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Abstract (less than 250) (247)

Arabinogalactan proteins (AGPs) are functional plant proteoglycans, but their functions are

largely unexplored, mainly because of the complexity of the sugar moieties, which are

generally analyzed with the aid of glycoside hydrolases. In this study, we solved the apo and

liganded structures of exo-B-1,3-galactanase from the basidiomycete Phanerochaete

chrysosporium (Pc1,3Gal43A), which specifically cleaves AGPs. It is composed of a

glycoside hydrolase family 43 subfamily 24 (GH43 sub24) catalytic domain together with a

carbohydrate-binding module family (CBM) 35 binding domain. GH43 sub24 lacks the

catalytic base Asp that is conserved among other GH43 subfamilies. Crystal structure and

kinetic analyses indicated that the tautomerized imidic acid function of GIn263 serves instead

as the catalytic base residue. Pc1,3Gal43 A has three subsites that continue from the bottom of

the catalytic pocket to the solvent. Subsite -1 contains a space that can accommodate the C-6

methylol of Gal, enabling the enzyme to bypass the -1,6-linked galactan side chains of AGPs.

Furthermore, the galactan-binding domain in CBM35 has a different ligand interaction

mechanism from other sugar-binding CBM35s. Some of the residues involved in ligand

recognition differ from those of galactomannan-binding CBM35, including substitution of Trp

for Gly, which affects pyranose stacking, and substitution of Asn for Asp in the lower part of

the binding pocket. Pc1,3Gal43A WT and its mutants at residues involved in substrate
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recognition are expected to be useful tools for structural analysis of AGPs. Our findings

should also be helpful in engineering designer enzymes for efficient utilization of various

types of biomass.
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Introduction

Arabinogalactan proteins (AGPs) are proteoglycans characteristically localized in the plasma

membrane, cell wall, and intercellular layer of higher land plants (1), in which they play

functional roles in growth and development (2). The carbohydrate moiety of AGPs is

composed of a B-1,3-D-galactan main chain and B-1,6-D-galactan side chain, decorated with

arabinose, fucose, and glucuronic acid residues (1, 2). The chain lengths and frequencies of

side chains are different among plant species, organs, and stages of development (3), and the

overall structures of the carbohydrate moieties of AGPs are not yet fully understood.

Degradation of polysaccharides using specific enzymes is one approach to investigate their

structures and roles. In this context, exo-B-1,3-galactanase (EC 3. 2. 1. 145) specifically

cleaves the non-reducing end B-1,3-linked galactosyl linkage of B-1,3-galactans to release

D-galactose (Gal). In particular, it releases B-1,6-galactooligosaccharides together with Gal

from AGPs (4, 5), and is therefore useful for structural analysis of AGPs.

The basidiomycete Phanerochaete chrysosporium produces an exo-f-1,3-galactanase

(Pc1,3Gal43A; GeneBank accession No. BAD98241) that degrades the carbohydrates of

AGPs when grown with -1,3-galactan as a carbon source (6). Pc1,3Gal43A consists of a

glycoside hydrolase (GH) family 43 subfamily 24 (GH43 sub24) catalytic domain and a

carbohydrate-binding module (CBM) belonging to family 35 (designated as PcCBM6 in the

previous paper) based on the amino acid sequences in the Carbohydrate-Active enZymes
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89  (CAZy) database (http://www.cazy.org; 6-8). The properties of the enzyme have been

90 analyzed using recombinant Pc1,3Gal43A expressed in the methylotrophic yeast Pichia

91  pastoris (6). The CBM35 of Pc1,3Gal43A was characterized as the first -1,3-galactan

92  binding module, and Pc1,3Gal43A showed typical GH43 sub24 activity. The enzyme cleaves

93  only B-1,3-linkages of oligosaccharides and polysaccharides, but produces

94  B-1,6-galactooligosaccharides together with Gal. Thus, Pc1,3Gal43A specifically recognizes

95  B-1,3-linked Gal, but can accommodate 3-1,6-bound side chains (6).

96 Glycoside hydrolases are classified into families based on sequence similarity, while

97  they are also divided into major two groups according to their catalytic mechanisms, i.e.,

98 inverting enzymes and retaining enzymes (9, 10). Inverting enzymes typically utilize two

99  acidic residues that act as an acid and a base, respectively, and a hydroxyl group connected to

100  anomeric carbon inverts from the glycosidic linkage after the reaction. GH43 enzymes are

101  members of the inverting group, and share conserved Glu and Asp as the catalytic acid and

102 base, respectively (8), but GH43 sub24 enzymes lack the catalytic base Asp (8, 11, 12). In

103 Ct1,3Gal43A (from Clostridium thermocellum), Glul12 was thought to be the catalytic base

104  (13), but in BT3683 (from Bacteroides thetaiotamicron), Glu367 (corresponding to Glul12 of

105  Ct1,3Gal43A) was found not to act as a base, but to be involved in recognition of the C-4

106  hydroxyl group of the non-reducing terminal Gal, and instead, GIn577 is predicted to be the

107  catalytic base in the form of an unusual tautomerized imidic acid (12). An example of GH
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108  lacking a catalytic base, endoglucanase V from P. chrysosporium (PcCel45A), is already

109  known, and based on the mechanism proposed for this enzyme, it is possible that

110  tautomerized Gln functions as a base in GH43 sub24, or that this Gln stabilizes nucleophilic

111 water. PcCel45A lacks the catalytic base Asp that is conserved in other GH45 subfamilies

112 (14), but it uses the tautomerized imidic acid of Asn as the base, as indicated by neutron

113 crystallography (15). However, it is difficult to understand the situation in GH43 sub24, since

114 no holo structure with a ligand at the catalytic center has yet been solved in this family.

115  Moreover, no structure of eukaryotic GH43 sub24 has yet been reported.

116 The CBM35 module is composed of approximately 140 amino acids. This family

117  includes modules with various binding characteristics, and decorated with xylans, mannans,

118  B-1,3-galactans, and glucans (16-21). The family members are divided into four clusters

119  based on their sequences and binding specificities (17). The structures of CBM35s binding

120  with xylan, mannan, and glucan have already been solved (16-21), but no structure of

121 B-1,3-galactan-binding CBM35 has yet been reported.

122 In the present manuscript, we solved the apo and liganded structures of Pc1,3Gal43A.

123 Based on the results, we discuss the catalytic mechanism and the mode of ligand binding to

124  CBM35 in the two-domain structure.

125
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126 Results

127 Overall structure of Pcl,3Gal434

128  The crystal structure of the selenomethionine (SeMet) derivative of Pc1,3Gal43A was first

129  determined by means of the multiwavelength anomalous dispersion method, and this was

130  followed by structure determination of the ligand-free wild-type (WT), the WT bound with

131  Gal (WT_Gal), the E208Q mutant co-crystallized with B-1,3-galactotriose (Gal3;

132 E208Q Gal3), and the E208 A mutant co-crystallized with Gal3 (E208A Gal3). Data

133 collection statistics and structural refinement statistics are summarized in Tables 1 and 2,

134  respectively.

135 The recombinant Pc1,3Gal43A molecule is composed of a single polypeptide chain

136 of 428 amino acids (GIn21-Tyr448) with two extra amino acids, Glu19 and Phe20, derived

137  from the restriction enzyme cleavage site, which are disordered and thus were not observed.

138  The protein is decorated with N-glycans, since it was expressed in Pichia yeast. Up to three

139  sugar chains are attached at Asn79, Asn194, and Asn389; the attached chains vary in position

140  and structure, and most contain one or two N-acetylglucosamine moieties.

141 Pc1,3Gal43A is composed of two domains, and ligands introduced by soaking or

142 co-crystallization are located in a subsite of the catalytic domain or the binding site of

143 CBM35 (Fig. 1). The N-terminal catalytic domain consists of a five-bladed B-propeller

144  (GIn21-Gly325), as in other GH clan-F enzymes, and the C-terminal domain (PcCBM35)
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145  takes a B-jellyroll fold (Thr326-Tyr448) structure, as in previously reported CBM35s (16-25).
146  PcCBM35 contains one calcium ion near the end of the first B-strand on a different domain
147  surface from the plane to which the ligand binds (Fig. 1). The structure of PcCBM35 is

148  similar to those of other known CBM35s. The interface area is 686 A? and includes many

149  water molecules. The PDBePISA server

150  (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver) indicates that the enzyme forms a
151  complex in the crystal, but this is an effect of crystallization, and the enzyme exists as a

152 monomer in solution (data not shown).

153

154  Sugar-binding structure of the Pc1,3Gal43A catalytic domain

155  The five-bladed B-propeller exhibits an almost spherical structure, and two central cavities are
156  located at the ends of the pseudo-5-fold axis (Fig. 1). One of them contains the catalytic site
157  and it is common in almost all GH43 enzymes. The catalytic site is located in the center of the
158  five-bladed B-propeller, whose blades are formed by GIn21 or Asn22-Leu87 (I in Fig. 1),

159  Ser88-Aspl55 (Il in Fig. 1), Ser156-Gly204 (I1I in Fig. 1), Ala205-Ser247 (IV in Fig. 1), and
160  Ala248-Asp297 (V in Fig. 1).

161 As shown in Fig. 2, the Gal3 molecule co-crystallized with the E208QQ mutant occupies
162 subsites -1, +1, and +2 of the catalytic site, from the non-reducing end to the reducing end.

163 Gal, is located at the bottom of the catalytic cavity, and Gal+; and Gal+, extend linearly

10
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164  outwards. Gal+ is half buried in the cavity, whereas Gal:» is exposed at the surface (Fig. 2A).
165 Gal.; adopts a ’S; skew boat conformation and interacts with many residues via hydrogen
166  bonds and hydrophobic interactions. As shown in Fig. 2B and C, the C-2 hydroxyl group of
167  Gal; forms hydrogen bonds with NH, of Argl03 and with OEl of GIn263 via water. In
168  addition, this water molecule is bound with O of Gly228. The C-3 hydroxyl group of Gal
169  also forms a hydrogen bond with OE2 of Glu57 via water. Glul102, Tyr126, Asp158, GIn208,
170  Thr226, Trp229, and GIn263 interact with Gal3 through hydrophobic interactions. Notably,
171 Trp229 supports the flat C3-C4-C5-C6 structure of Gal.;, and Tyr126 recognizes the C-6
172 methylol and C-4 hydroxyl groups, while Glul02 recognizes the C-3 hydroxyl and C-4
173 hydroxyl groups. In Gal+; (as shown in Fig. 2B and C), the C-2 hydroxyl group forms a
174 hydrogen bond with NE2 of GIn208 and N of Gly228, while O5 forms a hydrogen bond with
175  ND2 of Asnl80, and C-6 hydroxyl group forms a hydrogen bond with OD1 of Asnl79 via
176 water. Tyr126, Argl57, Asnl180, and GIn208 interact hydrophobically with Gal. In Gal:» (Fig.
177 2B and C), the C-2 and C-4 hydroxyl groups form hydrogen bonds with OG1 of Thr226 and
178  ND2 of Asnl80, respectively. In addition, Thr226 interacts with Gal+; through hydrophobic
179  interaction. Furthermore, the glycosidic oxygen between Gal+; and Gal+, interacts with ND2
180  of Asn180 through a hydrogen bond.

181 In the structure of WT Gal, one Gal was found at subsite -1, taking a *C) chair

182  conformation with a-anomeric conformation of the C-1 hydroxyl group (data not shown). The

11
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183  binding mode of Gal.; is almost the same as that in E208Q Gal3, but the C-1 hydroxyl group

184  in the axial position forms hydrogen bonds with Gly228 and GIn263. No Gal3 molecule was

185  observed at the catalytic domain in the structure of the Gal3 co-crystallized E208 A mutant.

186 In order to identify the catalytic residues, we examined the relative activity of WT

187  and the six mutants towards -1,3-galactobiose (Gal2) and Gal3. WT showed 5.58+0.35 and

188  11.15+0.39 units of activity (umol Gal /min/nmol enzyme) towards Gal2 and Gal3,

189  respectively, whereas the six mutants showed no detectable activity (Fig. S1), suggesting that

190  these residues are all essential for the catalysis.

191

192 Sugar-binding structure of CBM35 in Pc1,3Gal43A4

193 Pcl1,3Gal43A has one CBM35 domain at the C-terminus. We previously reported that this

194  enzyme has a CBM6-like domain (6), but it has been reclassified into the CBM35 family (7).

195  The B-jellyroll fold domain is accompanied by a single calcium ion binding site on a different

196  domain surface than the surface to which the ligand at the end of the first B chain binds, and

197  this corresponds to a conserved calcium ion binding site in CBM35s. Some CBM35 modules

198  bind another calcium ion at a site at the top of domain (16), but PcCBM35 lacks this second

199  calcium ion binding site (Fig. 1).

200 In E208A_Gal3, electron density of Gal3 was observed in the ligand binding site of

201  PcCBM35. As illustrated in Fig. 3A and S2, 2Fo-Fc omit maps showed that the binding mode

12


https://doi.org/10.1101/2020.09.23.310037

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.23.310037; this version posted September 23, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

202 of PcCBM35 with ligands is “exo-type”, corresponding to type-C CBM (26). The asymmetric

203 unit of E208A_Gal3 contained four Pc1,3Gal43A molecules and each molecule binds to the

204  non-reducing end of Gal3 (called Gal site 1), as in other CBM35 modules. However, the

205  middle Gal (Gal_site 2) and the reducing end Gal (Gal_site 3) are found in two main locations

206 (Fig. 3), though residues involved in the interactions with the ligand in each molecule were

207  mostly shared. The Gal site 1 forms hydrogen bonds with Tyr355 and Arg388 and interacts

208  hydrophobically with Leu342, Gly354, Tyr438, and Asp441. The Gal site 2 interacts

209  hydrophobically with Gly383 and Asp384. The main ligand interaction in the Gal site 3

210  involves Gly409 and Gly410, but in addition to these residues, Asn411 is also involved in

211  ligand recognition in chain C (Fig. 4).

212

213 Ensemble refinement

214 In order to understand the fluctuation of ligands, ensemble refinements were performed with

215  the refined models. This method produces ensemble models by employing the combination of

216  X-ray structure refinement and molecular dynamics. These models can simultaneously

217  account for anisotropic and anharmonic distributions (27). Four different pTLS values (%) of

218 0.6, 0.8, 0.9, and 1.0 were set for each model. Table 3 shows the statistical scores of the

219  refinement with the most appropriate pTLS value for each model. Focused views of the

220  catalytic site in the catalytic domain and the ligand binding site of the CBM are shown in Fig.

13
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221 5 and 6, respectively. Note that structures containing multiple molecules in the asymmetric

222 unit (WT and E208A_Gal3) are found for all molecules in this paper.

223 In the catalytic site, the vibration levels of some residues were significantly different

224 between the apo and holo forms. As shown in Fig. 5, Tyr126, Argl57, Asp158, Asnl79,

225  Asnl80, GIn181, Trp229, and GIn263 in the liganded structures (Fig. 5B, C, F, G, J, and K)

226 showed smaller vibrations than in the apo structures (Fig. SA, D, E, H, I, and L). These results

227  indicate that side chain fluctuations converge upon ligand binding. Comparison of the

228  Gal-bond structure (i. e. WT_Gal; Fig. 5B, F, J) with the Gal3-bond structure (i. e.

229  E208Q Gal3; Fig. 5 C, G, K) showed that the fluctuations of Glu(GIn)208, Asn179, and

230  Thr226 of E208Q_Gal3 were smaller than these in WT _Gal. Therefore, it can be inferred that

231  these residues recognize the ligands at the plus subsites. The catalytic acid, Glu208, has two

232 major conformations in WT and WT_Gal. These two conformations were also reported in the

233 BT3683 structure (12). Thus, the movement of this residue appears to be important for

234 catalysis. GIn263 shows one conformation (Fig. SA-D) that is identical to the result of the

235  ensemble refinement of Asn92, known as imidic acid in PcCel45A (Fig. S3). Glu102 may

236 distinguish non-reducing terminal Gal, since it interacts with the axial C-4 hydroxyl group of

237 Gal. (12). The vibration degree of Glul02 was different between WTs and mutants, so its

238  conformation does not depend on the ligand localization, but reflects interaction with Glu208,

239  which serves as a general acid. Asp158 of WT and E208 A Gal3 show greater vibration than

14
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240  WT Gal and E208Q Gal3. The role of Asp158 is thought to be a pKa modulator, therefore its

241  function and conformational stability might be related. Focusing on Fig. 5I-L, there were

242 large differences in the fluctuation level of Trp229. E208Q Gal3 (Fig. 5K) showed small

243 movements of Trp229, but other structures showed much larger fluctuations (Fig. 51, J, L ).

244 These results suggest that this Trp is normally flipped and forms a n-w interaction to anchor

245  the ligand in the proper position upon arrival. A histogram of the dihedral angle is shown in

246 Fig. S4.

247 As regards the ligand binding site of the CBM, a comparison of each chain of the

248  E208A Gal3 asymmetric unit showed no significant difference in the vibration levels of each

249  residue involved in ligand binding (Fig. 6). However, ensemble refinement revealed that

250  Gal site 1 and Gal site 2 do not show huge fluctuations, while Gal site 3 has many

251  conformations. They include the same conformation of each chain Gal of X-ray

252 crystallography. Interestingly, a spatial difference in fluctuations was observed between

253  ligands bound to the catalytic site and to the ligand binding site of CBM35 (Fig. 7). At the

254  catalytic site, Gal.; 1s anchored in the appropriate position, and Gal+, appears to fluctuate in a

255  planar fashion as it interacts with the surrounding residues. In the CBM, it was inferred that

256  Gal site 1 is fixed and Gal site 3 is adsorbed at the appropriate location at the binding site

257  while fluctuating in three dimensions.

15
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258  Discussion

259  Most exo-B-1,3-galactanases belonging to GH43 sub24 possess CBMs that can be classified

260  into CBM35 or CBMI13 (8). In this study, we elucidated the structure of a B-1,3-galactan

261  binding module for the first time by solving the structure of a GH43 sub24 containing

262  CBM35, and obtained the ligand-bound structures of both the catalytic and sugar binding

263  domains of Pcl,3Gal43A. This is also the first study to reveal the structure of a eukaryotic

264  exo-B-1,3-galactanase. This information will be useful to understand how the CBM35 module

265  interacts with B-1,3-galactan in combination with the GH43 sub24 catalytic module.

266

267  How does Pcl,3Gal43A4 hydrolyze p-1,3-galactan?

268  Although catalytic residues such as Glu and Asp are conserved in GH43 as a catalytic acid

269  and base, respectively, GH43 sub24 lacks such a base residue. Mewis and co-workers

270  suggested that GH43 sub24 may use Gln in the base role via conversion to imidic acid, or use

271  an exogenous base, or utilize the Grotthuss mechanism of catalysis (8, 12). In this study, we

272 measured the enzyme activity of six variants of the three residues speculated to be involved in

273 the catalytic reaction. As shown in Fig. S1, production of Gal by the mutants was not detected

274 by means of high-performance liquid chromatography (HPLC) analysis, suggesting that all

275  three residues are essential for the catalytic activity of Pcl,3Gal43A. Glul02, Glu208, and

276 GIn263 are speculated to serve in C-4 hydroxyl group recognition, as a catalytic acid, and as a
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277  catalytic base, respectively. These residues are well conserved in GH43 sub24, as shown in

278  Fig. SS.

279 In GH43 sub24, only bacterial enzyme structures have been solved so far

280  (http://www.cazy.org/GH43 24.html). In order to understand the catalytic mechanism of

281  Pcl,3Gal43A, we compared its structure with those of BT3683 and Ct1,3Gal43A (Fig. 8).

282  Most of the residues that interact with ligands are conserved in these three enzymes. In subsite

283 -1, all residues, Glu57, Glul02, Argl03, Tyr126, Asp158, Glu208, Trp229, and GIn263, of

284  Pcl,3Gal43A are conserved, indicating that the binding mode at subsite -1 is fully conserved

285 in GH43 sub24. Based on the results of ensemble refinement, Trp229 showed huge

286  fluctuation, especially in the apo structure (Fig. 5I-L). Trp541 of BT3683, which corresponds

287  to Trp229 of Pc1,3Gal43A, has a polar interaction with Gal (12). Trp229 fluctuates in solution

288  and plays a role in holding the substrate at the catalytic site through polar interactions. On the

289  other hand, Asnl179 and Thr226 of Pc1,3Gal43A are replaced by Asp490 and Cys538 in

290  BT3683 and by Glul99 and Cys247 in Ct1,3Gal43A. Since all of these enzymes can

291  accommodate a B-1,6-branched side chain (6, 12, 28), we considered that these residues are

292  not related the mechanism of side-chain accommodation.

293 The bypass mechanism of Pcl1,3Gal43A, which enables accommodation of the

294  B-1,6-galactan side-chain so that the B-1,3-galactan main chain can be cleaved, appears to

295  depend on the orientation of the C-6 methylol group of Gal3 at each subsite. The C-6
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296  methylol group of Gal.; is exposed to the solvent, so that the side chain can be accommodated

297  externally. The C-6 methylol groups of Gal+; and Gal:» are also exposed to the solvent, so that

298  the enzyme should be able to cleave the B-1,3-linkage of continuously B-1,6-substituted

299  galactan, and a similar situation has been reported for BT3683 (12). Moreover, there are

300  spaces near the non-reducing terminal Gal in these enzymes (12, 29). This enables the

301  enzymes to degrade the main chain, even if the side chain contains multiple carbohydrates.

302  Similarly, B-1,3-glucanases belonging to GHS55 also bypass the B-1,6-glucan side chain and

303  degrade B-1,3-glucan from the non-reducing end (29, 30). Comparing the surface structure of

304  the catalytic site of Pc1,3Gal43A with that of these GH55 exo-B-1,3-glucanase from P

305  chrysosporium (PcLam55A), we see that Pc1,3Gal43A has a small pocket-like space capable

306  of accepting the C-6 side chain of Gal at subsite -1 (Fig. 9A and B). In addition, the C-6

307  methylol group of Gals, located at the positive subsites of Pcl1,3Gal43A, are exposed to

308  solvent in a similar manner to that reported for SacteLam55A, GH55 exo-B-1,3-glucanase

309 from Streptomyces sp. SirexAA-E (Fig. 9A and C). Structures capable of accepting

310  non-reducing terminal Gal with B-1,6-linked Gal are conserved among GH43 sub24 of

311  known structure (Fig. 8 and S5). In the non-bypassing GH3 Hypocrea jecorina B-glucosidase

312 (HjCel3A), the C-6 hydroxyl group of non-reducing glucose is oriented toward the enzyme,

313  introducing steric hindrance (Fig. 9D; 31). In other words, enzymes bypassing side chains

314  have a space adjacent to C-6 of the non-reducing terminal sugar, and the positive subsites are

18


https://doi.org/10.1101/2020.09.23.310037

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.23.310037; this version posted September 23, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

315  particularly wide, allowing side chains of the substrate to be accommodated. In contrast,

316  enzymes unable to bypass the side chain have no space next to the -1 subsite and have a

317  narrow entrance to the catalytic site, so that they are unable to accommodate side chains (Fig.

318 9D).

319 Although the electron density of Gal3 was observed in the present study,

320  Pcl,3Gal43A is proposed to have four subsites ranging from -1 to +3, based on biochemical

321  experiments (6). As mentioned above, although Pc1,3Gal43A has a structure capable of

322 accepting the C-6 side chain, its degradation activity towards B-1,3/1,6-galactan is only

323  approximately one-fifth that of the linear B-1,3-galactan (6). This difference in reactivity may

324 be due to the structure of the sugar. The B-1,3-galactan in solution has a right-handed triple

325  helical structure with 6 to 8 Gal residues per turn (32, 33), with the C-6 methylol group

326  pointing outward to avoid collisions between the -1,6-bonded Gal side chains (32). However,

327  as shown in Fig. S6, Gal3 bound to the catalytic site of Pc1,3Gal43A is anchored to the

328  enzyme, so that the helix of the glycans differs from the usual state in solution. Therefore, the

329  reason why the hydrolytic activity of Pcl1,3Gal43A towards B-1,3/1,6-galactan is lower than

330  that towards B-1,3-galactan may be interference between the B-1,6-Gal(s) side chains as a

331  result of changes in the helical state of the main chain.

332

333 How does PcCBM35 recognize p-1,3-galactan?
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334  Although the amino acid sequence similarity of CBM35s is not so high, important residues

335 involved in ligand binding are well conserved (17). The modules belonging to CBM35 can be

336  divided into four clades according to the mode of ligand binding, and the diversity in ligand

337  binding and in the calcium ion-coordinating residue account for the various ligand binding

338  specificities (17, Fig. 10A). Moreover, the residues involved in ligand binding of PcCBM35

339  differ from those of CBM35, which binds to a-Gal of galactomannan. This CBM is one part

340 of a protein predicted to be the P-xylosidase of C. thermocellum cellulosomal protein

341  (Cte 2137; Fig. 10), which belongs to the same cluster as PcCBM35 (17). There are some

342  differences between the residues interacting with a-Gal of Cte 2137 and those interacting

343 with B-Gal of PcCBM35. For instance, the regions of Ala352 to Tyr355 and Tyr438 to Asp441

344  of PcCBM35 correspond to Val39 to Gly42 and Ser136 to Asnl140 of Cte 2137, which are

345  related to ligand specificity (Fig. 10). Especially, Asn140 of Cte 2137 is not conserved but

346 replaced Asp441 in PcCBM35 and is located at the bottom of the ligand binding site.

347  Furthermore, Trp108 of Cte 2137, which is conserved in PcCBM35, plays a key role in

348  stacking the pyranose ring (17), while in CBM35 of Pc1,3Gal43A, this Trp residue is replaced

349  with Gly (Fig. 10B). In other words, although PcCBM35 and Cte 2137 are in the same

350  cluster, the residues involved in ligand recognition are different, and this difference affects the

351  discrimination between B-Gal and a-Gal, and between galactan and galactomannan. It is still

352  unclear how CBM35s acquire such variation of binding specificity within a similar binding
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353  architecture. However, a detailed understanding of the molecular mechanisms of

354  polysaccharide recognition by CBM35 will be essential for efficient utilization of various

355  types of biomass.

356 In conclusion, we have determined the crystal structure of the catalytic and binding

357  domains of Pcl,3Gal43A with the aim of reaching a detailed understanding of the mechanism

358  of substrate accommodation by side-chain-bypassing galactanase. Pc1,3Gal43A uses Glu as

359  the catalytic acid and Gln as the catalytic base, and has a structure in which the side chain of

360  the substrate does not interfere with the catalytic reaction, thus making it possible to degrade

361  the B-1,3-galactan main chain of AGPs despite the presence of the B-1,6-galactan side chain.

362  Thus, although polysaccharides have a variety of molecular decorations, it appears that the

363  structures of the degrading enzymes enable them to recognize specific features of the

364  substrate while accommodating the variations. The introduction of mutations in substrate

365  recognition residues to create enzymes with altered substrate recognition properties is

366  expected to be helpful in the structural analysis of AGP glycans and also for the preparation of

367  useful oligosaccharides.
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368  Experimental procedures

369  Expression of Pcl,3Gal43A4 and its mutants

370  The E208Q, E208A, E102Q, E102A, Q263E, and Q263 A mutants were constructed by

371  inverse PCR using PrimeSTAR MAX (Takara, Tokyo, Japan). For crystallization,

372 Pcl,3Gal43A WT, E208Q, and E208A from P. chrysosporium were expressed in P. pastoris

373  and purified as previously reported (7). For reactivity assay, WT and mutants were purified by

374  using SkillPak TOYOPEARL Phenyl-650M (c.v. = 5 ml, Tosoh, Tokyo, Japan) equilibrated

375  with 20 mM sodium acetate buffer, pH 4.0, containing 1 M ammonium sulfate, and the

376 enzymes were eluted with 20 mM sodium acetate buffer, pH 4.0, containing 0.7 M

377  ammonium sulfate. SeMet-labeled Pc1,3Gal43 A was expressed as previously reported (7).

378

379  Preparation for -1,3-galactooligosaccharides and crystallization of Pcl,3Gal43A

380  Gal2 and Gal3 were prepared as previously reported (6). The protein solution was

381  concentrated to Ao of 10 ~ 15 and used for the crystallization setup. The WT plate crystal

382  used for data collection was obtained from a reservoir of 2.1 M ammonium sulfate, 0.1 M

383  citrate buffer, pH 5.5. Other WT crystals were obtained from solutions in 16 % (w/v)

384  polyethylene glycol (PEG) 10000, 0.1 M ammonium sulfate, 0.1 M bis-tris, pH 5.5, and 5.0 %

385  (v/v) glycerol. SeMet crystals were obtained from 16 % (w/v) PEG 10000, 95 mM

386  ammonium sulfate, 95 mM bis-tris, pH 5.5, and 4.8 % (v/v) glycerol. Two types of crystals,
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387  thin plate crystals (space group P21) and rod crystals (P212121) appeared under the same

388  condition. Cocrystallization of the E208Q mutant with 10 mM Gal3 in 16 % (w/v) PEG

389 10000, 95 mM ammonium sulfate, 95 mM bis-tris, pH 5.5, and 4.8 % (v/v) glycerol afforded

390 thin plate crystals. The E208 A mutant was cocrystallized with 10 mM Gal3 in 0.2 M

391  potassium nitrate, 15% (w/v) PEG 6000, 20 mM sodium citrate, pH 4.5, and 5 % glycerol to

392  afford bipyramidal crystals.

393

394  Data collection and structure determination

395  Diffraction experiments for Pcl,3Gal43A crystals were conducted at the beamlines of the

396  Photon Factory (PF) or Photon Factory Advanced Ring (PF-AR), High Energy Accelerator

397  Research Organization, Tsukuba, Japan (Table 1). Diffraction data were collected using CCD

398  detectors (Area Detector Systems Corp., Poway, CA, USA). Crystals were cryocooled in a

399  nitrogen gas stream to 95 K. For data collection of the WT enzyme complexed with Gal3,

400  Pcl1,3Gal43A crystals were soaked in a drop containing 1 % (w/v) Gal3 for 10 min before the

401  diffraction experiment. The data were integrated and scaled using the programs DENZO and

402  SCALEPACK in the HKL2000 program suite (34)

403 Crystal structure was determined by means of the multiwavelength anomalous dispersion

404  method using a SeMet-labeled crystal (7). Initial phases were calculated using the

405  SOLVE/RESOLVE program (35) from five selenium atom positions. The resultant
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406  coordinates were subjected to the auto-modeling ARP/WARP program (36) in the CCP4

407  program suite (37), and manual model building and molecular refinement were performed

408  using Coot (version 0.8.9, University of Oxford, Oxfordshire, England; 46), REFMACS5

409  (version 7.0.063, Science & Technology Facilities Council, England; 47), phenix.refine (40),

410  and phenix.ensemble refinement (27, 41, 42) in the Phenix suite of programs (version

411 1.13-2998-000, Lawrence Berkeley National Laboratory, USA; 51). The refinement statistics

412  are summarized in Table 2.

413 For the analyses of WT, and ligand bound structures, structural determination was

414  conducted by the molecular replacement method with the MolRep program (44) in the CCP4

415  program suite using the SeMet or ligand-free structure as the starting model. Bound sugars,

416  water molecules and crystallization agents were modelled into the observed electron density

417  difference maps. Calcium ion was modelled based on the electron density map and the

418  coordination distances. Three N-glycans were observed, and the identified sugars were

419  modelled. The stereochemistry of the models was analyzed with LigPlot + (version 1.4.5; 53,

420  54) and structural drawings were prepared using PyMOL (version 2.2.3, Schrodinger, LLC).

421  The atomic coordinates and structure factors (codes 7BYS, 7BYT, 7BYYV, and 7BYX) have

422 been deposited in the Protein Data Bank (http://wwpdb.org/).

423

424 Enzymatic activity assay of Pcl1,3Gal43A and its mutants
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425  To evaluate the reactivity towards Gal2 and Gal3 of WT and each mutant, 20 nM enzyme was

426  incubated with 0.263 or 0.266 mM galactooligosaccharides in 20 mM sodium acetate, pH 5.0,

427  for 30 min at 30 °C, respectively. The reaction was stopped by heating at 95 °C for 5 min. The

428  supernatant was separated with 75% (v/v) acetonitrile on a Shodex Asahipak NH2P-50 4E

429  column (Showa Denko, Tokyo, Japan), and the amount of released Gal was determined by

430  HPLC (LC-2000 series; Jasco, Tokyo, Japan) with a Corona charged aerosol detector (ESA

431  Biosciences, now Thermo Fisher Scientific Corporation, Massachusetts, USA). One unit of

432 enzyme activity was defined as the amount of enzyme that releases 1 pmol of Gal per one

433 minute per one nmol of enzyme under our experimental conditions.
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Table 1. Data collection statistics

Data WT SeMet WT E208Q E208A
(peak) (edge) (low (high Gal3 soakir Gal 3 co-cry Gal3 co-cry
remote) remote)

Space group | P1 P24 P24 P24 P24 P212424 P24 P3,21

Unit-cell a=40.5 a=66.4 a=50.8 a=66.1 a=156.7

parameters b=66.3 b=50.5 b=66.6 b=50.4, b=156.7

(A, °) c=74.0 c=75.8 c=106.4  ¢=75.7 c=147.7
0=72.0 0=90.0 0=90.0 0=90.0 0=90.0
B=84.7 B=111.9 =90.0 B=111.3 B=120.0
y=82.1 y=90.0 y=90.0 y=90.0 y=90.0

Beam Line PFBL-5 PFBL-6A PFBL-6A PFBL-6A PFBL-6A PF-AR PF-AR PF-AR

NW12 NE3 NE3

Detector ADSC ADSC ADSC ADSC ADSC
Q315 Q4R Q210 Q270 Q270

Wavelength | 0.90646  0.97882  0.97950  0.98300  0.96400  1.0000 1.0000 1.0000

(A)

Resolution 50-1.40 50.0-1.80 50.0-2.00 50.0-2.00 50.0-2.00 100.0-1.5 50.0-2.50 100.0-2.3

A) (1.45-14 (1.86-1.8 (2.07-20 (2.07-20 (2.0720 © (25425 0
0) 0) 0) 0) 0) (1.55-1.5 0) (2.38-2.3

0) 0)

Rsym 0.054 0.079 0.061 0.060 0.062 0.046 0.143 0.167
(0.370) (0.672) (0.307) (0.303) (0.307) (0.109) (0.399) (0.627)

Completene | 95.6 100.0 100.0 100.0 100.0 97.5 96.2 99.1

ss (%) (89.0) (99.9) (100.0) (100.0) (100.0) (94.9) (83.0) (92.0)

Multiplicity 3.8(3.1) 140 72(6.9) 72(6.9) 72(7.0) 92(89) 44(3.0) 97(51)

(12.6)

Average 24.4(28) 36.6(4.7) 30.9(8.3) 30.8(8.2) 31.3(8.2) 489 13.5(2.7) 17.9(2.7)

l/o(l) (21.0)

Unique 136692  43643(4 31744(3 31760(3 31780(3 57278(5 16007 92497 (8

reflections (12747)  353) 139) 144) 146) 493) (702) 510)

Observed 520085 613162 227158 228 381 228595 524957 69939 900 469

reflections

z 2 1 1 1 4
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Table 2. Refinement statistics

Data WT

WT_Gal

E208Q_Gal3

E208A_Gal3

7.997 - 1.398
(1.448 - 1.398)
95.46 (87.82)

Resolution range

Completeness (%)

Wilson B-factor 12.76
Reflections used in refinement 136655 (12497)
Reflections used for R-free 6862 (630)

41.56 - 1.500
(1.554 - 1.500)
97.51 (94.80)
10.11

57105 (5474)
2884 (272)

29.79 - 2.499
(2.588 - 2.499)
96.41 (85.67)
29.91

15762 (1381)
799 (64)

30.66 - 2.300
(2.382 - 2.300)
98.78 (92.17)
30.40

92011 (8507)
4568 (441)

R-work (%) 15.47 (22.50) 13.43 (12.71) 16.62 (25.54) 16.10 (22.39)
R-free (%) 18.56 (26.28) 16.00 (17.93) 24.39 (42.53) 21.43 (28.28)
Number of non-hydrogen atoms 7966 3923 3576 14570
macromolecules 6615 3290 3235 12886
ligands 109 121 114 678
solvent 1242 512 227 1006
Protein residues 2106 427 428 1708
RMS (bonds) 0.008 0.006 0.008 0.011
RMS (angles) 1.22 0.87 0.94 1.05
Ramachandran favored (%) 97.29 97.41 94.13 95.76
Ramachandran allowed (%) 2.71 2.59 5.87 4.24
Ramachandran outliers (%) 0 0 0 0
Rotamer outliers (%) 0.81 0.55 0.29 0.36
Clash score 2.06 1.95 6.94 3.50
Average B-factor (A?) 17.21 12.45 30.48 32.98
macromolecules 14.97 10.57 20.77 31.60
ligands 29.38 23.33 52.26 56.11
solvent 28.09 22.02 29.74 35.03
PDB ID 7BYS 7BYT 7BYV 7BYX
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Table 3. Refinement statistics of ensemble refinement

Data WT WT_Gal E208Q_Gal3 E208A_Gal3
Resolution range 7.997-1.398 41.56-1.500 29.79-2.499 30.66-2.300
(1.448-1.398) (1.554-1.500)  (2.588-2.499)  (2.382-2.300)
Completeness (%) 95.97(82) 97.52 (95) 96.47 (88) 98.93(87)
pTLS (%) 0.9 0.9 0.9 1.0
Tx 1.0 0.9 0.3 0.4
Wilson B-factor 12.8 10.1 29.9 30.4
Reflections used in refinement 136649 57112 15759 91994
Reflections used for R-free 6862 2885 799 4569

R-work
R-free
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clash score
Average B-factor (A2)
macromolecules
ligands
Molprobity score

model number

13.81 (24.36)
17.08 (26.30)
0.008

1171

94.06

5.08

0.86

7.45

0

13.65

13.63

14.97

1.56

100

12.08 (10.68)
15.29 (17.10)
0.010

1.312

95.39

4.03

0.58

7.00

0

9.55

9.54

9.82

1.45

103

17.82 (24.73)
23.33 (32.75)
0.007

1.078

88.98

9.19

1.83

11.05

0

28.32

28.30

28.98

1.87

20

15.92 (22.56)
20.71 (28.84)
0.008

1.090

92.62

7.24

0.74

7.85

0

32.83

32.66

36.05

1.64
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650  Figure legends

651  Fig. 1. Overall structure of Pc1,3Gal43A. In the three-dimensional structure of Pc1,3Gal43A,

652  the five blades of the catalytic domain are shown in blue (GIn21-Leu87), cyan

653  (Ser88-Aspl55), green (Ser156-Gly204), yellow (Ala205-Ser247), and orange

654  (Ala248-Asp297) with successive roman numerals. The CBM (The326-Val448) is shown in

655  orange. The linker connecting the two domains (Phe298-Gly325) is shown in gray.

656

657  Fig. 2. Gal3 binding mode at the catalytic site.

658  A: The surface structure of the catalytic center. Gal3 is represented as green (carbon) and red

659  (oxygen) sticks. B: Schematic diagram showing the interaction mode at the catalytic center.

660  Black, red, and blue show carbon, oxygen, and nitrogen, respectively. Red lines indicate the

661  hydrophobically interacting residues. This diagram was drawn with LigPlot+ (version 1.4.5).

662  C: The 2Fo-Fc omit map is drawn as a blue mesh (0.8 sigma). Residues are shown in white

663  (carbon), red (oxygen), and blue (nitrogen). Gal3 is shown in green (carbon) and red (oxygen).

664  Yellow dots indicate hydrogen bonds and/or hydrophobic interaction and red spheres show

665  water molecules interacting with ligands or residues.

666

667  Fig. 3. Surface structures of the CBM.
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668  A: Substrate binding mode at CBM35. Green, cyan, magenta, and yellow indicate carbons of

669  chains A, B, C, and D of E208A_Gal3, respectively, and red shows oxygen. The left side is

670  the non-reducing end of Gal3, and the right side is the reducing end. B: calcium ion binding

671  mode at CBM35. Calcium ion is represented as green spheres and interacting residues are

672  shown as stick models. Yellow dots indicate interaction.

673

674  Fig. 4. Ligand interaction mode at CBM35.

675 Aand E,BandF, C and G, and D and H are chains A, B, C, and D of E208A, respectively.

676 A to D: Interaction modes between ligand and CBM35 residues. Atoms are indicated in the

677  same colors as in Fig. 2. E to G: Schematic diagram showing the interaction mode at CBM35.

678  Atoms are indicated in the same colors as in Fig. 2. Sugar binding sites are named Gal_site 1,

679  Gal site 2, and Gal_site 3 from the non-reducing end of the sugar, and in this figure, they are

680  labeled 1, 2, and 3, respectively.

681

682  Fig. 5. Results of ensemble refinement at the catalytic site.

683  Each model is divided into three parts for clarity. A (E, 1), B (F, J), C (G, K), and D (H, L)

684  show WT, WT_Gal, E208Q Gal3, and E208A_Gal3, respectively. Although WT and

685  E208A Gal3 contained multiple molecules in an asymmetric unit, the results obtained with

686  multiple molecules were considered as an ensemble of one molecule in the present study.
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687  Letters indicate the chain names. Atoms are indicated in the same colors as Fig. 2. Gal3 of the

688  structure of E208Q Gal3 obtained by X-ray crystallography is arranged in each figure to

689  maximize ease of comparison.

690

691  Fig. 6. Results of ensemble refinement at the CBM ligand-binding site.

692  A,B, C, and D: Residues related to ligand interaction. In this figure, Gal3 of chain A of

693  refined E208A Gal3 is drawn for comparison. E, F, G, and H: the ligands of each chain.

694  Green, cyan, and yellow are used in order from the non-reducing terminal Gal. A and E, B and

695 F, C and G, D and H represent chain A, B, C, and D of E208A_Gal3, respectively. Atoms are

696  indicated in the same colors as Fig. 2.

697

698  Fig. 7. Ligand conformation of ensemble refinement at glance. A: ligand conformation of

699  E208Q Gal3 ensemble model. B: ligand conformation of E208A_Gal3 ensemble models with

700  four chains aligned. Green, cyan, and yellow are used in order from the non-reducing terminal

701  QGal.

702

703  Fig. 8. Catalytic domain structure comparison. A: Visualization of the degree of preservation

704  of GH43 sub24. The degree of conservation of amino acid residues in the catalytic domain of

705  GH43 sub24 was visualized using the ConSurf server (https://consurf.tau.ac.il), the query for
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706 BLAST was set to Pc1,3Gal43A, and the conservation degree was analyzed based on 150

707  amino acid sequences in the ConSurf server (47-51). The conservation degree is shown in

708  graded color. Preservation degrees are shown in a gradient with cyan for the lowest degree of

709  preservation and blue for the highest. B: Catalytic domain comparison of Pc1,3Gal43A and

710  two GH43 sub24 galactanases. Catalytic center of E208Q Gal3 of Pc1,3Gal43A (white, PDB

711  ID: 7BYV), BT3683 (cyan, PDB ID: 6EUI), and Ct1,3Gal43A (pink, PDB ID: 3VSF). Red,

712 blue, and yellow represent oxygen atoms, nitrogen atoms, and sulfur atoms, respectively.

713 Residue names mean Pc1,3Gal43A/ BT3683/ Ct1,3Gal43A.

714

715  Fig. 9. Structure comparison of the catalytic sites of Pcl,3Gal43A (A), GHS55

716 exo-B-1,3-glucanase from P. chrysosporium (B; PcLam55A; PDB ID: 3EQO), GHS55

717  exo-B-1,3-glucanase from Streptomyces sp. SirexAA-E (C; SacteLam55A; PDB ID 4PFO0),

718  GHS3 B-glucosidase from H. jecorina (C, PDB ID: 3ZYZ).

719 A, B, and C hydrolyze the main chain of B-1,3-galactan or B-1,3-glucan, bypassing

720  B-1,6-branched side chains (6, 29, 30). D hydrolyzes four types of B-bonds, and it does not

721  bypass side chains (31, 52). The upper panel shows the overall surface structure and the lower

722 panel shows an enlarged view of the catalytic region. Orange dashed circles indicate the space

723 near the C-6 position of Gal or glucose at the non-reducing end.

724
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725  Figure. 10. Sequence alignment of known CBM35s (A) and structure comparison between

726 CBM35s of Pc1,3Gal43A (B) and Cte 2137 (C).

727  A: Taxon names are shown as scientific names, ligand specificity and PDB ID only for brevity.

728  When the same enzyme contains two CBM35 domains, the taxon name is indicated with 1 on

729  the N-terminal and 2 on the C-terminal. Gal, Glc, Man, Xyl, and Uronic means ligand

730  specificities for Gal, glucose, mannose, xylose, and glucronic acid and/or galacturonic acid,

731  respectively. Among these, 3ZM8, 6UEH, and 2BGO, which bind to Man, are Type B CBMs,

732 which show endo-type binding, while the other 14 are all Type C CBMs, which show

733 exo-type binding. The alignment was built by using MUSCLE on MEGAX: Molecular

734  Evolutionary Genetics Analysis (53, 54), and the figure was generated with ESPrint

735 3.0 (http://espript.ibcp.fr; 56). Orange and green boxes represent ligand binding and calcium

736 1on binding residues, respectively. B and C: Ligand binding residues of Pc1,3Gal43A (chain A

737  of E208A Gal3) and Cte 2137 (PDB ID: 2WZS8). Red and blue mean oxygen and nitrogen,

738  respectively. The green stick model represents Gal3.

739

740  Table titles

741 Table 1. Data collection statistics

742 Table 2. Refinement statistics

743  Table 3. Refinement statistics of ensemble refinement

744
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745  Fig. 1.

746

747

748
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764  Fig. 7.
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