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18 Abstract

19 Glycoside hydrolase family 31 (GH31) contains α-glucosidase, α-xylosidase, α-galactosidase, 

20 and α-transglycosylase. Recent work has expanded the diversity of substrate specificity of 

21 GH31 enzymes, and α-N-acetylgalactosaminidases (αGalNAcases) belonging to GH31 have 

22 been identified in human gut bacteria. In this study, we determined the crystal structure of a 

23 truncated form of GH31 αGalNAcase from Enterococcus faecalis. The enzyme has a similar 

24 fold as other reported GH31 enzymes and an additional fibronectin type 3-like domain. 

25 Additionally, the structure in complex with N-acetylgalactosamine reveals that conformations 

26 of the active site residues, including its catalytic nucleophile, change to recognize the ligand. 

27 The catalytic site residues are completely conserved among GH31 αGalNAcases but vary in 

28 comparison to other reported GH31 enzymes except for the catalytic residues.

29

30 Keywords: crystal structure, Enterococcus faecalis, mucin, α-N-acetylgalactosaminidase, 

31 glycoside hydrolase family 31

32

33 Abbreviations: αGalNAcase, α-N-acetylgalactosaminidase; CBM, carbohydrate-binding 

34 module; FN3, fibronectin type 3; GalNAc, N-acetylgalactosamine; GH, glycoside hydrolase

35

Page 2 of 32FEBS Letters



3

36 Introduction

37

38 Glycoside hydrolases (GH, EC 3.2.1.-) are widely distributed in various organisms and 

39 enable carbohydrate utilization by degrading glycosidic bonds. These enzymes are classified 

40 into more than 160 families based on their amino acid sequences [1], and recent work has 

41 established new GH families by discovering novel GHs from mainly bacteria and fungi [2–7]. 

42 In addition, different substrate specificities in known GH families have been found [2]. The 

43 glycoside hydrolase family 31 (GH31) is a large family that contains more than 12,000 

44 protein sequences in the CAZy database (http://www.cazy.org/, accessed on April 8, 2020). 

45 GH31 enzymes have been identified as acting on α-glycosidic bonds, including α-glucosidase 

46 [8–13], α-1,3-glucosidase [14], mannosyl-oligosaccharide α-1,3-glucosidase [15,16], 

47 α-xylosidase [17–19], sucrase-isomaltase [20], α-galactosidase [2,21], sulfoquinovosidase 

48 [22,23], dextranase [24,25], and α-glucan lyase [26]. GH31 enzymes employ a retaining 

49 mechanism, and several enzymes catalyze transglycosylation to produce α-glucosidic linkages 

50 such as α-1,2, α-1,3, α-1,4, and α-1,6 [27–30]; cycloalternan-forming enzyme and 

51 cycloalternan degrading enzyme are also GH31 members [31,32]. All GH31 members share a 

52 (β/α)8-barrel catalytic domain and some β-sandwich domains at the N- and C-termini.

53 Rahfeld et al. identified α-N-acetylgalactosaminidases (αGalNAcases) that belong to 

54 GH31 by screening metagenomic DNA libraries from the human gut microbiome [33]. GH31 

55 αGalNAcases specifically release the initial N-acetylgalactosamine (GalNAc) residue from 

56 mucin-type O-glycans. Exo-αGalNAcases are found in GH27, GH36, GH109, and GH129 

57 families. GH27 αGalNAcases from fungi and mammals hydrolyze mucin-type O-glycans and 

58 blood type A-antigens [34–36]. GH109 αGalNAcases were identified to release GalNAc from 

59 blood type A-antigen and employ an NAD+-dependent hydrolytic mechanism [37]. 

60 Bifidobacterium bifidum GH129 αGalNAcase cleaves Tn-antigen (GalNAcα1-Ser) and has 

61 endo activity on core-1-type O-glycan (Galβ1–3GalNAcα-) [38,39]. GH101 enzymes are 

62 endo-acting αGalNAcases that release a disaccharide from the core-1 structure of O-glycans 

63 [40]; the catalytic domains of GH101 and also GH27, GH36, and GH129 enzymes adopt a 

64 (β/α)8-barrel fold. Together with GH31, GH27 and GH36 enzymes form the GH-D clan. In 

65 this clan, the two catalytic aspartic acid residues are structurally conserved and work as 
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66 nucleophile and general acid/base catalysts in the retaining mechanism (Fig. 1). An H1-NMR 

67 study on GH31 αGalNAcase hydrolysis revealed that the enzyme employs the same retaining 

68 mechanism as other GH31 enzymes [33]. However, no crystal structure of GH31 αGalNAcase 

69 has yet been reported.

70 In this study we characterized a GH31 αGalNAcase from a human gut bacterium, 

71 Enterococcus faecalis (hereafter EfNag31A), and determined its crystal structure as the first 

72 structure for the GH31 αGalNAcases. The structures reveal that EfNag31A has at least two 

73 conformations in the active site, including its catalytic residue, to accept substrates. The 

74 results provide novel insight into substrate recognition mechanism in GH31 enzymes.

75

76 Materials and Methods

77

78 Materials and strains

79 p-Nitrophenyl N-acetyl-α-D-galactosaminide (pNP-α-GalNAc) and p-nitrophenyl 

80 α-D-galactopyranoside (pNP-α-Gal,) were purchased from Cayman Chemical (Ann Arbor, 

81 MI, USA) and Tokyo Chemical Industry (Tokyo, Japan), respectively. p-Nitrophenyl 

82 α-D-glucopyranoside (pNP-α-Glc) and p-nitrophenyl α-D-mannopyranoside (pNP-α-Man) 

83 were obtained from Merck (Darmstadt, Germany). p-Nitrophenyl N-acetyl-α-D-glucosaminide 

84 (pNP-α-GlcNAc) and p-nitrophenyl α-D-xylopyranoside (pNP-α-Xyl) were from Carbosynth 

85 (Compton, Berkshire, UK). All other reagents were of analytical grade and purchased from 

86 Wako Pure Chemical Industry (Osaka, Japan) or Merck unless otherwise stated. E. faecalis 

87 NBRC 12964 (ATCC 10100) was obtained from NITE Biological Resource Center (Chiba, 

88 Japan). Escherichia coli strains DH5α and BL21 (DE3) were used for DNA manipulation and 

89 protein expression, respectively, unless otherwise stated.

90

91 Expression and purification of EfGH31 and EfGH31-CBM32

92 A signal sequence was predicted using the SignalP server [41] and domains were 

93 identified according to Conserved Domain Database [42] and InterPro [43]. DNA for coding 

94 amino acid residues 43–1126 (named EfGH31-CBM32) and 43–984 (named EfGH31) of 

95 EfNag31A (GenBank, EOK08638.1) were amplified from bacteria by colony-directed PCR 
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96 using a KOD FX Neo DNA polymerase (Toyobo, Osaka, Japan) with primers 5′-TTT TTC 

97 ATA TGC AAG AGC AAA CAG CAA AAG AAG-3′ (for EfGH31-CBM32 and EfGH31), 

98 5′- TTT TCT CGA GCT ATG GTT GTT TGT AAA AGA GCA TC-3′ (for 

99 EfGH31-CBM32), and 5′-TTT TCT CGA GCT ATT TAT AGG GAT CAT CTT GTG-3′ (for 

100 EfGH31). The PCR products was digested with NdeI and XhoI (sites underlined in primers), 

101 ligated into pET-28a vector, and their identity confirmed by DNA sequencing. E. coli BL21 

102 (DE3) harboring the expression plasmids was grown at 37 ºC in Luria-Bertani medium with 

103 50 μg/mL kanamycin. Protein expression was induced at an optical density of 0.6 (at 600 nm) 

104 with isopropyl-β-D-thiogalactopyranoside (final concentration, 0.1 mM) with overnight 

105 incubation at 20 ºC. Cells were harvested by centrifugation at 10,000 × g for 5 min and 

106 resuspended in 50 mM sodium phosphate buffer (pH 8.0) containing 20 mM imidazole and 

107 300 mM NaCl. After disruption by sonication, insoluble debris was removed by 

108 centrifugation at 20,000 × g for 20 min and the supernatant applied to a Ni2+ nitriolotriacetic 

109 acid agarose (Qiagen, Hilden, Germany) column equilibrated with the same buffer. The 

110 column was buffer washed, and recombinant proteins eluted with 50 mM sodium phosphate 

111 buffer (pH 8.0) containing 250 mM imidazole and 300 mM NaCl. Enzymes were 

112 concentrated with an Amicon Ultra ultrafiltration device (Merck) and purified by gel filtration 

113 chromatography using an ÄKTAexplorer system (GE Healthcare) equipped with a Superdex 

114 200 Increase 10/300 column (GE Healthcare, Chicago, IL, USA) in 20 mM sodium phosphate 

115 buffer (pH 7.0) containing 300 mM NaCl. Protein fractions were pooled and concentrated in 

116 10 mM HEPES-NaOH buffer (pH 7.0) as described above. Selenomethionine 

117 (SeMet)-substituted EfGH31 was obtained by E. coli B834 (DE3) cultured in LeMaster 

118 medium [44] and was purified in the same manner as native protein. Protein purity was 

119 confirmed by SDS-PAGE. Protein concentration was measured at 280 nm based on 

120 theoretical molar absorption coefficients, 188,510 M−1 cm−1 for EfGH31-CBM32 and 159,060 

121 M−1 cm−1 for EfGH31.

122

123 Enzyme assays

124 Hydrolytic activity toward various p-nitrophenyl glycosides was measured in 50 μL 

125 reaction mixtures containing 5.0 μg/mL enzyme, 0.5 mM of substrate, and 50 mM Britton–
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126 Robinson (phosphate–acetate–borate) buffer (pH 6.0) at 37 °C. To examine the effect of pH 

127 on hydrolytic activity; reaction mixtures containing 0.5 mM pNP-α-GalNAc were prepared 

128 with the same buffer at pH 2.0–12.0 and were incubated for 10 min at 37 °C. The temperature 

129 dependence was examined using 0.5 mM pNP-α-GalNAc and 50 mM Britton–Robinson 

130 buffer (pH 6.0) from 20 °C to 70 °C. Initial velocities of the hydrolytic reaction for 

131 pNP-α-GalNAc were determined using 50 mM Britton–Robinson buffer (pH 6.0) and five 

132 concentrations (0.1–2.0 mM) of pNP-α-GalNAc at 37 °C. Enzyme concentrations used were 

133 41 nM for EfGH31-CBM32 and 47 nM for EfGH31. All reactions were performed in 

134 triplicate and quenched by adding two volumes of 1 M Na2CO3. Released p-nitrophenol was 

135 measured at 405 nm. Kinetic parameters were calculated by fitting to the Michaelis–Menten 

136 equation using non-linear regression analysis by KaleidaGraph software (Synergy Software, 

137 Reading PA, USA).

138

139 Protein crystallography

140  Proteins (15–16 mg/mL) were crystallized at 20 °C using the hanging-drop vapor 

141 diffusion method, where 1.0 µL of protein solution was mixed with an equal volume of a 

142 crystallization reservoir solution. Initial crystallization screening was performed using Crystal 

143 Screen, Crystal Screen 2, PEG/Ion Screen, PEG/Ion 2 Screen kits (Hampton Research, Aliso 

144 Viejo, CA, USA). EfGH31 crystals appeared in several conditions whereas no crystal of 

145 EfGH31-CBM32 was obtained. Well-diffracted crystals of native and SeMet-substituted 

146 EfGH31 were obtained with a crystallization solution containing 25% (w/v) polyethylene 

147 glycol 3,350 (Hampton Research) and 200 mM ammonium citrate tribasic. Crystals of 

148 EfGH31 in complex with GalNAc were obtained by co-crystallization under the same 

149 condition with 5 mM GalNAc. All crystals were cryoprotected with the reservoir solution 

150 supplemented with ethylene glycol at a final concentration of 20% (v/v) and then flash-frozen 

151 in liquid nitrogen.

152 Diffraction data were collected at the BL5A beamline (Photon Factory, Tsukuba, Japan). 

153 Data were processed using XDS [45]. Initial phase was calculated from the single-wavelength 

154 anomalous dispersion dataset of SeMet-substituted EfGH31 crystals using the AutoSol 

155 program in PHENIX [46]. Sixteen selenium sites were found with a figure of merit of 0.315. 
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156 A rough model of SeMet-substituted EfGH31 (Rwork = 0.241; Rfree = 0.266) was obtained and 

157 further built using PHENIX AutoBuild [47]. Structures of apo EfGH31 and its complex with 

158 GalNAc were solved by the molecular replacement method using MOLREP [48] with the 

159 coordinates of SeMet-EfGH31 and native EfGH31, respectively, as search models. 

160 Refinement and manual model building were performed using REFMAC5 [49] and COOT 

161 [50], respectively. Coordinates and structural factors were deposited in the Worldwide Protein 

162 Data Bank (http://wwpdb.org/). Molecular images were prepared using PyMOL (Schrödinger 

163 LLC, New York, NY, USA). Structural similarity searches were carried out using the Dali 

164 server [51].

165

166

167 Results and Discussion

168

169 Expression and characterization

170 EfNag31A consists of multiple domains with 1866 amino acid residues (Fig. 2A). The 

171 enzyme has an N-terminal signal peptide, several GH31 domains (including DUF4968, 

172 GH31_N, GH31_CPE1046, and DUF5110 domains), a fibronectin type 3 (FN3), an F5/F8 

173 type C (assigned as carbohydrate-binding module family 32, CBM32, according to the CAZy 

174 database) region, a dockerin II domain, a type III cohesin domain, six FIVAR domains, and a 

175 C-terminal membrane anchoring region in this order. With an exception of the C-terminal 

176 domains, the domain organization (from the N-terminus to the type III cohesion domain) is 

177 similar to reported GH31 α-N-acetylgalactosaminidases from Bacteroides caccae (BcGH31, 

178 sequence identity is 44%), Bacteroides plebeius (BpGH31, 44%), and Clostridium 

179 perfringens (CpGH31, 43%) [33]. To enzymatically and structurally characterize EfNag31A, 

180 two truncated proteins, EfGH31-CBM32 (43–1126 residues) and EfGH31 (43–984), were 

181 expressed in E. coli (Fig. S1); the C-terminal domains, including the dockerin and cohesin 

182 domains, were not predicted to be important for catalytic activity. The purified enzymes 

183 displayed hydrolytic activity toward pNP-α-GalNAc but not pNP-α-Glc, pNP-α-Gal, 

184 pNP-α-GlcNAc, pNP-α-Man, and pNP-α-Xyl. The optimal pH and temperature of both 

185 recombinant enzymes were identical at 6.0 and 50 ºC, respectively (Fig. S2). The kinetic 
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186 parameters of EfGH31-CBM32 and EfGH31, for the hydrolysis of pNP-α-GalNAc, were 

187 similar to the full-length and truncated forms of the other GH31 α-N-acetylgalactosaminidases 

188 (αGalNAcases) in comparison with isozymes belonging to different GH families (Table 1). 

189 These results suggest that the C-terminal regions, including the CBM32 domain, do not affect 

190 hydrolytic reaction.

191

192 Overall structure

193 The crystal structure of EfGH31 was determined at 1.4 Å resolution. The crystal belongs 

194 to the space group P212121 with one molecule in the asymmetric unit (Table 2). The electron 

195 density (2|Fo|−|Fc|) map at 1 σ shows continuous electron density for almost all amino acid 

196 residues from Ser57 to Gln979. EfGH31 is composed of five domains: an N-terminal 

197 β-sandwich domain (N-domain, residues 57–278); a (β/α)8-barrel catalytic domain 

198 (A-domain, 279–614); a proximal C-terminal β-sandwich domain (615–705); a distal 

199 C-terminal β-sandwich domain (706–883); and an FN3 domain (884–979) (Fig. 2B). A 

200 structural homology search using the Dali server [51] revealed that the highest Z scores were 

201 observed for Cellvibrio japonicus α-xylosidase (CjXyl31A, PDB 2XVK) [18] and 

202 Flavobacterium johnsoniae dextranase (FjDex31A, PDB 6JR8) [25], which belong to GH31 

203 but display different substrate specificity (Table S1). EfGH31 also shows structural 

204 homologies to the other GH31 enzymes whose structures have been determined, though their 

205 sequence identities are lower than 25%. By contrast, GH27 αGalNAcases, which are 

206 classified in clan GH-D together with GH31 and GH36, and GH129 αGalNAcases have low 

207 structural homology (sequence identity ≤ 10%, Z score < 16%) to GH31 enzymes.

208 The N-, A-, proximal C-, and distal C-domains of EfGH31 are conserved in many 

209 GH31 proteins, and their folds resemble those of CjXyl31A and FjDex31A (Fig. 2C). 

210 However, a superimposition of EfGH31 with the structures of GH31 enzymes shows different 

211 structural components. The catalytic A-domain of EfGH31 is interrupted by an extra 

212 subdomain (named A′-subdomain, 312–350) with an antiparallel β-sheet and a short α-helix 

213 between the first β-strand and the second α-helix of the (β/α)8-barrel fold. The A′-subdomain 

214 is located near the putative catalytic site at the center of the (β/α)8-barrel, but its function is 

215 unclear as no similar component is seen in other GH31 enzyme structures. The A′-subdomain 
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216 is conserved in BcGH31 and BpGH31, whereas the corresponding region of CpGH31 is 

217 shorter (Fig. 3). Therefore, the A′-subdomain may be unnecessary for hydrolytic activity but 

218 may be involved in substrate binding.

219 EfGH31 has an FN3 domain after the conservative distal C-domain. A Dali search using 

220 the FN3 domain of EfGH31 revealed that it has a small degree of structural similarity to the 

221 CBM56 domains of β-1,3-glucanases (PDB 5T7A and 5H9Y, Z score = 8.7 and 7.7, rmsd = 

222 2.4 and 2.4 Å, sequence identity = 12% and 8%, respectively), an FN3 domain of GH78 

223 α-rhamnosidase (PDB 6GSZ, Z score = 8.6, rmsd = 2.3 Å, sequence identity = 20%), and an 

224 N-terminal ‘CBM-like’ domain of Trueperella pyogenes GH31 cycloalternan degrading 

225 enzyme (PDB 5F7S, Z score = 7.6, rmsd = 2.6 Å, sequence identity = 11%). FN3 domains are 

226 found in many GHs and are often located between a catalytic domain and a CBM domain as a 

227 linker [52–54]. Three CBM32 domains of CpGH31, which display 17%–30% sequence 

228 identity to the CBM32 domain of EfGH31, have the ability to bind galactose and GalNAc 

229 [55]. The FN3 domain of EfGH31 is likely to function as a stable linker allowing optimal 

230 positioning and/or flexibility of the catalytic domain and the CBM32 domains.

231

232 Active site

233 To investigate the catalytic mechanism and substrate recognition, the crystal structure of 

234 EfGH31 complexed with GalNAc was determined at 1.9 Å resolution. An electron density 

235 map for β-anomer of GalNAc (GalNAc −1) was present at the center of the catalytic 

236 (β/α)8-barrel, which is predicted to be subsite −1 (subsite nomenclatures are according to 

237 Davies et al. [56]) (Fig. 4A). The GalNAc −1 molecule interacts with seven amino acid 

238 residues (side chains of Asp384, Tyr386, Trp420, Lys453, Asp455, and Asp508, and main 

239 chain of Val456) directly via hydrogen bonds (Table S2). Asn308, Trp505, and Asp538 form 

240 hydrogen bond networks with the ligand via water molecules. Ile542 and Met567 create a 

241 hydrophobic environment to interact with the apolar face of GalNAc −1, and Trp221, Val456, 

242 Leu492, and Trp505 form a hydrophobic pocket that accepts the methyl group of the 

243 acetamide group of GalNAc −1. All amino acid residues interacting with GalNAc −1 are 

244 conserved in GH31 αGalNAcases (Fig. 3). Asp455 and Asp508, which are located near C1 

245 atom of GalNAc −1, are predicted to be the catalytic nucleophile and the general acid/base, 
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246 respectively (see Fig. 1), agreeing with Rahfeld et al., who observed that mutagenesis in the 

247 corresponding residues of BpGH31 resulted in a remarkable decrease of hydrolytic activity 

248 [33].

249 Superimposition of the unliganded and GalNAc-complex structures demonstrates 

250 structural differences between the active site residues (Fig. 4B). In the GalNAc-complex, 

251 three loops after the second, third, and fourth β-strands of the (β/α)8-barrel move closer to 

252 GalNAc −1 compared with the unliganded enzyme. Accordingly, the nucleophile Asp455 

253 moves closer to C1 of GalNAc −1 and the side chain of Tyr386 flips to interact with 1-OH of 

254 GalNAc −1. The side chains of Met567 and Tyrp570 also move to interact with GalNAc −1. 

255 Therefore, EfGH31 has two forms of the active site, an open form and a closed form (Fig. 

256 4C). The distances between Asp455 and Asp508 catalysts are 10.0 and 6.5 Å in the open and 

257 closed forms, respectively. Although it is not clear whether such changes occur when a 

258 substrate (α-anomer) enters the active site, these conformational changes may occur during 

259 substrate binding and the hydrolytic reaction in order to accommodate the substrate’s GalNAc 

260 residue and enable the nucleophile Asp455 to attack the GalNAc C1 in the proper position. 

261 No such conformational change was reported in known GH31 enzyme structures.

262 Superimposition of EfGH31 onto the structures of known GH31 enzymes indicates that 

263 the subsite −1 residues are different, though the two catalytic aspartic acid residues are 

264 completely conserved (Fig. 5). Residues corresponding to Leu492 of EfGH31 are Arg in all 

265 previously reported GH31 enzymes. The substitution provides a space to accept an acetamide 

266 group from GalNAc as described above. Trp420 and Lys453, which recognize an axial 4-OH 

267 atom of GalNAc, are conserved in the Pseudopedobacter saltans α-galactosidase (PsGal31A) 

268 [21], which recognizes an axial 4-OH of galactose (Fig. 5D). In other GH31 enzymes that 

269 recognize sugars with an equatorial 4-OH, such as glucose and xylose, these residues are 

270 substituted to different amino acids (Fig. 5A–C). By contrast, the recognition mechanism of 

271 the apolar faces of galacto-configured sugars is different between EfGH31 and PsGal31A. 

272 Ile542 between the seventh β-strand and α-helix and Met567 between the eighth β-strand and 

273 α-helix are substituted to Arg and Asn, respectively, in PsGal31A. Instead, Trp486 located 

274 between the eighth β-strand and α-helix of PsGal31A hydrophobically interacts with the 

275 nonpolar face of galactose. These differences in substrate recognition mechanism may result 
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276 in different substrate specificity.

277

278 Implication for function

279 EfNag31A contains the N-terminal signal peptide, multiple FIVAR domains. Although 

280 the function of FIVAR domains are not yet clear, they are often found in cell wall associated 

281 proteins (Pfam 07554). This potential function suggests that EfNag31A the enzyme is 

282 secreted from bacterial cells and is associated with the cell membrane and the cell wall. 

283 Dockerin and cohesin domains are used to build multi-enzyme complexes on the cell surface, 

284 e.g., the cellulosome, which is an enzyme complex that degrades cellulose and hemicellulose 

285 [57]. Therefore, EfNag31A may form part of a multi-enzyme complex that degrades 

286 carbohydrates. No genes coding for carbohydrate-active enzymes were found associated with 

287 the EfNag31A gene in the genome of E. faecalis, whereas its ortholog BcGH31 forms a 

288 cluster together with genes for several GHs, peptidases, a sugar-binding protein, and a sugar 

289 transporter, which are predicted to degrade mucin-like O-glycoproteins and 

290 glycosaminoglycans [33]. A BLAST search using EfNag31A found putative GH31 

291 αGalNAcases (> 40% sequence identity) from Firmicutes (e.g., Enterococcus, Streptococcus, 

292 and Lactobacillus spp.), Bacteroidetes (e.g., Bacteroides and Elizabethkingia spp.), and 

293 Verrucomicrobia (Akkermansia muciniphila) (data not shown), most of which are mammalian 

294 gut bacteria and/or are associated with pathogenicity. E. faecalis possess a GH101 

295 endo-αGalNAcase that releases di- and trisaccharides from core-1, -2, and -3-type 

296 oligosaccharides and mucin glycopeptides [58]. Thus, bacteria including E. faecalis may have 

297 acquired these enzymes to scavenge GalNAc and other monosaccharides, which are released 

298 from mucin produced in the host.

299 In conclusion, we characterized EfNag31A, which exhibits a selective αGalNAcase 

300 activity that is inactive with other α-glycosides, and determined the crystal structure as the 

301 first GH31 αGalNAcase. The enzyme has a domain architecture that is similar to the GH31 

302 enzymes reported to date; however, the active site residues vary and strictly recognize 

303 GalNAc with conformational changes. These results indicate that EfNag31A is involved in 

304 the degradation of α-GalNAc-linked glycoproteins, such as mucin. Further studies, such as 

305 mutational analysis and examination of complex structure with a substrate, are required to 
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306 completely understand the mechanism of hydrolysis and substrate recognition.

307
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529 Table 1. Kinetic parameters for the hydrolysis of pNP-α-GalNAc by EfGH31, EFGH31-CBM32, 

530 and other α-N-acetylgalactosaminidases.

Enzyme Family kcat
(s−1)

Km
(μM)

kcat/Km
(s−1 mM−1) Reference

EfGH31-CBM32 GH31 4.45 ± 0.04 136 ± 6 33 This study
EfGH31 GH31 6.54 ± 0.12 158 ± 12 41 This study
BcGH31 a GH31 3.6 ± 0.2 110 ± 10 32 [33]
tBcGH31 b GH31 2.1 ± 0.1 140 ± 20 16 [33]
BpGH31 a GH31 7.2 ± 0.3 270 ± 20 27 [33]
tBpGH31 b GH31 2.2 ± 0.1 140 ± 20 16 [33]
Human NAGAL c GH27 16.3 ± 0.1 700 ± 30 23 [35]
CpAagA d GH36 N. A. g 1100 N. A. [59]
EmGH109 e GH109 9.84 ± 0.16 77 ± 6 128 [37]
NagBb f GH129 11.0 ± 0.4 2060 ± 230 2.35 [39]

531 a full-length enzyme.

532 b truncated form containing an FN3 domain but not C-terminal domains including a CBM32 domain.

533 c human lysosomal αGalNAcase NAGAL.

534 d C. perfringens αGalNAcase AagA.

535 e Elizabethkingia meningoseptica αGalNAcase.

536 f Bifidobacterium bifidum αGalNAcase NagBb.

537 g not available.

538
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539 Table 2. Data collection and refinement statistics.
SeMet Apo GalNAc-complex

Data collection
Beamline PF BL5A PF BL5A PF BL5A
Wavelength (Å) 0.9792 1.0000 1.0000
Space group P212121 P212121 P212121

Cell dimensions
a, b, c (Å) 82.4, 83.1, 145.2 82.4, 83.0, 149.7 82.6, 83.2, 147.8

Resolution range (Å) 50–1.80 (1.90–1.80) 50–1.40 (1.48–1.40) 50–1.90 (2.00–1.90)
Measured reflections 1,212,826 2,560,235 486,092
Unique reflections 92,458 201,712 80,809
Completeness (%) 99.4 (98.8) 100 (100) 99.8 (99.4)
Redundancy 13.1 (13.5) 12.7 (13.1) 6.0 (5.0)
Mean I/σ(I) 16.6 (4.0) 18.3 (2.7) 13.8 (3.6)
Rmeas 0.101 (0.713) 0.071 (0.913) 0.084 (0.504)
CC1/2 [60]  (0.924)  (0.884)  (0.844)
Wilson B factor 23.1 14.2 23.4

Refinement statistics
Rwork / Rfree 0.241 / 0.266 0.171 / 0.195 0.217 / 0.261
RMSD

Bond lengths (Å) 0.008 0.010
Bond angles (°) 1.470 1.682

Number of atoms
Protein 7,307 7,101
Ligand/Ion 36 36
Water 1,063 309

Average B (Å2)
Protein 23.4 33.6
Ligands 29.4 28.8
Water 32.4 27.5

Ramachandran plot
Favored (%) 96.4 96.0
Outliers (%) 0.1 0.2

Clashscore 3.54 4.36
PDB codes 6M76 6M77

540 The values for the highest resolution shells are given in parentheses.

541
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542 Figure Legends

543

544 Figure 1. Reaction mechanism of GH31 enzymes.

545

546 Figure 2. Structure of EfNag31A. (A) Primary structures of full-length EfNag31A (upper) 

547 and its truncated constructs, EfGH31-CBM32 (middle) and EfGH31 (lower). Domains of 

548 EfNag31A are presented based on Conserved Domain Database and InterPro, and 

549 recombinant protein domains are described based on the crystal structure with the same colors 

550 as B. (B) Overall structure of EfGH31: N-domain, blue; A-domain, red; A′-subdomain, 

551 yellow; proximal C-domain, cyan; distal C-domain, orange; FN3 domain, pink. (C) Structural 

552 comparison with known GH31 enzymes: EfGH31, red; CjXyl31A, cyan; FjDex31A, yellow. 

553 In CjXyl31A, the PA14 domain (residues 238–384) inserted into the N-domain is omitted.

554

555 Figure 3. Sequence alignment of GH31 α-N-acetylgalactosaminidases. Partial sequences 

556 of EfGH31, BcGH31 (GenBank ID, ASM65008.1), BpGH31 (EDY97082.1), and CpGH31 

557 (ABG84084.1) were aligned using Clustal Omega and the figure generated by ESPript 3.0 

558 [61]. Secondary structures and domain architecture of EfGH31 are described above the 

559 sequences: N-domain, blue; A-domain, red; A′-subdomain, yellow; proximal C-domain, cyan; 

560 distal C-domain, orange; FN3 domain, pink. Identical residues are shown in white with a red 

561 background and conservative changes in red with a white background. Catalytic residues and 

562 residues interacting with GalNAc are in cyan and green, respectively. Active site residues 

563 whose conformations are different between apo and GalNAc-complex structures are indicated 

564 with orange circles.

565

566 Figure 4. Active site of EfGH31. (A) Stereo view of the active site of EfGH31 in complex 

567 with GalNAc. Side chains of amino acid residues interacting with GalNAc as well as the main 

568 chain of Val456 are shown in blue stick models, and catalytic residues and GalNAc are in 

569 cyan and yellow, respectively. Hydrogen bonds are shown as dashed lines and water 

570 molecules as red spheres. An Fo−Fc omit electron density map of GalNAc (contoured at 3 σ) 

571 is shown as blue mesh in the dotted box. (B) Structural differences between apo (white) and 
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572 GalNAc-complex (blue). Conformational changes of the amino acid residues are described by 

573 black arrows. (C) Molecular surfaces of the active site in apo form (upper) and 

574 GalNAc-complex (lower) of EfGH31. A GalNAc molecule is superimposed to the apo form 

575 (upper). N and A/B mean nucleophilic and acid/base catalytic residues, respectively.

576

577 Figure 5. Structural comparison of active sites of GH31 enzymes. Active site of EfGH31 

578 (blue) is superimposed to CjXyl31A in complex with a covalent inhibitor (PDB 2XVK, cyan) 

579 (A), FjDex31A D312A mutant in complex with isomaltotriose (PDB 6JR8, yellow) (B), 

580 human NtMGAM in complex with acarbose (PDB 2QMJ, magenta) (C), and PsGal31A in 

581 complex with galactose (PDB 4XPP, orange) (D). Ligands are shown in thin stick models. 

582 Catalytic residues are underlined with red lines, and subsites according to Davies et al. [56] 

583 are also indicated.

584
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Figure S1. Purities of recombinant EfGH31-CBM32 and EfGH31 used in this study. 

Proteins were analyzed by SDS-PAGE with a 10% acrylamide gel. Lane 1, ExcelBand All Blue Broad 

Range Plus Protein Marker (PM1700, SMOBIO Technology, Hsinchu, Taiwan); lane 2, EfGH31-

CBM32; lane 3, EfGH31. 
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Figure S2. Effects of pH and temperature for hydrolytic activity of EfGH31-CBM32 and EfGH31. 

pH dependence (A) and temperature dependence (B) of hydrolytic activity the recombinant EfGH31-

CBM32 (filled diamond) and EfGH31 (open diamond) hydrolytic activity toward pNP-α-GalNAc 

substrate. pH dependence was measured at 30 ºC using Britton–Robinson buffer (pH 2.0–12.0) and 

temperature dependence was measured at 20 ºC–70 ºC using Britton–Robinson buffer (pH 6.0). 
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Table S1. Glycoside hydrolases structurally homologous to EfGH31 searched using the Dali server. 

 

Enzyme EC number PDB Z score RMSD 

(Å) 

Sequence 

identity (%) 

GH31 family      

Cellvibrio japonicus α-xylosidase CjXyl31A 3.2.1.177 2XVK 34.8 2.3 24 

Flavobacterium johnsoniae dextranase FjDex31A 3.2.1.11 

2.4.1.– 

6JR8 34.7 2.1 24 

Homo sapiens maltase-glucoamylase (MGAM) 

N-terminal subunit 

3.2.1.20 2QMJ 34.0 2.8 18 

α-Xylosidase from a soil metagenome MeXyl31 3.2.1.177 5ZN6 33.6 2.4 21 

Mus musculus α-glucosidase II (GANAB) 3.2.1.207 5HJR 33.0 2.7 18 

Kribbella flavida cycloalternan-specific 

α-1,3-isomaltosidase 

3.2.1.204 5X3I 32.9 2.4 18 

Cellvibrio japonicus oligosaccharide 

α-1,4-transglucosylase CjAgd31B 

2.4.1.161 5I24 32.9 2.5 20 

Blautia obeum α-glucosidase Roα-G1 3.2.1.20 3POC 32.9 2.8 19 

Listeria monocytogenes cycloalternan-forming 

enzyme LmCAFE 

2.4.1.– 5HPO 32.6 2.7 21 

Trueperella pyogenes cycloalternan-specific 

α-1,3-isomaltosidase 

3.2.1.204 5I0G 32.2 2.2 20 

Bacteroides ovatus α-xylosidase BoGH31A 3.2.1.177 5JOU 32.0 2.5 20 

Homo sapiens lysosomal α-glucosidase (GAA) 3.2.1.20 5NN3 32.0 2.7 19 

Homo sapiens sucrase-isomaltase N-terminal subunit 3.2.1.10 

3.2.1.48 

3LPO 31.8 2.7 17 

Saccharolobus solfataricus α-glucosidase 3.2.1.20 2G3M 31.0 2.7 21 

Beta vulgaris α-glucosidase SBG 3.2.1.20 3W38 30.5 2.8 17 

Escherichia coli α-xylosidase YicI 3.2.1.177 2F2H 30.3 2.6 19 

Aspergillus niger α-xylosidase 3.2.1.177 6DRU 30.1 2.6 21 

Homo sapiens maltase-glucoamylase (MGAM) 

C-terminal subunit 

3.2.1.20 3TOP 29.3 3.2 16 

Chaetomium thermophilum α-glucosidase II 3.2.1.207 5DKX 28.9 2.8 18 

Paenibacillus sp. 598K 6-α-glucosyltransferase 

Ps6GT31A 

2.4.1.– 5X7Q 28.5 17.1 22 

Gracilariopsis lemaneiformis α-1,4-glucan lyase 4.2.2.13 2X2J 27.4 2.9 18 

Bacteroides thetaiotaomicron α-glucosidase BT0339 3.2.1.20 5F7C 27.2 2.2 23 

Bacteroides thetaiotaomicron α-glucosidase BT3299 3.2.1.20 5DJW 27.1 2.7 20 

Agrobacterium tumefaciens sulfoquinovosidase 3.2.1.199 5OHS 26.5 2.6 20 

Pseudopedobacter saltans α-galactosidase PsGal31A 3.2.1.22 4XPQ 26.3 3.0 22 

Escherichia coli sulfoquinovosidase YihQ 3.2.1.199 5OHT 26.3 2.7 18 

Other family      

Homo sapiens GH27 α-N-acetylgalactosaminidase 3.2.1.49 3H55 15.8 3.7 9 

Gallus gallus GH27 α-N-acetylgalactosaminidase 3.2.1.49 1KTB 15.4 3.9 10 

Bfidobacterium bifidum GH129 

α-N-acetylgalactosaminidase 

3.2.1.49 5WZP 8.7 4.8 9 
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Table S2. Distances of hydrogen bonds between EfGH31 and GalNAc. 

 

GalNAc atom Protein atom Distance (Å)  

Direct hydrogen bond    

O1 Asp455 OD1 2.5  

 Tyr386 OH 2.7  

N2 Asp508 OD1 2.7  

O3 Lys453 NZ 3.0  

O4 Ly453 NZ 3.4  

 Asp384 OD1 2.7  

 Trp420 NE1 2.7  

O6 Asp384 OD1 2.7  

 Trp570 NE1 2.9  

O7 (carbonyl O of acetamide group) Val456 N 3.0  

GalNAc atom Protein atom Distance (Å)  

  Sugar and water Water and protein 

Hydrogen bond via water    

O3 Trp505 NE1 2.5 3.0 

 Asp508 OD1 2.5 2.7 

 Asp538 OD1 2.5 2.7 

O6 Asp308 OD1 3.2 2.9 
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