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Probing active-site residues of pyranose

153

Active fractions were pooled and concentrated in an Amicon Ultra Centrifugal Filter Device 154 with a 10-kDa cut-off membrane (Millipore, Billerica, MA). Enzyme preparations were 155 checked for homogeneity by SDS-PAGE using the Precision Plus Protein Dual Color Kit 156 (BioRad, Hercules, CA) as molecular mass standard (Fig. 2). 
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galactose were obtained for variant T169S, which oxidized this sugar significantly faster than 293 wtP2Ox (Figure 4A). In addition, T169S converted D-galactose more completely than wtP2Ox 294 during the reaction period of 8 h, with 16.5% unconverted D-galactose as compared to 31% 295 for wtP2Ox. These results confirm the data obtained in the kinetic characterization of the 296 enzyme in biocatalytic experiments, namely the higher turnover number k cat determined for 297 T169S (5.53 s -1 compared to 2.73 s -1 for wtP2Ox) together with a comparable Michaelis 298 constant for these two proteins (Table 3). Interestingly, V546C (k cat = 6.57 s-1) performed 299 considerably worse than wtP2Ox despite of its higher turnover number (Figure 4A) as judged 300 from slower sugar oxidation and higher levels of residual D-galactose after 8 h (46.5%); this 301 can be attributed to the very unfavourable K M -value of 46.2 mM determined for this sugar.
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The conversion of D-galactose was not complete in all of these biocatalytic experiments. The 303 reason for this is most probably inhibition of the enzyme and not inactivation during substrate 304 turnover, since after a reaction time of 8 h approx. 75-90% of the initially applied P2Ox 305 activity was measured using the standard assay (data not shown). 2-Ketosugars are known 306 to be rather instable, especially under alkaline conditions and in the presence of hydrogen 
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 1 oxidase (P2Ox; pyranose:oxygen 2-oxidoreductase, EC 1.1.3.10) is occurring 35 frequently among lignocellulose-degrading basidiomycete fungi[START_REF] Volc | Glucose-2-oxidase activity in mycelial 342 cultures of basidiomycetes[END_REF][START_REF] Leitner | Production of a novel 344 pyranose 2-oxidase by basidiomycete Trametes multicolor[END_REF]. It plays a role in the 36 decomposition process of this complex material by providing the co-substrate hydrogen 37 peroxide for lignin-degrading peroxidases[3,4]. The enzyme was first isolated from an FAD molecule covalently bound to H167 in the active centre [9,10]. The subunits are 44 symmetrically arranged around a pore, into which the substrates have to enter to reach the The screening plates were centrifuged in a 96-well plate centrifuge (Eppendorf) at 119 3700 rpm for 15 min, and supernatants were discarded by inverting the plates on dry paper 120 towels. Cells were lysed by adding 100 µL of 0.5-fold BugBuster Protein Extraction Reagent 121 (Novagen) in KH 2 PO 4 buffer (pH 7, 25 mM) per well and shaking at room temperature for 1 h.122After lysis the plates were centrifuged again as above, and the supernatant was used for 123 The activity of P2Ox was determined spectrophotometrically at 420 nm and 126 30 °C by a coupled chromogenic assay. Enzyme variants were screened for D-galactose and 127 D-glucose activity to compare differences in substrate specificity. Eighty µL of ABTS reagent 128 (0.7 mg/mL ABTS, 0.035 mg/mL horseradish peroxidase type II [181 U/mg], KH 2 PO 4 buffer: 129 50 mM pH6.5) were pipetted into every well of the 96-well microtiter plate followed by 10 µL 130 of the enzyme crude extract. The reaction was started with 10 µL of the sugar substrate (35,000 x g for 30 min at 4 °C, and the recombinant protein was purified from 146 One step purification was done in an Äkta Purifier System (Amersham 149 Pharmacia Biotech, Uppsala, Sweden) using a 100 mL Ni 2+ immobilized column with 150 Chelating Sepharose Fast Flow (Amersham Pharmacia Biotech) as a chromatographic 151 support. After washing the column with Buffer A, bound protein was eluted with an imidazole 152 gradient using Buffer A and Buffer B (50 mM KH 2 PO 4 , 0.5 M sodium chloride, 1 M imidazole).

  Kinetic constants P2Ox variants for different sugar substrates were 159 determined using the routine ABTS-peroxidase assay and air saturation as described 160 previously [6]. D-glucose and D-galactose were varied over a range of 0.1-50 mM and 0.1-161 200 mM, respectively, and protein concentrations were determined using a Bradford assay 162 [21] (Table2).

  Batch conversions of D-galactose with recombinant wild-type 165 TmP2Ox and selected variants (T169N, T169S, V546C, T169N/V546C) were performed in 166 20 mL flasks at 30 °C in a water bath. The reaction mixture (total volume of 10 mL) contained 167 250 mM of D-galactose dissolved in KH 2 PO 4 buffer (50 mM pH 6.5), 3500 units of bovine liver 168 catalase (Sigma) and 26.7 mg of P2Ox (both for wild-type and engineered enzyme variants).
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  This protein concentration corresponds to 7 U of wild-type TmP2Ox. Pure oxygen was 170 supplied continuously to the reaction mixture through a sparger. Samples were taken every Dionex) using an Aminex HPX87-P column (Bio-Rad) at 60 °C, a flow rate of 0.5 However, this increase in the turnover number comes at the cost of substrate binding, since 201 the introduction of Cys also lowered the ability of TmP2Ox to bind or interact with these 202 substrates, as indicated by elevated K M values. Hence, the catalytic efficiency k cat /K M of 203 V546C for the sugar substrates was lower than that of the wild-type P2Ox. The high number204of active variants at this position (73.9%) found in the screening assay indicates that position 205 546 does not have to be strictly conserved, which is also obvious from the sequence 206 alignment shown in Figure 3. Several of the naturally occurring p2ox genes, e.g., from 207 Phanerochaete chrysosporium or Lyophyllum shimeji, carry an alanine residue in this 208 position rather than the valine, which is typical for p2ox genes of Trametes or Peniophora 209 species. Two other variants at this position, showing significant activity in the screening, were 210 also selected and further characterized (V546G and V546P). These did not show the 211 increase in turnover number as observed for V546C but again showed elevated K M values for 212 both sugar substrates. Therefore, position 546 has a strong impact on substrate binding and Q448 is another active-site residue that has a large effect on the Michaelis constant and 217 hence on the formation of the enzyme-substrate complex. In this case, however, substrate 218 binding as expressed by the K M values as well as turnover numbers k cat changed drastically 219 for the worse with both substrates for all three amino acid substitutions studied at this 220 position (Q448N, Q448S, Q448C). Especially the K M values were increased 40-to 150-fold 221 when compared to the wild-type enzyme. 222 As mentioned above, the side chain of threonine at position 169 clashes with the axially 223 orientated C4-OH group of D-galactose. This amino acid position had been studied 224 previously by our group using rational protein design, introducing glycine and alanine to 225 create additional space, as well as serine as a conservative substitution that retains the 226 hydroxyl functionality in the side chain [17]. To study whether other, less obvious, amino acid 227 substitutions at this position can have a positive effect, saturation mutagenesis was again a subsequent screening for variants with improved properties for D-galactose 229 oxidation. However, the only variant with high activity found in the screening assay, T169S, 230 has already been proposed and investigated in our previous study [17]. Serine is a smaller 231 amino acid than threonine, but also provides the hydroxyl group and thus can form a 232 hydrogen bond to the FAD. Presumably due to reduced steric hindrances in T169S, this 233 mutant showed improved binding of D-glucose (K M reduced almost twofold compared to the for D-galactose, while activity with D-glucose is drastically decreased so that its 284 catalytic efficiencies are comparable for both sugar substrates. 285 Wild-type pyranose oxidase and selected variants (T169S, T169N, V546C, V546C/T169N) 286 were subsequently applied in preliminary biotransformation experiments to compare their 287 performance for the oxidation of 250 mM D-galactose. Experiments were conducted using 288 constant amounts of P2Ox protein (2.7 mg/mL, which for wtP2Ox corresponds to 0.7 U/mL D-289 galactose-oxidizing activity), sparging with pure oxygen, and an excess of catalase activity to 290 efficiently remove hydrogen peroxide. The initial pH was 6.5, and it was not adjusted during 291 substrate turnover. Results are shown in Figure 4. Best results for the conversion of D-
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 1 Oligonucleotide primers used in this study.
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Table 2 .

 2 Kinetic constants of wild-type P2Ox from Trametes multicolor and mutational 423 variants for D-glucose and D-galactose as substrates and O 2 (air saturation) as electron

	424					
	425	acceptor.				
	426					
		variant	substrate	K M [mM]	k cat [s -1 ]	k cat /K M [mM -1 s -1 ]	k cat /K M relative to wt-P2O [%]
		wild-type	D-glucose	0.698	35.4	50.8	100
			D-galactose	8.09	2.73	0.337	100
		T169G	D-glucose	0.691	0.262	0.379	0.746
			D-galactose	2.48	0.273	0.110	32.6
		T169N	D-glucose	0.327	2.41	7.30	14.4
			D-galactose	3.56	1.96	0.551	164
		T169S	D-glucose	0.394	21.8	55.3	109
			D-galactose	12.9	5.53	0.429	127
		Q448N	D-glucose	28.0	4.73	0.169	0.333
			D-galactose	940	0.433	0.000461	0.137
		Q448S	D-glucose	30.0	5.42	0.181	0.356
			D-galactose	750	1.53	0.00204	0.605
		Q448C	D-glucose	100	1.51	0.0151	0.0297
			D-galactose	1260	0.622	0.000494	0.147
		R472L	D-glucose	0.886	30.9	34.9	68.7
			D-galactose	7.21	1.69	0.236	70.0
		R472G	D-glucose	0.773	32.2	41.7	82.1
			D-galactose	6.38	2.07	0.324	96.1
		V546G	D-glucose	5.70	23.6	4.13	8.13
			D-galactose	200	4.51	0.0226	6.71
		V546P	D-glucose	2.20	15.8	7.19	14.2
			D-galactose	50.6	1.60	0.032	9.49
		V546C	D-glucose	3.06	88.6	29.0	57.1
			D-galactose	46.2	6.57	0.142	42.1
		H548I	D-glucose	0.811	31.6	39.5	77.8
			D-galactose	9.89	2.66	0.269	79.8
		H548R	D-glucose	0.880	9.20	10.5	20.7
			D-galactose	9.27	0.356	0.0381	11.3
		N593R	D-glucose	0.527	15.6	29.5	58.1
			D-galactose	7.39	1.57	0.213	63.2
		V546G/T169G	D-glucose	0.984	0.119	0.12	0.24
			D-galactose	29.4	0.331	0.011	3.26
		V546P/T169G	D-glucose	0.658	0.232	0.353	0.69

flavoenzyme. It is a member of the glucose-methanol-choline (GMC) structural family of

flavin-adenine-dinucleotide (FAD) dependent oxidoreductases[7,8]. Each subunit contains

active sites in the direct vicinity of the FAD. The active centre is protected by an active-site

min, and the reaction was stopped by heating (2 min at 95 °C). Sugar analysis was done

mL/min and water as eluent.

3 Results and Discussion

affinity of the enzyme for its sugar substrates. Interestingly, the V546A variant, naturally

occurring in the above-mentioned enzymes, was not identified among the isolated active

variants in this saturation mutagenesis study of TmP2Ox.

peroxide [29], which will be formed in the conversion experiments despite the addition of an

excess of catalase activity. For example, 2-keto-D-glucose is known to decompose in the

presence of hydrogen peroxide into various acids, including arabinonic and formic acid[30].

This latter compound has been described as an inhibitor of P2Ox with a K i of 19 mM; other

of acids during the oxidation of D-galactose was evident from the time course of the pH-
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value, which initially was set at 6.5. At the end of the conversion (8 h) it had dropped to 314 values of 4.5-5.0 in each of the different experiments, and after a prolonged incubation 
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Using this approach of probing active-site residues of P2Ox by saturation mutagenesis we 326 could identify several amino acid substitutions that show improved activity of this 327 biocatalytically interesting enzyme with its poor substrate D-galactose. Further studies and 328 combinations of these mutations will show the appropriateness of a semi-rational approach 329 for the improvement of P2Ox with regard to the conversion of D-galactose [28].
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Abbreviations used and accession numbers: T. mats., Tricholoma matsutake (BAC24805); several of its mutational variants. Conversions were performed in a total volume of 10 ml 456 using equal amounts of P2Ox protein (2.7 mg/mL) at 30°C using 50 mM phosphate buffer pH 457 6.5. Pure oxygen was supplied continuously to the reaction mixture through a sparger;