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Effect of Degree of Glycosylation on Charge of Glucose Oxidase and Redox Hydrogel Catalytic Efficiency

Olivier Courjean , Victoria Flexer, Antonin PrØvoteau , Emmanuel Suraniti , and Nicolas Mano* [a] For most redox enzymes, the reaction center is deeply buried inside the protein structure. [1] The peptide chain of both native enzymes produced in fungi and enzymes overexpressed in eukaryotic cells are surrounded by a sugar shell, increasing both the molecular size and the distance between the active redox center and the outside surface. This latter characteristic is of upmost importance for electron transfer, either via a redox mediator or directly to an electrode surface. This is for instance the case of the FAD/FADH 2 redox centers of glucose oxidase (GOX). [2] We have recently shown that a monolayer of an almost fully deglycosylated GOX from Aspergillus niger is able to directly oxidize glucose starting at a potential close to that of FAD/FADH 2 . [3] Later, in an attempt to further increase the rate of electron transfer from the FADH 2 centers to the Os 3 + mediators in an enzyme/polymer hydrogel matrix, we compared native and deglycosylated GOXs from A. niger. [4] Interestingly we found that the latter forms a more efficient redox hydrogel structure that yields up to 38 % improved glucose oxidation, but that the intrinsic electron-transfer rate remains the same as for the native enzyme.

Herein, to further explore and understand the effect of the glycosylation of GOX for electrochemical applications, we chose to study a GOX from Penicillium amagasakiense. To do so, GOX with three degrees of glycosylation were produced in: yeast (yGOXpenag), further deglycosylated (dyGOXpenag) and in bacteria (bGOXpenag). We chose this species because compared to A. niger, this GOX exhibits more advantageous kinetics. Both affinity and catalytic constant for glucose oxidation are higher (K M ~7 mm; k cat ~2000 s À1 ), in oxygen-saturating conditions. [5,6] Ultimately, the anode of a biofuel cell made with GOX from P. amagasakiense, rather than with A. niger, would be more efficient in physiological media (glucose concentration in blood is ~5-8 mm). [7,8] Glucose oxidase from P. amagasakiense was successfully overexpressed and secreted in active form by P. pastoris and exhibits biochemical properties very similar to the native enzyme from P. amagasakiense. This is a ~146 kDa flavoenzyme, 10 wt % glycosylated. The deglycosylated enzyme was obtained by incubating for 4 h the yGOXpenag with endoglycosidase H. The dyGOXpenag exhibits a molecular weight of 139.5 kDa, indicating a large but partial deglycosylation. The bGOXpenag was obtained by a procedure adapted from a protocol by Witt et al. [5] This is a non-glycosylated enzyme with a molecular weight of 132.1 kDa, in agreement with the mass calculated from the primary amino acid sequence. The homogeneity and the molecular weight of the three purified enzymes were checked by SDS-PAGE (10 %) followed by Coomassie blue staining and mass spectrometry. To confirm that two FAD were bound per protein, the FAD concentration was calculated from the UV/Vis absorption at 460 nm (e = 12.83 mm À1 cm À1 ) and the protein concentration by its absorption at 280 nm (e = 263 mm À1 cm À1 ). Details about the enzymes production can be found in the Supporting Information. As illustrated in Table 1, there was little difference between the activities of the three enzymes when measured with ABTS or ferrocenium-methanol (FM ox ).

To compare the apparent surface charge of the three enzymes, we performed fast protein liquid chromatography on an anionic exchange column with a linear gradient of increasing ionic strength. The elution time is directly dependent on the apparent surface charge of the protein and the more negatively charged the enzyme is, the longer it will be bound to the column.

Figure 1 shows the resulting elution profiles obtained for the yGOXpenag (thick line), the dyGOXpenag (thin line) and the bGOXpenag (dashed line). It shows that the non-glycosylated bGOXpenag has an apparent surface charge more negative than the yGOxpenag and that deglycosylation of the latter increases its anionic behaviour. Deglycosylation of the yGOXpenag may expose negatively charged residues such as aspartic or glutamic acid. These results prove that the amount of negative surface charges exposed by the protein follows the trend of its deglycosylation.

To study the effect of the glycosylation on the glucose electrooxidation current, each enzyme was immobilized on 5 mm diameter glassy carbon electrodes with an osmium based redox polymer, PVP-Os(1,1'-dimethyl-2,2'biimidazole) 2 -2-[6 methylpyrid-2yl]imidazole) 2 + /3 + . Electrostatic interaction be- tween the negatively charged enzyme and the positively charged polymer favours a close distribution of the Os 2 + /3 + around the bioelectrocatalysts. [9] The hydrogel was cross-linked using a constant amount of 20 mg cm À2 of polyethylene glycol (400) diglycidyl ether (PEGDGE). To compare the three bioelectrocatalysts, electrodes with the same molar composition of enzyme/polymer and PEGDGE were prepared for 5 different enzyme/polymer ratios as previously described. [4] The total loading of the electrodes varied slightly because of the difference between the molecular weight of the three enzymes and was less than 7 %. Figure 2 shows the dependence of the glucose electrooxidation current density at saturation as a function of the enzyme molar amount in the 63.3 to 866 pmol cm À2 range.

A similar trend was observed for the three enzymes. As already shown earlier, the current increases with the enzyme molar amount (G enz ) before decreasing due to a lack of redox polymer. [10] The maximum current density was reached for G enz ~443 pmol cm À2 (1451 mA cm À2 ) for bGOXpenag while it was G enz ~253 pmol cm À2 (1146 mA cm À2 ) for dyGOXpenag and yGOXpenag (557 mA cm À2 ). Surprisingly, even though the specific activities of the enzymes are almost identical (Table 1), at G enz ~443 pmol cm À2 , J cat is 140 % higher for the dyGOXpenag than it is for the yGOXpenag and J cat is 220 % higher for the bGOXpenag than it is for yGOXpenag. Interestingly the evolution of J cat follows the trend of the elution times observed in the anionic exchange column (Figure 1). This points out a probable correlation between the global catalytic efficiency of the hydrogel and the extent of negative charges exposed on the surface of the enzyme (see Supporting Information).

Earlier, we showed that the higher current density obtained by incorporating deglycosylated GOx from A. niger into a redox hydrogel was due to a more efficient hydrogel structure rather than a better intrinsic electron transfer. [4] However, this does not seem to be the case in the present system under study. The electrochemical response of the films made of the same molar amount of Os and different enzymes, in the absence of substrate, was similar. The difference (~15 %) observed in characteristic parameters such as the width of the peak at half height, apparent electron diffusion coefficient and the amount of Os sites effectively connected to the electrode, was not distinguishable from the error bar for each enzyme electrodes (CVs in the absence of substrate are shown in Supporting information). In addition, we showed that the specific activities for the three different enzymes are almost identical (Table 1). Therefore, we hypothesize that a more negatively charged enzyme would favor a better and more efficient electron transfer between the FAD redox center and Os 3 + . To support this hypothesis, we also performed experiments with a more negatively charged and slightly bigger enzyme, that is, GOx from A. niger. This is a 158 kDa enzyme, ~20 wt % glycosylated with an activity of 958 s À1 (~bGOXpenag). At G 443 pmol cm À2 , J cat is 34 % higher for the native GOX from A. niger than it is for bGOxpenag, in good agreement with our hypothesis.

In summary, downsizing the enzyme's dimensions or using truncated enzymes may offer new possibilities to circumvent poor electrical contact between enzymes and electrode surfaces. However, this might not be the optimal strategy for mediated electron transfer of enzymes trapped in redox hydrogels. In this paper, our results seem to indicate that the surface charge of the enzyme rather than its size is the main parameter that governs a good interaction between the polycationic redox polymer and the polyanionic enzyme resulting in higher current densities.

Experimental Section

The electrochemical experiments were carried out on a potentiostat (CH Instruments, model CHI 660C, Austin, TX, USA) with a dedicated computer. 5 mm diameter glassy carbon electrodes (Pine Instrument, Raleigh, NC) were used as working electrodes. A platinum spiral wire was used as counter electrode and all potentials were referred to a Ag/AgCl (3 m NaCl) electrode (BAS, West Lafayette, IN). All electrochemical measurements were performed in a water-jacked electrochemical cell with 20 mm phosphate buffer (pH 7 + 0.14 m NaCl) at 37 8C. The temperature was controlled by an isothermal circulator (Jeio Tech, Seoul, Korea). Argon was bubbled for 30 min before all experiments and Ar atmosphere was maintained during measurements. Chemicals, materials and electrode preparation were previously described. [11] The Os polymer was a generous gift from Abbott Diabetes Care.

Comparison of apparent surface charge of different GOXs by FPLC. The same amounts (0.5 mg) of yGOXpenag, dyGOXpenag or bGOXpenag were dialyzed in 20 mm phosphate buffer (pH 8.0), which was used as binding buffer. After injection on the HiTrap Q FF anionic exchange column (1 mL), elution at 1 mL min À1 was performed by a linear gradient of 0 to 1 m NaCl. Elution was continuously monitored at 280 nm and 460 nm to discriminate between protein and FAD, respectively.
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Figure 1 .

 1 Figure 1. Elution chromatogram at pH 8 of yGOXpenag (thick line), dyGOXpenag (thin line) and bGOXpenag (dashed line) performed on an anionic exchange column.

Figure 2 .

 2 Figure 2. Dependence of the current density on the GOX molar amount measured at + 0.3 V vs Ag/AgCl. yGOXpenag (&), dyGOXpenag (*) and bGOXpenag (&). 20 mm phosphate buffer pH 7 + 0.14 m NaCl, 100 mm glucose, 37 8C, 500 rpm, 5 mV s À1 , under Ar.

Table 1 .

 1 Comparison of the activities [in s À1] of yGOXpenag, dyGOXpenag, bGOXpenag.

	Method [a]	yGOXpenag	dyGOXpenag	bGOXpenag
	ABTS	773 AE 32	771 AE 27	857 AE 27
	FM ox	859 AE 94	898 AE 73	948 AE 90
	[a] See Supporting Information.		
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