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Design of multivalent glucuronides with self-immolative linkers and their hydrolysis rate by β-glucuronidase

β-glucuronidases (GUS) are exoglycosidases of considerable therapeutic interest cleaving β-D-glucuronides and fund in the lysosomes, in the tumoral microenvironnement and expressed by the gut microbiota. We hypothesis that the GUS tetravalent nature may confer a specific susceptibility to clusterized substrates and developed mono-, di, and octavalent glucuronide substrates releasing fluorescent amino-coumarines after GUS hydrolysis. GUS showed a much lower catalytic efficiency in hydrolyzing the clustered glucuronides due to a significantly lower enzymatic velocity and affinity for the substrates. GUS was 52-fold less efficient in hydrolyzing GlcA substrates presented on an octameric silsequioxane (COSS) compared to a monovalent GlcA of similar chemical structure. Thus, kinetic and thermodynamic data of GUS hydrolysis towards multivalent glucuronides were easily obtained with these new types of enzymatically-triggered probes with selfimmolative linkers. More generally, adapting the substrate nature and valency of these new probes, should help to better understand the impact of multivalency for a specific enzyme.

Introduction

Glycoclusters bearing several copies of a sugar ligand on a chemical or biological core have been extensively developed to target carbohydrate-binding-proteins (lectins). [1][2][3] In numerous reports, the tethered ligands are shown to provide synergistic affinity enhancement compared to their corresponding monovalent references. Large multivalent effects with glycoclusters are reported on a wide range of lectins that are often multimeric in nature or multivalently displayed at a cell surface. The enhanced selectivity and avidity is generally explained by the increased local concentration (effective molarity) of the additional ligands close to the binding sites and in theoretical models by statistical component (degeneracy prefactor) growing non-linearly with increased multivalency of both ligands and receptors. 4 Although, mostly exemplified on carbohydrate-binding proteins, there is a growing interest in the multivalent inhibition of carbohydrate-processing proteins (glycoside hydrolases = GH). [5][6][7][8] After a evidence of a multivalent effect on the model jack bean mannosidase (jbMan), 9 large synergistic effects were observed on jbMan, 10,11 and biologically relevant GH targets such as golgi-mannosidase, 12,13 hexosaminidases, 14 sialidases, 14,15 and the glycosyltransferases WaaC. 16 More surprisingly, polyvalent iminosugars were also shown to improve the maximal velocity and catalytic efficiency of a galactosidase with interest in food industry. 17,18 Thus multivalent analogues of substrate transition-states (TS) are new tools to modulate GH activity. First insights in the binding mechanisms suggest different interactions depending on both the ligands and GH targets. As exemplified on the JbMan model, clustered TS with discrete valency, spacer arm length and scaffolds were potentially shown i) to interact in the two primary hydrolysing sites by a chelate process 19 ii) to occupy primary and lower affinity non-glycon sites 20 iii) to form large JbMan aggregates. 12 Multimeric lectins or GH are particularly prone to these interaction processes and should therefore be considered as primary targets for multivalent systems. Human β-glucuronidase (hGUS) is a homotetramer of 332 kDa with four active sites cleaving β-D-glucuronic acid (GlcA) from glycosaminoglycans. 21 GUS is an exoglycosidase of considerable therapeutic interest found in lysosomes, in the tumor microenvironnement, and is also, expressed by the symbiotic microbiota in the gut. Mutations in a hGUS gene cause mucopolysaccharidosis type VII, a lysosomal storage disease due to heparan sulfate and dermatan sulfate accumulation. 22 The clinical manifestations are enlarged liver and spleen, mental retardation, airway obstructions, skeletal and heart valve abnormalities. Enzyme replacement therapy consisting in multiple injection of functional GUS proves efficient in preventing the lysosomal storage in several tissues. 23 The elevated GUS activity in specific tumours was also successfully exploited for the selective delivery of cytotoxic agents. 24 Potent anticancer drugs such as doxorubicin, 25,26 or monomethylauristatine E, 27 have been targeted successfully to various tumours by the mean of -glucuronidase-responsive drug delivery systems, leading to impressive therapeutic efficacy in mice. Inhibition of GUS microbiota may also be required to alleviate drug and endobiotic toxicity. Indeed, cytotoxic compounds are glucuronidated by the liver for passivation but GUS from the microbiome cleaves the sugar in the gastrointestinal tract, restoring the initial drug toxicity. 28 Thus, there is a strong medical interest in developing compounds that could efficiently tune (activate or inhibit) human or bacterial GUS. In this work, we report the synthesis of mono-, di-and octavalent GUS-responsive pro-fluorophores (p-FluoGlcA, Figure 1) to assess if multivalency could tune GUS activity. More precisely, the kinetic and catalytic efficiency of GUS will be compared when GlcA are mono-or multivalently displayed on a common core. We designed mono-, di-and octavalent FluoGlcA bearing a glucuronide trigger (in red) which, upon GUS cleavage uncap a self-immolative linker (in black) releasing an aminocoumarine dye (in blue, λ ex = 380 nm, λ em = 450 nm). Functionalized amino-coumarin by a propargyl-oxo-carbonyl group was previously shown to be virtually non-fluorescent but was converted into a highly fluorescent amino-coumarin after palladium-triggered depropargylation. 29 This responsive fluorescence will be here exploited for the kinetic measurement of GUS activity. It should be noted that an alternative strategy which is the coupling of a bifunctional coumarin chromophore to GlcA and the scaffold (immolative linker avoided) could have be envisioned for the design of the multivalent p-FluoGlcA. However the chemical synthesis would have been significantly more challenging and we expected a significant quench of the fluorescence signal intensity due to the chromophore perturbation. Divalent p-FluoGlcA with varied PEG spacer arm length were designed to assess if the spanning of two binding sites in GUS by the GlcA leads to a specific hydrolytic profile. According to our previous calculations from polymer theory, 14,30 PEG spacers of compounds 2-5 should span an average distance ranging from 12 to 67 Å. 5 should therefore easily cover the distance of around 5 nm between two adjacent binding sites of GUS, as determined from the crystal structure of E. coli GUS bound to an urea inhibitor (PDB code = 3LPG). 31 Compound 6 was designed from a cubic octameric silsequioxane (COSS) scaffold. COSS are emerging as versatile core for the design of multivalent sugar ligands, 32- 34 the cubic geometry allowing an homogeneous spatial distribution of the grafted ligands.

Chemical synthesis

The compounds 1-6 were readily accessible in only three synthetic steps from the glucuronide 7 already described in the literature (Scheme 1). 27 First, the 7-amino-4-methyl-2Hchromen-2-one 8 was introduced via nucleophilic substitution in the presence of hydroxybenzotriazole (HOBt) and (i-Pr) 2 NEt to give the carbamate 9 (38 %). The full deprotection of the glucuronide moiety was then carried out using LiOH affording the alkyne 10 in 58 % yield after purification by reverse phase column chromatography.

Finally, triazoles 1-6 were obtained by coupling 10 with the corresponding azide derivatives 11 using the well-known copper(I)-catalyzed azide-alkyne 1,3-cycloaddition. After size-exclusion column purification, 1-6 were obtained with yields ranging from 58 to 95%. 

Enzymatic assays

Compounds 1-6 were assessed against the commercially available β-glucuronidase from E. coli. The fluorescence signal was directly monitored during the reaction and converted into concentration by a calibration curve. The Michaelis constant K m and the maximal velocity V max values were determined from the Michaelis-Menten equation. The K m , V max and the catalytic efficiency (C eff = k cat /K m ) are presented Figure 2 together with the fitted curves of GUS hydrolysis velocity in function of the molecule concentration of 1-6 (average from quadruplicates). To better compare the enzymatic efficiency per mol of GlcA ligand (instead of molecule) we calculated the R(C eff ) representing the folddecrease of GUS catalytic efficiency per GlcA ligand of a multivalent compound X of valency V x , compared to the GlcA ligand of monovalent reference 1. R(C eff ) was obtained from the equation R (Ceff) = V x x (k cat1/ K m1 ) / (k catx/ K mx ). GUS showed an apparent decreased affinity (higher K M ) and lower hydrolysis rate (lower V m or k cat ) for the multivalent GlcA 2-6 compared to monovalent 1. It follows that the relative hydrolytic catalytic efficiency R (Ceff) for a GlcA ligand is reduced by 4 to 52-fold when multimerized on scaffolds 2-6. This significant decreased may not be explained by different interactions between 1 and 2-6 in close binding site proximity because the GlcA environnement is the same independently of the substrate valency. The EG length elongation from n=2 to n=130 for the divalent serie 2-5 also affected R (Ceff) suggesting that the scaffold and the GlcA-GlcA average distance play a role in the reduced C eff. This scenario was enhanced with COSS 6 where the GlcA are also tethered through EG spacer arms. Despite an eight fold higher GlcA concentration due to the octavalency, the GUS C eff of 6 was only 0.06 µmol.min -1 , each of the GlcA being hydrolyzed with 52-fold lower efficiency compared to 1. Although it is difficult at present to hypothesize on a specific binding mode, the data clearly show that a multivalent display of the sugar substrates strongly affect GUS activity. These results are significant as they suggest that multivalency should be considered as a relevant strategy to impact GUS activity. Cpd KM (µM) V max (µM.min -1 ) kcat/Km(s -1 .µM -1 ) R (Ceff) 

Conclusions

In summary we developed multivalent glucuronides with self-immolative linkers releasing a fluorescent aminocoumarin after GUS activation. The multivalent probes allowed an easy monitoring of the kinetic parameters for GUS enzymatic activity. GUS was shown to hydrolyze the clustered glucuronide probes with much less efficiency compared to the monovalent glucuronide analogues.

Glycosidases were previously shown to display very different hydrolytic profiles towards multimerized substrates. Boons and co-workers observed that bacterial sialidases hydrolyze polyvalent sialosides with much higher catalytic efficiency compared to their monovalent counterparts. 15 In stark contrast, O-glucosides and O-mannosides multivalently displayed onto nanodiamond particles were shown to be fully stable and even to inhibit their matching enzymes (glycosidases and mannosidases, respectively). 35 The scope of the multivalent probes developed here can be potentially broaden to any glycosidases by adapting the sugar nature and valency. This may help to better profile and understand the intriguing function of multivalency in the processing of carbohydrates.
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 1 Figure 1. Measuring the impact of multivalency in GUS kinetics. A GUS-responsive pro-fluorophore p-FluoGlcA was developed for real-time monitoring of the enzymatic activity. GUS activity will hydrolyze the glucuronide trigger uncapping a self-immolative linker and releasing the fluorescent amino-coumarin. Detection of signal, reflecting GUS activity is compared for mono-, di-and octavalent p-FluoGlcA.
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 2 Figure 2. Kinetic parameters obtained from the Michaelis-Menten equation on GUS activity with compounds 1-6.
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