidases except α-
mannosidase, where it is a much stronger inhibitor (Ki 0.75 μM), a result that can be tentatively explained 
by the unique charge distribution of isofagomidine. 
 
 

 
 
 
Figure 8: Structures of glycosyl cation, isofagomine and isofagomidine and their partial atomic and group charges 
 
 
 
 
 
 
1.3 Alteration of the hydroxyl pattern of the sugar moiety 
 
Beside the tuning of the aglycon structure to study its impact on the potency and selectivity of 
glycoamidines as glycosidase inhibitors, structural modification of the sugar moiety has been also 
explored. The contribution of the sugar hydroxyl groups on the overall inhibition of glycoamidines has 
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been evaluated. Striegler et al. reported three galactoamidines 10a-c in which the hydroxyl groups at C-
2 and C-4 were altered through either methylation or deoxygenation29 (Figure 9) while Tellier et al. 
synthesized three benzylamidines 11a-c with a reduced or absence of hydroxylation pattern.36 All 
galactoamidines remained competitive E. Coli β-galactosidase inhibitors of the relevant glycosidases 
but showed reduced inhibition ability compared to the fully hydroxylated galactoamidine 5d, thus 
suggesting strong hydrogen-bonding interactions between the hydroxyl group at C-2 of the 
galactoamidine and the active site of the enzyme. The lack of hydroxyl groups in benzylamidines 11a-c 
led to very weak a-mannosidase and glycosidase inhibitors compared to fully hydroxylated 
mannoamidine 4, demonstrating that the presence of a positive charge and aglycon moiety in the 
inhibitor cannot compensate the absence of recognition motif provided by the hydroxyl pattern. 
 

 
 
Figure 9: Structures of glycoamidines with altered hydroxyl pattern reported by Striegler and Tellier  
 
1.4 Alteration of the amidine function 
 
1.4.1 Alteration of the endocyclic nitrogen  
 
Inspired by the beneficial alkylation of the nitrogen atom in deoxynojirimycin that has provided two 
approved drugs respectively for the treatment of Gaucher’s disease37 (miglustat, N-butyl-
deoxynojirimycin) and type II diabetes38 (miglitol, N-(2-hydroxyethyl)-deoxynojirimycin), Lindbäck, 
Lopéz, Sydnes et al. reported six-membered glucoamidines 12a-b (Figure 10).39 In these derivatives 
the endocyclic nitrogen of the amidine function has been armed with an amino- or methylamino group 
to obtain the corresponding hydrazide imides electronically similar to a sugar amidrazone that were 
found to be stable in D2O for days at room temperature and to decompose upon treatment with aqueous 
NaOH (0.5 M). This structural modification proved of interest as it triggered some inhibitory selectivity in 
the compounds that demonstrated good α- and β-glucosidase inhibition in the low micromolar range but 
poor mannosidase inactivation unlike the unselective parent amidine 1 that inhibited glucosidases and 
mannosidases to the same extend. Invoking the ability of polyhydroxylated pyrrolidine DAB to inhibit 
various α-glucosidases40 and the possibility to modulate its selectivity towards other glycosidases 
through chemical modification, they also examined the biological impact of the insertion of a hydrazide 
imide moiety into DAB through the synthesis of two derivatives 12c-d.41 Indeed, this structural 
modification drastically changed the inhibition profile of these derivatives as they behaved as strong and 
selective α-mannosidase inhibitors (Ki 0.23 µM for 12c and 1.4 µM for 12d).  
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Figure 10: Structures and glycosidase inhibition of amidines 12a-d developed by Lindbäck, Lopéz and Sydnes 
 
 
1.3.3 Alteration of the exocyclic nitrogen: amidrazones and amidoximes 
  
The hydrolytic instability of glucoamidine 1 at alkaline pH led to the design of other conformationally 
flattened saccharide analogs that might constitute more robust enzyme inhibitors. Exploiting the known 
correlation between the pKa values of N-substituted amidines and the pKa values of the corresponding 
N-substituted amines,42 Ganem et al. reasoned that amidrazone 13 and amidoxime 14 (Figure 11) 
should have lower pKa values compared to 1, since hydrazine (pKa  8.10) and hydroxylamine (pKa  
5.97) are both less basic than ammonia (pKa 9.21).43 Indeed, potentiometric titrations of the acidic forms 
of compounds 1, 13, and 14 revealed pKa values of 10.6, 8.7 and 5.6, respectively leading to improved 
half-lifes at basic pH for 13 and 14. Regarding the structure and the location of the C=N double bond in 
amidoxime 14, Vasella et al. firmly established that the C=N bond was exocyclic whatever the 
amidrazone, exploiting nitrogen isotopomers and semiempirical and ab initio SCF-MO calculations.44 
The conformation of 14 both in the solid state (between 4C1 and 4H3) and in solution (flattened 4C1) was 
also deciphered. Interestingly, calculations also predicted that protonation at the exoxyclic N-atom would 
strengthen the conjugation between the endocyclic N-atom and the hydroxyimino group and lead to a 
half-chair conformation. In this work, a similar C=N exocyclic bond was postulated for amidrazone 13.  
Importantly, all three glucosyl mimics 1, 13, and 14 inhibited almond β-glucosidase to a similar extend 
in the low micromolar range, despite the 105 range in basicity from amidine to amidoxime functionality, 
suggesting that, at least for this enzyme, conformational changes accompanying the rehybridization of 
the sugar’s anomeric region are more important for inhibition than charge build-up on the glucopyranosyl 
oxygen.45 Amidoxime 14 was also a potent yeast α-glucosidase inhibitor (Ki 2.9 µM). These encouraging 
data forced chemists to apply this structural modification to other stereoisomers. In the D-manno series, 
the amidrazone 15 developed a significant potency ranging from low micromolar to nanomolar inhibition 
on a set of different β-mannosidases (fungal) and α-mannosidases (jack bean, mung bean, Golgi α-man 
I and II, ER α-man), the last triad of mannosidases being involved in the trimming of highly mannosylated 
glycoproteins.46 Interestingly, the mannoamidoxime 16 proved to be a potent jack bean α-mannosidase 
(Ki 0.15 µM) while its D-gluco configured epimer 14 was a 80 times weaker inhibitor, illustrating a 
dependence upon configuration unlike in the case of glucoamidine 1. In the D-galacto series, 
amidrazone 17 inhibited green coffee bean α-galactosidase in the low micromolar range (Ki 8.3 μM).23 
Bovine β�-galactosidase was competitively inhibited by amidrazone 17 (Ki 6.5 μM) and amidoxime 18 
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(Ki 10 μM). By contrast, D-gluco- and D-manno-amidrazones 13 and 15 displayed non competitive 
inhibition of this enzyme. This strategy was extended to L-fucose, widely distributed in mammalian 
glycolipids and glycoproteins, where it plays notably an important role in cell-cell adhesion, making the 
synthesis of L-fucoamidrazone 19, a prospective fucosidase inhibitor of interest.47 Tested against 
recombinant human α-L-fucosidase, L-fucoamidrazone 19 displayed potent competitive inhibition (Ki 
820 nM) (Figure 11).  
 

 
 
Figure 11: Structures and glycosidase inhibition of glycoamidrazones and glycoamidoximes 13-20 
 
Glycoamidoximes have also been incorporated in disaccharides. In their quest for detailed insights into 
the mode of binding of a series of tight-binding aza-sugar glycosidase inhibitors, Rose et al. performed 
X-ray crystallographic studies of a complex of xylobioamidoxime 20 (Figure 11) with the retaining family 
10 xylanase Cex from Cellulomonas fimi.48 Compound 20 proved to be a potent inhibitor (Ki 370 nM) 
and this study revealed lateral interaction49 of the “glycosidic” nitrogen with the acid/base catalyst 
(Glu127) and hydrogen bonding of the sugar 2-hydroxyl with the catalytic nucleophile (Glu233) (Figure 
12). Dramatically weaker binding of 20 to the family 11 xylanase Bcx from Bacillus circulans (Ki 1.4 mM) 
was recorded and rationalized on the basis that this enzyme utilizes a syn protonation trajectory and 
likely hydrolyses via a 2,5B boat transition state, a conformation that can not be reached by this 
conformationally locked compound.  
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Figure 12: Schematic representation of relevant active site interactions with the proximal (-1) sugar and Cex.  
   
Five-membered glycoamidrazones have also been developed to target furanosidases. Nucleoside 
hydrolases, NAD hydrolases, , purine nucleoside phosphorylases, and purine or pyrimidine hydrolases 
promote the cleavage of C-N glycosidic bonds. These enzymes are notably involved in base-excision 
repair mechanisms of DNA50 and ribosome inactivation.51 Schramm et al. have characterized the 
transition state structure of several nucleoside hydrolases52 including Crithidia fasciculata (CfNH) 
employing both experimental53 and computational53 methods. They concluded that, as the heterocyclic 
base is protonated, the ribofuranosyl ring is flattened to form a transition state structure with significant 
oxocarbenium ion character (Figure 13). This conformational change accommodates both an elongated 
(2.0 Å) C-N glycosidic bond and an incipient bond (ca. 3 Å) to the incoming oxygen nucleophile. With 
their delocalized charge and flattened structures, five-membered riboamidoxime 21a and 
riboamidrazones 21b-d were designed to resemble the putative transition state for this nucleoside 
hydrolase. While the riboamidoxime 21a and riboamidrazone 21b devoid of aglycon moiety inhibited C. 
fasciculata nucleoside hydrolase (CfNH) in the μM range, phenyl riboamidrazone 21b (Ki 207 nM) and 
p-nitrophenyl riboamidrazone 21c (Ki 2 nM) proved to be potent nucleoside hydrolase inhibitors.54 
Importantly, an isotope-edited resonance Raman study of CfNH in complex with the p-nitrophenyl 
riboamidrazone 21c revealed that its molecular electrostatic potential, when bound to the catalytic site, 
closely resembles that of the transition state.55 In parallel, a slow-onset, irreversible amidrazone 
transition state analogue 22 has been also reported for Saccharomyces cerevisiae Orotate 
phosphoribosyltransferase (OPRT). Compound 22 at 2 mM concentration, incubated with PPi, Mg2+, 
and yeast OPRT, was reported to cause usually slow inactivation of catalytic activity with a t1/2 of 
approximately 200 h (kobs = 0.004 h−1). No recovery of activity could be detected, indicating extreme 
tight binding or irreversible inactivation of the enzyme even if no Ki value was reported for this 
compound.56  
  

 
 
Figure 13: Hypothetical transition state for nucleoside hydrolase (left) and structures and glycosidase inhibition (CfNH) of five-
membered amidoxime 21a (middle) and amidrazones 21b-d (middle) and 22 (right) 
 
1.3 Guanidinosugars 
 
The synthesis and biological evaluation of polyhydroxylated azaheterocycles closely related to 
glycoamidines and incorporating a cyclic guanidine resonance π-system have been reported. This type 
of compound, coined guanidinosugar, possesses a number of attractive features. Unlike amidines, 
guanidinosugars are stable over a wide pH range and their pKa values can be modulated with 
appropriate substituents. The cyclic guanidine moiety may interact favorably with the two putative 
carboxylic residues in the active site of glycosidases (Figure 14) as observed for a potent inhibitor of 

H
N

N

OHHO

HO

H

OH

21a R = H (Ki >50 µM)

O

HOHO

HO δ+

H

N

NHHN

N

O

OH2

hypothetical TS 
for inosine hydrolysis

H
N

N

HO3PO

H

NH

22

CO2H
H
N

N

OHHO

HO

H

NHR

21b R = H (Ki 10 µM)
21c R = C6H5 (Ki 207 nM)
21d R = p-NO2-C6H4 (Ki 2 nM)



 13

influenza virus sialidase.57 Additionally, replacement of the C2-hydroxyl group with nitrogen can serve 
as a surrogate for either D-glucose or D-mannose, with electron density projected above and below the 
ring plane directly adjacent to the anomeric centre.  
 

 
 
Figure 14: Postulated transition state of an α-galactosidase (left) and structure of a guanidinogalactose as transition state 
analogue (right). 
 
The first guanidino-sugar 23a was reported by Wong in 1994 and proved to be in equilibrium with acyclic 
guanidines 23b as α- and β-anomers in D2O at pH 5 (Figure 15a).58 Rising the pH to 11 with NaOD 
displaced the equilibrium toward the formation of the expected cyclic guanidine. Inhibition studies carried 
out on green coffee bean α-galactosidase showed a modest inhibition (IC50 480 µM at pH 10.7) that 
increased with pH corresponding to an increase of concentration of the biologically active species 
tetrahydropyrimidine 23a. To solve this equilibrium issue that is triggered by the deprotonation of the 
OH group at C-3, this OH was removed leading to guanidino-trioses 24a and 24b that remained locked 
in the hexopyranose form whatever the pH. These compounds present bilateral N-C=N arrays for 
favorable H-bonding and electrostatic interactions with carboxylate functional groups but no inhibition 
data have been reported for these compounds to the best of our knowledge.59 The same year, Lehmann 
et al. reported aryl D-gluco-like 25a-b and aryl D-galacto-like guanidino-trioses 25c-d that were found 
to be modest competitive and non-competitive inhibitors of β-galactosidase (E. coli), α-glucosidase 
(yeast) and β-glucosidase (emulsin) and that did not inhibit jack bean α-mannosidase (Figure 15b).60 
The incomplete hydroxyl topography of these 3-deoxy-guanidinosugars combined with their very basic 
character (pKa > 10), leading to completely charged molecules under the biological assay conditions, 
forced Wong et al. to study fully substituted guanidino-galactoses 26a-c bearing different 
pseudoanomeric substituents and displaying different pKa values (Figure 15c).61 Compounds 26a-c 
were assayed on coffee bean α-galactosidase (coffee bean) and β-galactosidase (Aspergillus oryzae) 
at various pH and were shown to be low micromolar inhibitors of these enzymes at basic pH. Regarding 
the mechanism of action of these molecules, it was suggested that the neutral six-membered cyclic 
guanidino-sugar is first bound to the enzyme active site, followed by protonation from one of the two 
catalytic carboxylic groups to form the tight complex shown in Figure 14. To closer mimic the glycosidase 
transition state, Wong et al. eventually explored the introduction of an extra hydroxyl group on the 3-N-
position through the synthesis of 27a and 27b and their evaluation on α- and β-galactosidases but none 
exhibited significant inhibition, ruling out this type of motif (Figure 15d).62 
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Figure 15: Guanidino-sugars a) Equilibrium between tetrahydropyrimidine 23a and acyclic guanidine 23b at acidic pH; b) 
Structures of 3-deoxy-guanidinosugars 24a-b and 25a-d; c) Structures and glycosidase inhibition of guanidino-galactoses 26a-c; 
d) Structures of N3-substituted guanidino-galactoses 27a-b. 
 
 
1.4. Pseudodisaccharides 
 
Many disaccharides incorporating an iminosugar have been reported to target specific glycosidases.63 
Glycoamidines and derivatives are no exception and several amidine- and guanidine-containing 
pseudodisaccharides have been disclosed as potentially superior inhibitors as they might bind both the 
– 1 “glycopyranosyl” site and the + 1 aglycone site of glycosidases hydrolyzing di- and oligosaccharides. 
This idea initially received support in the structure of the naturally-occurring pseudodisaccharide 
trehalase inhibitor trehazolin isolated from culture broth and bearing an amidine moiety (Figure 16).64 
Hypothesizing that the analogous 1,4-linked derivative might be an inhibitor of 1,4-glucosidases, Knapp 
et al. reported the synthesis of the pseudodisaccharide 28a that was found to be a potent competitive 
inhibitor of yeast α-glucosidase (Ki 9.3 µM) unlike trehazolin. The importance of the aglycon moiety was 
illustrated by the weaker inhibition (Ki 70 µM) developed by compound 28b. Although its aglycon portion 
was designed to bind α-glucosidase, 28a showed competitive binding (Ki 40 µM) to Agrobacterium β-
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glucosidase.65 A year before, the same group reported the synthesis of two other 1,4 and 1,6 amidine-
linked pseudodisaccharides 28c-d in which the sugar moiety was N-methylated and simplified to a 
piperidine or a hydroxymethyl-pyrrolidine scaffold for stability reasons.66 The 1,6-linkage was also 
targeted by Tellier et al. who reported an amidine-1,6-linked pseudo-disaccharide 29 that was found to 
be a potent and very selective α-mannosidase inhibitor (Ki 2.6 µM).67 Interestingly, Lehmann et al. 
concommitantly published the synthesis of two cationic analogues of a disaccharide incorporating a 
guanidinium ion 30a-b as gentobiose and allolactose surrogates but no inhibition data were provided.68  
 
 

 
 
 
Figure 16: Structures of trehazolin and pseudodisaccharides 28-30.  
 
Glycosylamidines 
 
Considering that glycoamidines, with a planar sp2-geometry at C-1, are potent but rather nonselective 
glycosidase inhibitors and that their synthetic access requires a relatively long synthetic sequence, 
Hiratake et al. reasoned that the exocyclic incorporation of a positive charge near the anomeric carbon 
in such a way as to maintain the whole structure of the glycon, including the stereochemistry at the 
anomeric carbon and at C-2 position, should lead to potent and selective glycosidase inhibitors 
according to the glycon- and stereospecificities of the enzyme. From the corresponding unprotected 
sugars, they produced in two synthetic steps the D-gluco, D-galacto and D-xylo-configured β-D-
glycosylamidines 31a-c, in which a glycon moiety is connected via a N-glycoside linkage to a substituted 
amidine (aglycon). These molecules proved stable between pH 5 and 7 and showed substantial potency 
and selectivity towards several β-glycosidases unlike the related endocyclic glycoamidines, a selectivity 
that was attributed in part to the chair-like conformation of these glycosylamidines that allows precise 
recognition of the hydroxyl pattern by the enzyme.69 Compounds 31a and 31b were further exploited as 
ligand for affinity chromatography through their immobilization to a matrix via an appropriate spacer. 
This strategy allowed the purification of a β-glucosidase from tea leaves and a β-galactosidase from 
Penicillium multicolor.70 In line with this approach, Ueda et al. designed two ligands 32a and 32b based 
on a D-glucoamidine scaffold71 aimed at purifying a leaf-opening factor β-glucosidase (LOFG)  involved 
in the circadian rhythmic control of nyctinasty, a rhythmic movement of the leaves in leguminous plants. 
Both 32a and 32b proved stable up to pH 6.5. However, 32a was unstable in an aqueous solution above 
pH 7, while 32b was stable over a wide range of pH from 4.5 to 9.0. While affinity gels derived from 
these two ligands were able to purify LOFG to the same level, the higher stability of the gel derived from 
32b allowed a large scale purification of LOFG.71 (Figure 17).  
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Figure 17: Structures and glycosidase inhibition of exocyclic glycoamidines 32a and glycosylamidines 31a-c and 32b.  
 
 
A disaccharidic glycosylamidine 33 was also designed to reveal the architecture of the active site of β-
primeverosidase, a β-glycosidase found in tea leaves and involved in the aroma formation during the 
manufacturing process of oolong and black tea (Figure 18).72  
 
 

 
Figure 18: Structure of disaccharidic glycosylamidine 33 and its complex with β-primeverosidase. 
 
Glycosylguanidines 
 
Introduction of an exocyclic guanidine functionality, that is “outside” the sugar ring, exploiting the 
endocyclic nitrogen atom of iminosugars has been also explored to generate potent glycosidase 
inhibitors. To solve the lack of selectivity between different isoenzymes faced by deoxynojirimycin and 
castanospermine, Mellet et al. developed a new family of D-gluco- and D-galacto-configured 
glycomimetics such as 34a-f in which the endocyclic amine and the parent primary alcohol were 
connected through their incorporation into a guanidine function (Figure 19a).73 Interestingly, the resulting 
hemiaminal at the pseudoanomeric position proved stable in these molecules and its axial orientation 
was governed by the anomeric effect. The stereoelectronic alteration of the pseudoanomeric region in 
these castanospermine analogues led to potent and selective glycosidase inhibitors. This motif also 
allowed the modulation of the substituent (apolar, polar, linear or branched) on the exocyclic nitrogen. 
As an example, the amphiphilic sp2-iminosugar 34f with a lipophilic octyl substituent efficiently stabilized 
β-glucocerebrosidase involved in Gaucher disease. Importantly, a crystal structure of its complex was 
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obtained to shed light on the molecular basis of β-glucocerebrosidase inhibition (Figure 19c).74 
Considering the cyclic framework in which the nitrogen resides, the likely reluctance of the nitrogen to 
adopt a full sp2 geometry associated with the restrained movement of the side chain encouraged Pieters, 
Martin et al. to develop novel guanidinium derivatives of deoxynojirimycin such as 35 (Figure 19b), 
several compounds demonstrating distinct glycosidase inhibitory profiles.75 
 

 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19 : a) Structures and glycosidase inhibition of sp2-iminosugars 34a-f  and of deoxynojirimycin analogue 35; b) Structure 
of sp2-iminosugar 34f in complex with recombinant β-glucocerebrosidase (the octyl chain was not detected in the electron density). 
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2. Their use as TS analogues 
 
2.1 Use as haptens to elicit catalytic antibodies 
 
Enzymes including glycosidases stabilize the transition states of chemical reactions to bring about large 
rate accelerations.10,53 The concept of transition state stabilization has been at the basis of the 
successful generation of numerous catalytic antibodies.76 The strategy relies on the design of haptens 
as stable mimics of the transition state of a target reaction, which are used to elicit monoclonal antibodies 
with catalytic activity.77 Monoclonal antibodies raised against transition state mimics have been shown 
to catalyze a number of chemical reactions and for this reason have been called abzymes (antibody 
enzymes). As part of a program aiming at generating glycosidase-like antibodies, Schultz et al. elicited 
monoclonal antibodies against several transition state analogues including glycoamidine-derived hapten 
36 and assayed their ability to catalyze the hydrolysis of simple acetals. While no activity above the 
uncatalyzed rate was observed whatever the substrate used with this hapten,78 other haptens 37, 38 
and 39 containing a positive charge corresponding to the anomeric center of a cyclic acetal were able 
to elicit antibodies with hydrolytic activity. The absence of catalytic activity in the antibodies specific for 
hapten 36 was rationalized by the planar structure of these haptens that does not permit a favorable 
axial leaving group geometry in the corresponding substrates. This issue was finally solved by 
Masamune et al. who designed a half-chair transition-state analog 40 based on a fused cyclohexane-
azetidine scaffold that successfully generated catalytic antibodies with glycosidase capability (Figure 
20).79  
 

 
 
Figure 20: Structure of haptens 36-40 designed to elicit catalytic antibodies with glycosidase-like activity. 
 
Repurposing of catalytic antibodies rationally designed to catalyze one reaction and used to catalyze 
another closely related reaction has been also successful. Indeed, cyclic amidinium salt 36 hapten, 
previously used by Tellier et al. 80 and by Schultz et al.78 in unsuccessful attempts to generate antibodies 
with glycosidase activity, was therefore recycled to elicit abzymes with β-elimination ability. It was 
postulated that this hapten would induce a complementary charged group, presumably a carboxylate, 
in a hydrophobic antibody binding site able to perform elimination reactions. Several excellent hapten-
binding monoclonal antibodies were identified and screened for their catalytic activity in the Kemp 
elimination (Figure 21a-c), and one antibody was relatively efficient, with kcat/kuncat up to 18,000. This 
work demonstrated that "orphan" antibodies - good natural binders rejected because they do not 
catalyze their specific target reaction - may yet find a catalytic role if introduced to the right reaction. 
Additionally, the crystal structure of the complex of a catalytic antibody with hapten 36 at 1.9-Å resolution 
demonstrated that the hapten amidinium group is stabilized through an ionic pair interaction with the 
carboxylate of a combining-site residue.81 The location of this carboxylate allows it to act as a general 
base in an allylic rearrangement. When compared with structures of other antibody complexes in which 
the positive moiety of the hapten is stabilized mostly by cation–π interactions, this structure shows that 
the amidinium moiety is a useful candidate to elicit a carboxylate in an antibody combining site at a 
predetermined location with respect to the hapten (Figure 21d).  
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d) 

 
Figure 21: a) The Kemp elimination catalysed by a general base B; b)  The hapten used to elicit the antibodies in a schematic 
binding site ; c)  The substrate for the Kemp elimination reacting in the same binding site ; d) (A) Schematic view of the active site 
of the catalytic antibody-36 complex (B)  Hydrogen bonding network established by 36 with catalytic residue Glu L34.  
 
 
2.2 Use as templates to produce microgel-based catalysts 
 
In line with the combined exploitation of the immune system and glycoamidinium salts to elicit 
glycosidase-like abzymes, Striegler et al. harvested the potential of polymers and microgels with 
embedded binuclear copper(II) complexes to develop biomimetic catalysts with hydrolytic activity. Unlike 
the recently disclosed molecularly imprinted glucosidase,82 the approach developed by Striegler et al. 
challenges the impact of a templating effect to the overall catalytic proficiency. While a biomimetic 
catalyst will probably never reach the sophistication level of an enzyme and consequently not hydrolyze 
glycosidic bonds with the same proficiency, anticipated key interactions of the enzymatic glycoside 
turnover can be implemented in enzyme mimics separately or used in selected combinations to probe 
their contributions to the overall catalytic performance. Glycosidases hydrolyze glycosidic bonds with 
one of the highest proficiencies known1 and therefore contains very valuable models to study effective 
stabilizing interactions of transition states. Detailed mechanistic studies have disclosed a synergy of H-
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bond, electrostatic, electronic, CH−π and π−π- stacking interactions of the glycon and aglycon during 
enzymatic glycoside hydrolyses.83,84,85,86,87,88 To synthesize the microgel, the instability of glycoamidines 
under basic conditions selected free radical polymerization under UV light as the method of choice in 
the presence of galactoamidine 5d, previously experimentally characterized as transition state 
analogue.89 The stepwise-built microgels utilize a synergy of interactions including metal complex 
catalysis in a hydrophobic microgel matrix, cross-linking, and shape recognition. To improve hydrolysis 
efficiency, additional immobilization of a polymerizable binuclear complex similar to Cu2L 41 was 
achieved that led to the coordination of 5d to 41 through the deprotonated amidine site at C-1, the 
deprotonated hydroxyl group at C-2, and the protonated hydroxyl group at C-3 (Figure  22).90  
 
 

 
 
Figure 22: Chelation of Complex Cu2L 41 and amidine 5d  
 
The resulting macromolecular catalysts, that contains independent catalytic sites, efficiently hydrolyzed 
model glycosides bearing a good leaving group with catalytic proficiency up to 3.3 × 106 in alkaline and 
1 × 107 in neutral aqueous solution. While a very small templating effect due to the shape of the 
galactoamidine template contributed to the catalytic proficiency of the microgel catalyst, it did not control 
its performance as it was not specific toward a single substrate and allowed the hydrolysis of α- and β-
glycosidic bonds. Capitalizing on this catalyst, cross-linked microgels were developed that hydrolyzed 
nonactivated 1,6- and 1,4-disaccharides under mild alkaline conditions at elevated 
temperatures.91Computational analysis revealed the geometry of a putative transition state of the 
reaction and the location of intermolecular H-bonds that restrict movement and rotation of the glycosyl 
moieties during hydrolysis (Figure 23).  
 

 
 
Figure 23: Structures of computed transition states for the Cu2L 41- catalyzed hydrolysis of (A) maltose and (B) cellobiose; C-
atoms in gray, O-atoms in red, N-atoms in blue, Cu(II) ions in magenta, polar H-atoms and intermolecular H-bonds in light gray; 
and nonpolar H- atoms omitted for clarity.  
 
These biomimetic catalysts are of interest as they operate with high proficiency under conditions where 
enzymes are not suitable, functional, or stable. They may also be used to transform glycosides that are 
not substrates of easily available natural enzymes. 
 
 
Conclusion 
 
The strong competitive inhibition of various glycosidases by sugar-based amidines has suggested 
amidines as transition state analogues of enzymatic glycoside hydrolysis in the 90’s. This has led to the 
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disclosure of a vast array of related structures and their use as haptens to elicit glycosidase-like 
abzymes. We have to keep in mind that glycosidases accelerate hydrolysis of glycoside bond by a factor 
> 1017 relative to the uncatalyzed reaction in water at neutral pH.1 According to the transition state theory, 
a perfect transition state analogue should have a Ki < 10-22 M since most of the Km (Ks) are in the range 
0.1 to 10 mM and such level of inhibition has never been reached by glycosidase inhibitors despite some 
impressive Kis in the literature.92,93,94 The best inhibition observed to date with the sugar-based amidines 
and derivatives is in the nM range, far from the value expected for a perfect transition-state analogue. 
LFERs studies have shown that the strong binding of glycoamidines does not translate into true 
transition state analogy.95 Nevertheless, glycoamidines have been a source of inspiration for the design 
of highly potent glycosidase inhibitors. Similar to the natural N-acetyl-β-D-glucosaminidase inhibitor 
nagstatin,96 glycoimidazoles 42a-c are closely related to glycoamidines. The connection of the two 
amine moieties by a C=C bond, leading to an imidazole motif, resulted in a flattening of the structure 
and a conjugated system (Figure 24). These compounds proved to be amongst the most potent 
inhibitors of glycosidase enzymes97,98 and are considered to be good glycosidase transition state mimics 
99,100,101 for which they provide strong support for Vasella’s lateral protonation model.102,103 To the best 
of our knowledge, such structures have not been exploited as haptens or templates to generate 
glycosidase-like catalysts. 
 

 
 

Figure 24: Structures of nagstatin and of glycoimidazoles 42a-c 
 

 
To conclude, despite disappointing results as TSA, glycoamidines still hold some interesting potential 
illustrated by their recent use as templates to generate microgels with hydrolytic activity. In addition, 
their convenient synthetic access from easily available glyconolactams and their simple exo- and 
endocyclic N-alkylation leading to improved glycosidase inhibition profiles make this class of compounds 
and their derivatives still worth investigating.  
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