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ABSTRACT 20 

Glycoside hydrolase family 97 (GH97) is one of the most interesting glycosidase families, which 21 

contains inverting and retaining glycosidases. Currently, only two enzyme types, α-glucoside 22 

hydrolase and α-galactosidase, are registered in the carbohydrate active enzyme database as GH97 23 

function-known proteins. To explore new specificities, BT3661 and BT3664, which have distinct 24 

amino acid sequences when compared with that of GH97 α-glucoside hydrolase and α-25 

galactosidase, were characterized in this study. BT3664 was identified to be an α-galactosidase, 26 

whereas BT3661 exhibits hydrolytic activity toward both β-L-arabinopyranoside and α-D-27 

galactopyranoside, and thus we designate BT3661 as a β-L-arabinopyranosidase/α-D-28 

galactosidase. Since this is the first dual substrate specificity enzyme in GH97, we investigated 29 

the substrate recognition mechanism of BT3661 by determining its three-dimensional structure 30 

and based on this structural data generated a number of mutants to probe the enzymatic 31 

mechanism. Structural comparison shows that the active-site pocket of BT3661 is similar to GH97 32 

α-galactosidase BT1871, but the environment around the hydroxymethyl group of the 33 

galactopyranoside is different. While BT1871 bears Glu361 to stabilize the hydroxy group of C6 34 

through a hydrogen bond with its carboxy group, BT3661 has Asn338 at the equivalent position. 35 

Amino acid mutation analysis indicates that the length of the side chain at Asn338 is important 36 

for defining specificity of BT3661. The kcat/Km value for the hydrolysis of p-nitrophenyl α-37 

galactoside decreases when Asn338 is substituted with Glu, whereas an increase is observed when 38 

the mutation is Ala. Interestingly, mutation of Asn338 to Ala reduces the kcat/Km value for 39 

hydrolysis of p-nitrophenyl β-L-arabinopyranoside. 40 

 41 
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Abbreviations 46 

HPAEC-PAD, high-performance anion-exchange chromatography with pulsed amperometric 47 

detection; PNP, p-nitrophenol; PNP-Ara, PNP β-L-arabinopyranoside; PNP-Gal, PNP α-D-48 

galactopyranoside; PNP-Glc, PNP α-D-glucopyranoside; PNP-Xyl, PNP α-D-xylopyranoside. 49 

 50 
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1. Introduction 51 

A large number of glycoside hydrolases have been conscientiously classified into 145 52 

glycoside hydrolase families (GHs), with some of these families deleted from the carbohydrate-53 

active enzyme (CAZy) database (http://www.cazy.org) [1]. Since CAZy classification is based on 54 

amino acid sequence similarity, the database enables an understanding of evolutionary 55 

relationships in the same GH enzymes, and facilitates prediction of structural features and 56 

enzymatic functions of uncharacterized members. A certain GH contains obvious homologs with 57 

high sequence identity and also proteins with low sequence similarity. In general, conservation of 58 

function fluctuates in a cluster with 20‒30% identity [2–4] and, in the case of GHs, a changes in 59 

the primary structure is often associated with the divergence of substrate specificity [5].  60 

Although sequence similarity is low, crucial amino acids required for catalysis and the 61 

catalytic mechanism are generally preserved within a GH. However, GH97 contains inverting and 62 

retaining glycosidases and is one of the unique GHs. As another example, GH23 is known to 63 

include inverting lysozymes and retaining lytic transglycosylases. GH97, comprising five 64 

subfamilies (97a–97e), was established through sequence analyses [6]. Divergence of the catalytic 65 

mechanisms in GH97 has been elucidated through structural and biochemical analysis [7,8]. The 66 

mechanisms are governed by the arrangement of the catalytic residues on the “β-face” of the 67 

substrate. HHET and HE motifs are located at the C-terminus of β-strands 3 and 5 of the (β/α)8 68 

barrel catalytic domain of the inverting enzymes [7], and Glu residues in the motifs form the 69 

catalytic general base of an inverting mechanism [7,8]. Retaining enzymes have a conserved Asp 70 

residue that provides a catalytic nucleophile for the retaining mechanism at the C-terminus of β-71 

strand 4 [9]. An additional characteristic of GH97 enzymes is the coordination of a calcium ion 72 

at the active center. The calcium ion facilitates the departure of a leaving group and stabilizes the 73 

deprotonation state of the base catalyst in an inverting enzyme [10].  74 

Most of GH97 enzymes are distributed in the Bacteroidetes phylum. According to the Pfam 75 

database (http://pfam.xfam.org/), 718 out of 1035 sequences in bacteria are derived from this 76 
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phylum. Bacteroides thetaiotaomicron, which is known to be involved in the breakdown of plant 77 

polysaccharides and host-derived glycans in the colon [11–13], possesses 10 GH97 proteins. 78 

Among them, one inverting α-glucoside hydrolase [7,8] and a small number of retaining α-79 

galactosidases [9,14] have been characterized. The inverting enzyme, categorized into subfamily 80 

97a, is a member of the starch utilization system (sus) and catalyzes the hydrolysis of α-glucosidic 81 

linkages of maltooligosaccharides, which are produced by the action of SusA and SusG [8,15]. 82 

This enzyme has several appellations, including 97A1_BACTH, SusB, BtGH97a, and BT3703, 83 

which can cause confusion. We use the most commonly used locus-tag name in this paper. The 84 

two retaining α-galactosidases, BT1871 and BT2620, which are members of subfamily 97b, are 85 

believed to be involved in the degradation of the α-galactosidic linkage in galactomannan. 86 

Substrate specificity of BT1871 has been examined for its transglycosylation properties [16]. 87 

BT1871 uses p-nitrophenyl α- and β-mannosides as accepter molecules and has a subsite structure 88 

to accommodate α-galactosyl and α/β-mannosyl moieties. BT2620 forms part of a polysaccharide 89 

utilization locus (PUL; MAN-PUL1) and has been proposed to degrade a terminal α-galactosidic 90 

linkage in yeast α-mannan [14]. Apart from Bacteroidetes, a halophilic GH97 inverting α-91 

glucoside hydrolase from the Arctic marine bacterium (Pseudoalteromonas sp. K8) has been 92 

found to prefer the α-1,6-glucosidic linkage to the α-1,4-glucosidic linkage, which is distinct from 93 

BT3703 [17]. The tolerance to high concentrations of salts is due to a chloride-ion binding site 94 

where a unique Arg residue plays a central role [18]. Only these enzymes have well characterized 95 

structures and functions, with most GH97 proteins uncharacterized. 96 

Novel specificities are frequently discovered within existing GHs. Among the evolutionarily 97 

related GHs to GH97, namely GH27, 31 and 36 [6–8,16], GH31 is such a family that consists of 98 

enzymes with distinct functions. The family comprises not only hydrolases and transglycosylases 99 

but also an α-1,4-glucan lyase [19,20]. In addition, several enzymes with unique specificity, 100 

including 1,4-α-glucan 4-α-glucosyltransferase [21], α-galactosidase [22], sulfoquinovosidase 101 

[23], cycloalternan-specific α-1,3-glucosidase [24,25] and dextranase [26], have been found in 102 
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GH31 over the past years. These findings in the related family suggest the possibility that GH97 103 

also contains an enzyme exhibiting unpredictable specificity.  104 

This study aimed to identify a GH97 enzyme with novel specificity. We have interest in two 105 

B. thetaiotaomicron GH97 paralogs, BT3661 and BT3664, which are categorized into subfamily 106 

97c. These are annotated as putative α-glucosidases in UniProtKB. This study revealed that 107 

BT3661 and BT3664 are a bifunctional β-L-arabinopyranosidase/α-galactosidase and an α-108 

galactosidase, respectively. In particular, BT3661 was demonstrated as the first specificity in 109 

GH97. We also determined the crystal structure of BT3661, which enabled us to interpret its novel 110 

specificity in GH97.  111 

 112 

2. Materials and methods 113 

2.1. Sequence analysis 114 

The amino acid sequences of the catalytic domain of GH97 enzymes, collected from the seed 115 

alignment in Pfam PF10566 (http://pfam.xfam.org/family/PF10566), and the GH97 paralogs in 116 

B. thetaiotaomicron were aligned by Clustal omega [27] at the MPI Bioinformatics Toolkit server 117 

(https://toolkit.tuebingen.mpg.de/#/) [28]. A maximum likelihood phylogeny was estimated from 118 

the alignment by PhyML-SMS [29]. The bootstrap consensus tree inferred from 100 replicates 119 

was taken as the evolutionary history. Amino acid sequences with Asp, corresponding to a 120 

catalytic nucleophile residue, were manually collected from the members of the seed alignment 121 

in Pfam PF10566 as representative sequences of GH97 retaining glycosidases. Multiple alignment 122 

of full-length sequences and three-dimensional structures were made by MAFFTash 123 

(https://sysimm.ifrec.osaka-u.ac.jp/MAFFTash/) (Supplementary Fig. 2). A dendrogram of the 124 

GH97 retaining enzymes was calculated using PhyML, as described above. Graphical 125 

representation of the sequence conservation was made using Skylign [30]. The presence and 126 

location of secretion signal peptide cleavage sites in the BT3661 and BT3664 sequences were 127 

predicted by Phobius [31]. BT3661 and BT3664 subcellular localizations were predicted by 128 
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Loctree3 [32] at the Predict Protein server (https://predictprotein.org/home). 129 

 130 

2.2. Gene cloning 131 

Each gene encoding BT3661 or BT3664 was amplified from chromosomal DNA prepared 132 

from B. thetaiotaomicron ATCC 29148 by PCR using the primers for BT3661 [5′-133 

ATGAAGAAACTTGTAAGCACT-3′ (sense) and 5′-CTACTTTATACAAAGAATACCTCC-3′, 134 

(antisense)] or for BT3664 [5′-ATGAAACATTCCTTTAATTGTTTA-3′ (sense) and 5′-135 

TTACTTTATTACTGCCACAAATCC-3′ (antisense)]. The purified PCR products were cloned 136 

into the pBluescript II SK (+) vector (Stratagene, Agilent Technology, Santa Clara, CA, USA), 137 

and designated as SK-bt3661 and SK-bt3664, respectively. For construction of pCold-bt3661, the 138 

gene coding for residues 20–647 of BT3661 was amplified by PCR from SK-bt3661 using primers 139 

with restriction cleavage sites: 5′-CCGGGCGAGCTCCAGGATGTGGTTGTAAAAGGA-3′ 140 

(sense; SacI-site underlined) and 5′-GCCCGGCTCGAGCTACTTTATACAAAGAATACC-3′ 141 

(antisense; XhoI-site underlined). The PCR product was restricted with SacI and XhoI, and cloned 142 

into appropriately digested pCold I DNA (Takara Bio, Shiga, Japan). Sequence analysis revealed 143 

a single base difference compared with the GenBank accession number NC_004663, which 144 

resulted in an F478L mutation. For construction of pCold-bt3664, the sequence coding for 145 

BT3664 residues 29–638 was amplified by PCR from SK-bt3664 using primers: 5′-146 

GCGGAGCTCGATACAGGTGTGATTTCT-3′ (sense; SacI-site underlined) and 5′-147 

GCGAAGCTTTTATTACTTTATTACTGCCAC-3′ (antisense; HindIII-site underlined). The 148 

resultant PCR product was restricted with SacI and HindIII, and cloned into appropriately 149 

digested pColdI plasmid DNA. PrimeSTAR Max DNA polymerase (Takara Bio) was used for all 150 

PCR experiments according to the manufacturer’s instruction.  151 

 152 

2.3. Gene expression and protein purification  153 

E. coli BL21(DE3) cells harboring pCold-bt3661 or pCold-bt3664 were cultured in LB 154 
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medium (10 g∙L−1 Bacto tryptone, 5 g∙L−1 Bacto yeast extract and 5 g∙L−1 NaCl) supplemented 155 

with 0.05 mg∙mL−1 ampicillin at 37 °C to mid-exponential phase (OD600 = ~0.7). The culture was 156 

cooled on ice for 30 min, at which time isopropyl β-D-thiogalactopyranoside was added to a final 157 

concentration of 0.2 mM and cells were incubated at 12 °C for induction of BT3661 or at 15 °C 158 

for BT3664. The induction temperature was optimal for each recombinant protein production. 159 

After 24 h with vigorous shaking, the cells were collected by centrifugation (5,000 × g, 5 min, 160 

4°C) and resuspended in 20 mM Hepes-NaOH, 300 mM NaOH, pH 7.5 (buffer-A), followed by 161 

disruption through sonication. The supernatant was obtained by centrifugation (20,000 × g, 20 162 

min, 4°C).  163 

Recombinant proteins were purified from the above supernatant, loaded onto a Ni2+-chelating 164 

Sepharose Fast Flow column (GE healthcare, Chicago, Il, USA), which was prepared according 165 

to the supplier’s protocol and pre-equilibrated with buffer-A. After washing the column with 166 

buffer-A containing 50 mM imidazole, the absorbed proteins were eluted with a linear gradient of 167 

50 to 300 mM imidazole in buffer-A. Active fractions were passed through a Sephadex G-25 (GE 168 

Healthcare) column pre-equilibrated with 50 mM sodium acetate, 100 mM NaCl and 25 mM 169 

CaCl2, pH 5.5 (buffer-B). The obtained fractions were pooled and concentrated using a 50 kDa 170 

MWCO Vivaspin 20 (Sartorius, Göttingen, Germany). For preparation of protein crystallization, 171 

the protein was further subjected to a Sephacryl S-200 (GE Healthcare) gel-filtration column pre-172 

equilibrated with buffer-B. The active fractions were pooled, dialyzed against 20 mM sodium 173 

acetate buffer containing 10 mM CaCl2, pH 5.5, and concentrated using a 50 kDa MWCO 174 

Vivaspin 20. Fractions containing BT3661 were determined by specific activity and SDS-PAGE. 175 

All purification steps were performed at 4 °C. The concentration of the purified protein was 176 

estimated by amino acid analysis of a protein hydrolysate (6 M HCl, 110 °C, 24 h) using a JLC-177 

500/V (JOEL, Tokyo, Japan) equipped with a ninhydrin-detection system. The purification 178 

procedures for BT1871 were described in our previous report [9].  179 

 180 
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2.4. Enzyme assay 181 

The hydrolysis activity toward each p-nitrophenyl (PNP) glycoside, PNP β-L-182 

arabinopyranoside (PNP-Ara) (Carbosynth Ltd., Berkshire, UK), PNP α-D-galactopyranoside 183 

(PNP-Gal) (Tokyo Chemical Industry Co., LTD., Tokyo, Japan), PNP α-D-glucopyranoside (PNP-184 

Glc) (Nacalai Tesque, Kyoto, Japan) and PNP α-D-xylopyranoside (PNP-Xyl) (Santa Cruz 185 

Biotechnology, Inc. Co., Santa Cruz, CA, USA) was determined at 35 °C in 50 mM sodium 186 

acetate, pH 5.5, containing 10 mM CaCl2 and 0.002 mg∙mL−1 bovine serum albumin (BSA), and 187 

various concentrations of substrates. The reactions were stopped by mixing with two volumes of 188 

1 M Na2CO3/50 mM EDTA∙2Na. The amount of p-nitrophenol released was measured by 189 

absorption at 400 nm in a 1-cm cuvette, using a molar extinction coefficient of 5560 M−1∙cm−1.  190 

The pH-dependent hydrolytic rate of BT3661 and its variants was measured at 2 mM PNP-191 

Ara for wild-type (84 nM), N338E (35 nM) and N338E/Q378A (160 nM) or 2 mM PNP-Gal for 192 

N338A (46 nM), N338D (198 nM), Q378A (162 nM) and N338D/Q378A (112 nM) in the 193 

following buffers: 50 mM sodium acetate (pH 3.6–6.0), 50 mM Mes-NaOH (pH 5.0–7.0), 50 mM 194 

Hepes-NaOH (pH 6.5–9.0) and 50 mM glycine-NaOH (9.5–12.5), all of which contained 10 mM 195 

CaCl2 and 0.002 mg∙mL−1 BSA. The susceptibility of BT3661 to pH was evaluated as follows: 196 

the enzyme (84 nM) was incubated in the above-mentioned buffers for 24 h at 4 °C and then the 197 

hydrolytic rate was measured using 2 mM PNP-Ara as the substrate. To examine the effect of 198 

calcium ions, the enzyme activity toward 2 mM PNP-Ara was measured with various 199 

concentrations of EDTA∙2Na (0–3 mM). An appropriate volume of 0.5 M EDTA-NaOH solution 200 

(pH 6.0) was added to make the reaction mixture. The enzyme concentration used was 177 nM. 201 

The recovery of enzyme activity by addition of calcium ions was evaluated by measuring the 202 

activity of the enzyme (177 nM) under various concentrations of CaCl2 (0–100 mM) in 50 mM 203 

sodium acetate buffer pH 5.5, containing 1 mM EDTA∙2Na, 0.002 mg∙mL−1 BSA and 2 mM PNP-204 

Ara. The kinetic constants were calculated by fitting the Michaelis-Menten equation by nonlinear 205 

regression using the computer program GraFit 7 (Erithacus Software Ltd., Surrey, UK). When kcat 206 
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and Km could not be estimated due to limited solubility of the substrate, the kcat/Km was evaluated 207 

at low substrate concentrations (1–2.5 mM).  208 

 209 

2.5. Enzyme activity on natural polysaccharides 210 

For the analysis of the hydrolysis of gum arabic from the acacia tree (Nacalai tesque) or 211 

arabinogalactan from larch wood (Tokyo Chemical Industry Co., LTD.), the polysaccharide (40 212 

mg∙mL−1) was incubated with BT3661 (480 nM for gum arabic and 32 nM for arabinogalactan) 213 

at 35 °C in 40 mM sodium acetate (pH 5.5) containing 10 mM CaCl2 and 0.002 mg∙mL−1 bovine 214 

serum albumin (BSA). The reaction was terminated by heating at 100 °C for 5 min. The reaction 215 

products were analyzed by thin-layer chromatography (TLC) and high-performance anion-216 

exchange chromatography with pulsed amperometric detection (HPAEC-PAD). TLC was 217 

performed using 0.25-mm layers of silica gel 60 F254 (Merck, Darmstadt, Germany). The sugars 218 

were developed twice using a solvent system of acetonitrile:water (4:1, v/v) and visualized by 219 

spraying with an α-naphthol–sulfuric acid solution (15% sulfuric acid in methanol containing 0.3 220 

mg/mL α-naphthol), followed by heating at 110 °C for 5 min. The concentrations of L-arabinose 221 

and D-galactose were measured by HPAEC–PAD using a Dionex ICS-3000 system 222 

(Dionex/Thermo Fisher Scientific, Idstein, Germany). The analytical column (CarboPac PA1 223 

analytical column, 4 mm I.D. × 250 mm; Dionex/Thermo Fisher Scientific) was equilibrated with 224 

48 mM NaOH at a flow rate of 0.8 mL∙min−1. Samples containing xylose or sorbitol as an internal 225 

standard were isocratically eluted with 48 mM NaOH. Sodium hydroxide solutions were prepared 226 

from super special grade 50% NaOH solution (Wako Pure Chemical Industries, Ltd., Osaka, 227 

Japan). The concentration of each saccharide was calculated from chromatographic peak areas 228 

using a calibration curve prepared from known saccharide concentrations and an internal standard. 229 

Chromatograms were evaluated with Chromeleon software (Dionex/Thermo Fisher Scientific). 230 

The activity of BT3664 (731 nM) toward polygalaturonic acid (Nacalai Tesque) or pectin (Tokyo 231 

Chemical Industry Co., LTD.) was analyzed by TLC using the same procedure as described above. 232 
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 233 

2.6. Site-directed mutagenesis 234 

Point mutations to BT3661 were introduced by site-directed mutagenesis using the methods 235 

for the PrimeSTAR mutagenesis basal kit (Takara Bio). The oligonucleotides used for each 236 

mutation were as follows: for N338E, 5′-ATCGATGAATGGTGGGATACTAGAATC-3′ (sense; 237 

substituted codon in boldface) and 5′-CCACCATTCATCGATCAACGCATACTC-3′ (antisense); 238 

for N338A, 5′-ATCGATGCCTGGTGGGATACTAGAATC-3′ (sense) and 5′-239 

CCACCAGGCATCGATCAACGCATACTC-3′ (antisense); for N338D, 240 

ATCGATGACTGGTGGGATACTAGAATC-3′ (sense) and 5′-241 

CCACCAGTCATCGATCAACGCATACTC-3′ (antisense); for Q378A, 5′-242 

ATTGAAGCGGGACCGGTGAACCGAATG-3′ (sense) and 5′-243 

CGGTCCCGCTTCAATGTCATTCCAATA-3′ (antisense). The mutant enzymes were prepared 244 

from E. coli transformants harboring each expression plasmid, followed by the aforementioned 245 

purification procedure. 246 

 247 

2.7. Crystallization and data collection 248 

Crystallization screening was performed using a series of crystallization kits from Qiagen 249 

(Hilden, Germany) by the sitting-drop vapor-diffusion method, in which 0.75 µL of 10 mg∙mL−1 250 

protein solution (20 mM sodium acetate containing 10 mM CaCl2, pH 5.5) was mixed with an 251 

equal volume of reservoir solution. The appropriate crystals of BT3661 for structural analysis 252 

were obtained within 2 weeks at 20 °C under a reservoir solution containing 0.2 M lithium sulfate, 253 

0.1 M Mes-NaOH buffer (pH 6.0) and 45% (v/v) 2-methyl-2,4-pentanediol.  254 

Because the crystallization conditions of BT3661 contained 45% (v/v) 2-methyl-2,4-255 

pentanediol, which can be used as a cryoprotectant, the crystals were directly selected from 256 

crystallization drops and flash cooled for X-ray diffraction experiments. Diffraction data were 257 

collected on beamline BL-41XU at SPring-8 (Hyogo, Japan) under a stream of liquid nitrogen at 258 
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100 K. The dataset was indexed, integrated, scaled and merged using the XDS program suite [33]. 259 

The asymmetric unit of BT3661 contained four molecules corresponding to a Matthews 260 

coefficient [34] of 2.8 Å3 Da−1 and an estimated solvent content of 56.4%. The statistics of data 261 

collection and processing are summarized in Table 1. 262 

 263 

2.8. Structure determination and refinement 264 

The structure of Bt3661 was determined by the molecular replacement method with the 265 

program AutoMR in the Phenix program package [35,36] using the structure of GH97 α-266 

galactosidase (PDB ID: 3A24) as a search model. Several rounds of refinement were performed 267 

using the program Phenix.refine in the Phenix program suite, alternating with manual fitting and 268 

rebuilding based on 2Fo−Fc and Fo−Fc electron density using COOT [36,37]. The final refinement 269 

statistics and geometry defined by MolProbity [38] are shown in Table 1. PyMOL (The PyMOL 270 

Molecular Graphics System, Version 1.8 Schrödinger, LLC.) was used to generate figures of the 271 

solved structure. 272 

 273 

3. Results 274 

3.1. Sequence analysis of GH97 paralogs in B. thetaiotaomicron 275 

A phylogenetic tree of the catalytic domains of GH97 members was constructed to search for 276 

a sequence evolutionarily far from function-known proteins (Supplementary Fig. 1). Among the 277 

10 paralogs in B. thetaiotaomicron, BT3661 and BT3664 classified into GH97 subfamily 97c [6] 278 

have distinct amino acid sequences compared with that of the function-known proteins, BT3073, 279 

BT1871 and BT2620. BT3661 and BT3664 have an Asp residue conserved in retaining GH97 280 

enzymes [9] but do not have HHET and HE motifs found in inverting enzymes [7], which suggests 281 

that BT3661 and BT3664 are retaining glycosidases. The subcellular localization of BT3661 and 282 

BT3664 were predicted by LocTree3. Localization of both proteins was predicted to be secreted: 283 

the space external to the outermost structure of a cell. The secretion signal peptides of these two 284 
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enzymes were predicted by Phobious. BT3661 and BT3664 were predicted to have a secretion 285 

signal sequence composed of 19 and 27 residues at the N-terminus.  286 

 287 

3.2. Production of BT3664 288 

Recombinant BT3664 was successfully produced in E. coli transformed with pCold-bt3664. 289 

Substrate specificity of the recombinant enzyme purified by Ni2+-affinity chromatography was 290 

examined with 2 mM PNP-Gal, PNP-Ara, PNP-Glc and PNP-Xyl (Table 2). The enzyme 291 

exhibited substantial activity toward PNP-Gal, which is ~50 times larger than that toward PNP-292 

Ara, and minimal activity towards PNP-Glc and PNP-Xyl. No product was detected on the TLC 293 

plate from the reaction mixtures containing BT3664 and each polysaccharide (polygalacturonic 294 

acid or pectin). These results indicate that BT3664 is an α-galactosidase. 295 

 296 

3.3. Production and characterization of BT3661 297 

Recombinant BT3661 was produced using the expression plasmid pCold-bt3661, which 298 

encodes mature BT3661 with an N-terminal (His)6-tag. The hydrolytic activities toward 2 mM 299 

PNP glycosides were determined (Table 2). The enzyme hydrolyzed PNP-Ara and PNP-Gal with 300 

velocities of 0.558 and 0.208 µmol/min/mg, respectively, but no activity was observed towards 301 

PNP-Glc or PNP-Xyl. The optimum pH for the hydrolysis reaction was 5.5. After treatment at 302 

various pH values for 24 h at 4 °C, BT3661 maintained more than 90% of its hydrolytic activity 303 

when compared with that of the original enzyme over the pH range of 4–12. In the presence of 1 304 

mM EDTA∙2Na, the enzyme lost catalytic activity and this was restored by the addition of 5 mM 305 

CaCl2. Kinetic parameters of BT3661 for hydrolysis of PNP-Ara and PNP-Gal were determined 306 

(Table 3). The kcat/Km value of BT3661 for PNP-Ara was 2.8 times greater than that for PNP-Gal. 307 

The kinetic parameters of BT1871 toward PNP-Ara, which exhibited a kcat/Km value of 778 s−1 308 

mM−1 for PNP-Gal [9], were determined to know the hydrolytic activity of an unequivocal α-309 

galactosidase toward β-L-arabinopyranoside. The constants were 15.9 ± 1.8 mM and 68.9 ± 5.1 310 
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s−1 for Km and kcat, respectively, and the kcat/Km value for PNP-Ara (4.36 s−1 mM−1) was ~1/180 of 311 

that for PNP-Gal. BT3661 exhibited the distinct substrate specificity of BT1871 and we thus 312 

regarded BT3661 as a bifunctional β-L-arabinopyranosidase/α-D-galactopyranosidase.  313 

The hydrolytic reaction of BT3661 on polysaccharide substrates, gum arabic from the acacia 314 

tree and arabinogalactan from larch wood, was investigated. The release of arabinose and 315 

galactose from gum arabic and that of arabinose from arabinogalactan were observed by TLC 316 

(Fig. 1). Release rates of these monosaccharides were calculated through HPAEC-PAD analysis. 317 

The rates of arabinose and galactose release from gum arabic were 2.02 and 1.43 µmol/min/mg 318 

(v/[E]0 = 2.47 and 1.75 s−1, respectively). The release rate of arabinose from arabinogalactan was 319 

40.9 µmol/min/mg (v/[E]0 = 50.0 s−1), but that of galactose was below the detection limit.  320 

 321 

3.4. Crystal structure of BT3661 322 

The crystal structure of BT3661 was determined at 2.3 Å resolution by the molecular 323 

replacement method using the structure of BT1871 (PDB ID: 3A24 [3]) as the search model. The 324 

structure was refined to crystallographic Rwork and Rfree values of 20.7% and 25.3%, respectively. 325 

The model showed well-defined geometric parameters based on the Ramachandran plot (favored 326 

region: 95.6%, allowed region: 4.2%, outliers region: 0.2%). The crystal contained four BT3661 327 

molecules in the asymmetric unit (residues 16–647 for chain A, residues 20–647 for chain B, 328 

residues 16–647 for chain C and residues 19–647 for chain D were built, respectively). The 329 

structures of the four molecules were very similar with RMSDs (root mean square deviations) of 330 

0.13–0.21 Å among 628–632 Cα atoms of respective chains. As the electron density for chain A 331 

was more clearly visible than that for the other molecules, we have described the structure based 332 

on chain A. The BT3661 monomer structure contains three domains (Fig. 2), which is similar to 333 

other GH97 members: the (β/α)8 barrel-fold catalytic domain (domain A, residues 301–554) is 334 

located between two β-sandwich folded domains, the N-terminal domain (domain N, residues 20–335 

300) and the C-terminal domain (domain C, residues 555–647).  336 
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A structural comparison with a catalytic nucleophile mutant BT1871 (BT1871-D415G) in 337 

complex with β-lactosyl α-galactoside (PDB ID: 5E1Q [16]) was performed by TM-align 338 

(http://zhanglab.ccmb.med.umich.edu/TM-align/) [39] to understand the substrate-binding 339 

features of BT3661. The comparison showed that the overall structure of BT3661 was fairly 340 

similar to that of BT1871-D415G with a TM-score and an RMSD value of 0.86644 and 2.73 Å 341 

for 595 residues, respectively. The residues of the catalytic nucleophile and general acid/base are 342 

Asp408 and Glu463, respectively, and a calcium-ion, to which three glutamates coordinate, 343 

Glu179, Glu457 and Glu463, were almost identical to that of BT1871. The residues, Trp304, 344 

Trp306, Asp337, Trp366, Lys406, Phe409, His438, Glu457 and Glu463, which would be 345 

associated with the stabilization of a sugar moiety at the −1 subsite through a hydrogen bond or 346 

van der Waals contacts, were also placed with positions and orientations similar to BT1871 (Fig. 347 

3A). In contrast, residues involved in the stabilization of a C6 hydroxy group of the α-galactosyl 348 

moiety were different between BT1871 and BT3661 (Fig. 3B). The former used Glu351 to 349 

stabilize this hydroxy group through a hydrogen bond with its carboxy group, whereas BT3661 350 

used Asn338. Almost half of the representative sequences of GH97 retaining glycosidases, which 351 

are collected from the seed alignment in Pfam PF10566, possess a Glu residue at this equivalent 352 

position and the sequence with Asn represents a smaller part of the group (Fig. 3C). For the 353 

sequences recorded in UniRef50_F9D4D2, which is a cluster of amino acid sequences that have 354 

at least 50% sequence identity to and 80% overlap with BT3661, approximately one-third of the 355 

sequences possess an Asn equivalent to Asn338. Other sequences in this cluster have Ala, Gly, or 356 

Ser rather than Asn, but no sequence was found to have Glu at this position (Fig. 4). The side 357 

chain of Glu351 of BT1871 forms a hydrogen bond with His245 on a β-hairpin (His233–Ala260) 358 

of the domain N (Fig. 3B). BT3661 had no corresponding β-hairpin, but the β→α loop 3 (Ser369–359 

Met384) of the catalytic (β/α)8 barrel domain was located in the corresponding position and 360 

Gln378 was in close proximity to both Asn338 and a C6 hydroxy group of the sugar moiety at the 361 

−1 subsite. A conservation of the respective regions among GH97 retaining glycosidases, the β-362 
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hairpin of BT1871 and the β→α loop 3 of BT3661, is extremely low, and the pairs, Glu351–363 

His245 (BT1871) and Asn338–Gln378 (BT3661), are not common in GH97 retaining 364 

glycosidases (Fig. 3C). All sequences that have Asn equivalent to Asn338 in UniRef50_F9D4D2 365 

have Gln corresponding to Gln378 (Fig. 4).  366 

Glu179 and Phe467 were placed near the +1 subsite, which is similar to BT1871 (Fig. 5A). In 367 

addition, Trp171 is involved in the formation of the +1 subsite and forms a clamp-like subsite 368 

structure together with Phe467. An aromatic residue equivalent to Trp171 was conserved in only 369 

sequences that had a shorter evolutionary distance to BT3661 (Fig. 5C). BT1871 has no 370 

corresponding tryptophan residue and no such aromatic clamp (Fig. 5B). In Fig. 3B and 5A, β-L-371 

Arap (1→3) L-Araf, which should be a part of a natural substrate of BT3661, was virtually placed 372 

in the active-site pocket. The L-Araf moiety appears to be stabilized by the aromatic clamp. While 373 

the plus subsites of BT1871 are mainly composed of Trp474 of the β→α loop 6 of the catalytic 374 

domain (Fig. 5B), those of BT3661 had a slit-like pocket that is narrow because part of a long 375 

loop (Pro163–Glu180) extends from the domain N and the β→α loop 6 (Fig. 5A). A multiple 376 

sequence alignment indicates a low conservation of the relevant region (Pro163–Glu180) (Fig. 377 

5C), suggesting the divergence of the structure of the plus subsites in GH97 retaining enzymes.  378 

 379 

3.5. Substrate specificity of mutant BT3661s 380 

Mutational studies were conducted to understand the specificity of BT3661. We selected 381 

Asn338 as a target residue for mutagenesis. As mentioned above, Asn338 is equivalent to Glu351 382 

in BT1871 and is directly involved in the stabilization of the C6 hydroxy group of the substrate 383 

through a hydrogen bond. Three mutant enzymes, N338E, N338A and N338D, were generated to 384 

examine the role of Asn338. Glu, Ala and Asp are found at the corresponding position in GH97 385 

retaining glycosidases (Fig. 3C). In addition, Gln378, which is in close structural proximity to the 386 

side chain of Asn338 and appears to be in the vicinity of the C5 hydroxymethylene (Fig. 3B), was 387 

also selected for mutagenesis. Thus, Q378A, N338E/Q378A and N338D/Q378A mutants were 388 
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also prepared. The latter two double-mutant enzymes were prepared to ensure that the carboxy 389 

group of Glu338 or Asp338 was in the same orientation as that of Glu351 of BT1871. The 390 

optimum pH values of these mutant enzymes were 5.5–5.7, and almost identical to the wild-type 391 

BT3661. Kinetic parameters of the mutant enzymes for hydrolysis of PNP-Ara and PNP-Gal were 392 

determined (Table 3). The parameters for several mutant enzymes were not determined because 393 

the Km values were beyond the solubility limit of the substrates; however, the specific constants, 394 

kcat/Km, were estimated at low substrate concentrations. Substitution of Asn338 with Glu affected 395 

the hydrolytic activity toward PNP-Gal more significantly than to PNP-Ara. The Km value of 396 

N338E for PNP-Gal was beyond the measurement limit and its kcat/Km exhibited 10% that of the 397 

wild-type enzyme. The Km value for PNP-Ara was also greater than the measurable limit but its 398 

kcat/Km was almost equivalent to that of the wild-type enzyme, indicating an increase in both kcat 399 

and Km. The N338A mutation substantially reduced the hydrolytic activity toward β-L-400 

arabinopyranoside, but an increase toward α-galactoside was observed, resulting in a decrease in 401 

the kcat/Km value by 3.6% and an increase by 860%, respectively. The mutation of Asn338 to Asp 402 

gave a slightly negative effect on β-L-arabinopyranosidase activity, but exhibited a positive effect 403 

on α-galactosidase activity. Replacement of Gln378 for Ala had negligible effect on the hydrolytic 404 

activity towards PNP-Ara, but a 4-fold rise in the kcat/Km value was observed for PNP-Gal. The 405 

double mutant enzymes, N338E/Q378A and N338D/Q378A, had very similar kcat/Km values 406 

towards the substrates as the two corresponding single mutations, N338E and N338D.  407 

 408 

4. Discussion 409 

To find an enzyme with novel activity in GH97, we have focused on two GH97 proteins, 410 

BT3661 and BT3664, which are categorized into a different subfamily, 97c, from function-known 411 

sequences [6]. BT3664 was identified to be an α-galactosidase in this study. A gene encoding 412 

BT3664 is located in RG-II PUL 3 (PUL64) together with genes encoding GH43_34 endo-1,4-β-413 

xylanase, GH43_10 β-xylosidase, GH29 α-L-fucosidase and SusCD [6,40,41]. RG-II PUL 3 is 414 
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expressed in response to rhamnogalacturonan II [42] and BT3664 could be involved in the 415 

degradation of this plant polysaccharide. However, it is uncertain how BT3664 is associated with 416 

the degradation of this polysaccharide, because rhamnogalacturonan II consists of α-(1→4) linked 417 

galacturonic residues and several side chains with 10 different glycosyl residues, but has no α-418 

galactosidic residue [43,44]. 419 

We demonstrate that BT3661 possesses β-L-arabinopyranosidase activity. Compared with 420 

unambiguously confirmed β-L-arabinopyranosidases from Streptomyces avermitilis [45] and 421 

Geobacillus stearothermophilus T6 [46], BT3661 displays promiscuous specificity. These two 422 

GH27 enzymes display negligible activity toward α-galactoside and much greater kcat/Km values 423 

for hydrolysis of PNP-Ara than that of PNP-Gal, whereas BT3661 exhibits only 2.8 times higher 424 

kcat/Km values towards PNP-Ara than that towards PNP-Gal. We thus consider BT3661 as a 425 

bifunctional β-L-arabinopyranosidase/α-galactosidase. BT3661 catalyzes the release of 426 

arabinose/galactose and arabinose from gum arabic and arabinogalactan, respectively (Fig. 2). 427 

Although gum arabic from Acacia species is considered not to contain α-galactopyranoside [47–428 

50], Aspinall and Knebl demonstrated that an α-galactopyranose residue occupies the terminal 429 

positions of gum arabic through controlled partial acid hydrolysis, α-galactosidase-treatment and 430 

a lectin-binding assay [51]. BT3661 is thus likely to be involved in the degradation of gum arabic 431 

and arabinogalactan. Moreover, the v/[E]0 values for the polysaccharides were rather slow, which 432 

can possibly be explained by the number of β-L-arabinopyranosides and α-galactosides in 433 

polysaccharides being conceivable small; i.e., the substrate concentration may be too low. 434 

Alternatively, BT3661 is considered not to have specificity for polysaccharides. The enzyme 435 

might prefer oligosaccharides produced by the actions of endoglycanases. The genes for BT3661 436 

and BT3664 are located close to each other, but the former is not included in the RG-II PUL 3 437 

[40,41]. Thus, the physiological role of BT3661 is likely to be unrelated to that of BT3664. 438 

Conceivably, the gene for BT3661 was generated by a gene duplication of the gene for BT3664, 439 

and BT3661 has obtained specificity toward β-L-arabinopyranosides and α-galactosides through 440 
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distinct molecular evolution from BT3664. 441 

Since BT3661 exhibits the dual substrate specificity, which is found in GH97 for the first time, 442 

and to understand its substrate recognition mechanism, its crystal structure was determined and 443 

compared with the structure of BT1871, which strictly recognizes α-galactosidase. While both 444 

enzymes have similar active-site pocket structures (Fig. 3A), different structural features were 445 

found around a hydroxymethyl group of α-galactopyranoside (Fig. 3B). BT1871 stabilizes a C6 446 

hydroxy group of the α-galactoside through a hydrogen bond with a Glu residue (Glu351) [16], 447 

whereas BT3661 possesses Asn338 instead of this Glu residue. The mutational study suggests 448 

that the bifunctional substrate specificity of BT3661 relies on the length of the side chain of 449 

Asn338 and van der Waals interactions. Replacement of Asn338 by Glu, which was performed to 450 

mimic BT1871, substantially decreases the specificity toward α-galactoside; although, the 451 

negative charge at this location has a positive effect on its specificity, as shown by the N338D 452 

mutation (discussed below). The Ala mutation increases specificity to α-galactoside. These results 453 

indicate that a longer side chain at position Asn338 prevents binding of α-galactoside, whereas a 454 

shorter side chain creates additional space within the substrate pocket to accommodate the 6-455 

CH2OH of α-galactoside. Similarly, a substitution of Gln378 for Ala that increases the kcat/Km 456 

value 4-fold seems to afford space for the hydroxymethyl group at C5. N338A displayed a 457 

decrease in activity toward PNP-Ara, of which the kcat/Km value for hydrolysis was reduced to 458 

3.6% that of the wild-type enzyme. A reduction in the size of the side chain may facilitate weaker 459 

binding of β-L-arabinopyranoside because of the loss of a van der Waals contact. Substitution of 460 

Asn338 for Asp showed 50% reduction in the kcat/Km value for hydrolysis of PNP-Ara. The size 461 

of the side chain is near identical to that of Asn, but the negative charge of the carboxy group may 462 

destabilize the interaction with L-arabinopyranoside. The substitution results yielded an increase 463 

in the kcat/Km value for hydrolysis of PNP-Gal. The carboxy group of the Asp residue possibly 464 

forms a hydrogen bond with the OH-6 and promotes charge separation (O6δ−···H6δ+). Electron 465 

donation from the polarized OH-6 may stabilize an oxocarbenium-ion like transition state of the 466 



 20 

hydrolysis of α-galactoside. Double-mutant enzymes, N338E/Q397A and N338D/Q397A, were 467 

constructed to orient the carboxy side chains to match that of Glu361 of BT1871. The kcat/Km 468 

values of these mutant enzymes are, however, similar to their single mutant counterparts, N338E 469 

and N338D, suggesting that the orientation of the carboxy groups remains unchanged and the 470 

effect of Asn338 on the specificity is larger than that of Gln379. 471 

We show that BT3661 catalyzes the hydrolysis of both α-galactoside and β-L-472 

arabinopyranoside. Such dual substrate specificity has not been shown previously for GH97 473 

enzymes. We also identify that Asn338 is responsible for this bifunctional specificity by solving 474 

the crystal structure and using site-directed mutagenesis. In UniRef50_F9D4D2, approximately 475 

one-third of the sequences possess an Asn equivalent to Asn338 (Fig. 4) and these are expected 476 

to be bifunctional β-L-arabinopyranosidase/α-galactosidases. Moreover, another one-third of the 477 

sequences have Ala instead of Asn (Fig. 4) and these are likely to be α-galactosidases based on 478 

our mutagenesis study (Table 3). As an example, BT3664 with Ala334 at the equivalent position 479 

displays substantial specificity toward α-galactoside (Table 2). UniRef50_F9D4D2 is a cluster 480 

that has at least 50% sequence identity with BT3661 and can be expected to have similar 481 

enzymatic function [2,3]; however, the cluster is found to contain at least two kinds of enzyme 482 

with different substrate specificity. Clearly the functions of most proteins for which amino acid 483 

sequences have been disclosed by advances in genome sequence analysis remain unknown. The 484 

present study shows that substantive analysis of proteins is often required for clarifying their 485 

functions.  486 
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Figure captions 681 

 682 

Fig. 1. TLC analysis of BT3661 catalyzed hydrolysis of polysaccharides. Gum arabic from acacia 683 

(left two lanes) or arabinogalactan from larch wood (right two lanes) was incubated with (+) or 684 

without (−) BT3661 for 1 h at 35 °C in 40 mM sodium acetate buffer, pH 5.5, containing 10 mM 685 

CaCl2 and 0.002 mg∙mL−1 BSA. The sugars on the TLC were developed twice using a solvent 686 

system of acetonitrile:water (4:1, v/v). Standard arabinose and galactose are in the leftmost lane.  687 

 688 

Fig. 2. Overall structure of the BT3661 monomer. The N-terminal domain (residues 20–300) is 689 

blue, the catalytic domain (residues 301–554) is magenta and the C-terminal domain (residues 690 

555–647) is green. The catalytic residues (Asp408 and Glu463) and the calcium ion are shown 691 

by stick and sphere representations, respectively. 692 

 693 

Fig. 3. Comparison of the active site structure of BT3661 with that of BT1871 (PDB ID: 5E1Q) 694 

(A, B) and multiple sequence alignments of GH97 retaining glycosidases (C). (A) Stereo view of 695 

a superposition of the active site of BT3661 (cyan) and the catalytic nucleophile mutant (D415G) 696 

of BT1871 (orange). For residues involved in ligand (GalLac; β-lactosyl α-galactoside, yellow) 697 

binding, the conserved residues are represented by stick model. The residue numbers are those of 698 

BT3661. (B) Stereo view of a superposition of the active site of BT3661 and BT1871-D415G. β-699 

L-Arap (1→3) L-Araf (turquoise) was superimposed to GalLac. The differences are shown by 700 

stick model. The color codes are the same as (A). (C) Multiple sequence alignments around 701 

residue differences between BT3661 and BT1871 along with a phylogenetic tree. The alignments 702 

and the tree were constructed using amino acid sequences of the catalytic domain of the retaining 703 

GH97 enzymes. Similarity colors are based on the BLOSUM62 scoring matrix. The residues 704 

relevant to the C6 hydroxy group of α-galactoside are boxed in red. Secondary structure elements 705 

and residues numbers of BT1871 and BT3661 are depicted on the top and bottom, respectively. 706 
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 707 

Fig. 4. Graphical representation of the sequence conservation of amino acid residues in the region 708 

surrounding Asn338 (left) and Gln378 (right) of the UniProt Reference Cluster that includes 709 

sequences with at least 50% identity to BT3661 (UniRef50_F9D4D2). The residue numbers are 710 

those of BT3661. Sequence logos were generated using Skylign (http://skylign.org/). 711 

 712 

Fig. 5. Substrate-binding pockets of BT3661 (A) and BT1871 (B), and alignments of the 713 

sequences forming the +1 subsite (C). Secondary structure elements and residues numbers on the 714 

top and bottom of the alignment were those of BT1871 and BT3661, respectively. Similarity 715 

colors are based on the BLOSUM62 scoring matrix. The residues relevant to the aromatic clamp 716 

are boxed in red. 717 
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Table 1.  

Summary of crystallization conditions, data collection and refinement statistics. 

 BT3661 

PDB ID 5XFM 

Data collection  

Beamline SPring-8 BL41XU 

Space group P1 

Unit cell parameters a, b, c (Å) α, β, γ (°) 72.8, 90.5, 128.6, 105.5, 94.8, 96.2 

Wavelength (Å) 1.0 

Resolution range (Å) 50.0–2.3 (2.38–2.3)a 

Rmeas (%) 15.0 (47.1) 

<I/σ(I)> 6.6 (2.7) 

Completeness (%) 90.0 (81.9) 

Redundancy 3.2 (3.2) 

Refinement  

No. reflection 125,374 

Rwork/Rfree (%) 20.7/25.3 

No. of atoms  

Macromolecules 20,162 

Ligand/ion 4 

Water 1,257 

B-factors (Å2)  

Macromolecules 29.7 

Ligand/ion 23.8 

Water 28.8 

Estimated coordinate error 0.31 

RMSD from ideal  

Bond lengths (Å) 0.005 

Bond angles (°) 1.03 

Ramachandran plot  

Residues in favored regions (%) 95.6 

Residues in allowed regions (%) 4.2 

Residues in outliers regions (%) 0.2 
a Values in parentheses are for the highest resolution shell. 
*Rmeas = Σhkl {N(hkl) / [N(hkl) – 1]}1/2 Σi | Ii(hkl) – <I(hkl)> | / Σhkl Σi Ii(hkl), where <I(hkl)> and N(hkl) are 

the mean intensity of a set of equivalent reflections and the multiplicity, respectively. 
**Rwork = Σhkl ||Fobs| – |Fcalc|| / Σhkl |Fobs|, Rfree was calculated for 5% randomly selected test sets that were 

not used in the refinement. 
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Table 2. 

Hydrolytic rates on 2 mM PNP glycosides. 

Substrates 
BT3661 BT3664 

v (µmol/min/mg) 

PNP-Ara 0.558 6.45 × 10−2 

PNP-Gal 0.208 3.17 

PNP-Glc N.D.a 1.03 × 10−3 

PNP-Xyl N.D. 2.29 × 10−4 
a N.D.: not detected. 
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Table 3. 

Kinetic parameters for hydrolysis of PNP-Ara and PNP-Gal by BT3661 and its variants. 

 PNP-Ara PNP-Gal 

 kcat Km kcat/Km kcat Km kcat/Km 

 (s−1) (mM) (s−1 mM−1) (s−1) (mM) (s−1 mM−1) 

Wild type 5.51 ± 0.23 14 ± 1 0.400 ± 0.003 3.55 ± 0.30 25 ± 4 0.14 ± 0.01 

N338E   0.510 ± 0.006 a   0.0154 ± 0.0001 a 

N338A   0.0145 ± 0.0001a 11.5 ± 0.22 11 ± 0 1.2 ± 0.0 

N338D   0.199 ± 0.006 a 5.01 ± 0.23 11 ± 2 0.44 ± 0.05 

Q378A 4.53 ± 0.20 11 ± 1 0.427 ± 0.013 3.34 ± 0.05 5.5 ± 0.4 0.61 ± 0.03 

N338E/Q378A   0.419 ± 0.004a 0.406 ± 0.031 24 ± 4 0.017 ± 0.002 

N338D/Q378A   0.254 ± 0.003 a 3.39 ± 0.13 8.3 ± 1.3 0.42 ± 0.05 

a These values were obtained from hydrolytic rates at low substrate concentrations of 1−2.5 mM.
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Supplementary Fig. 1.  Phylogenetic tree of GH97 members. Amino acid sequences of the 

catalytic domain (PF10566) were aligned by Clustal omega. A maximum likelihood phylogeny 

was estimated from the alignment obtained using PhyML-SMS. Amino acid sequences having 

Glu at β-strand 5, Asp at β-strand 4, and Asp at β-strand 5 were colored by green, blue, and 

yellow, respectively.
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tr_Q5L8Y9                                              c                        B KddG  KddddG                  B  B   B B      KG                                             E                        V FRVF  GIAYRF                  V        F       L ......NYA E    DN      VTDK....KG..DNI... MG DFAIN PTNYKAH S

tr_Q8A2L1                                              c                        B KddG  KddddG                  B  B   B B      KG                                             E                        V FRAF  GIAYRF                  V        F       L ......NYS E    ND      ITRQ....KG..EIE... LG DLSLQ PTDYLLH Q

tr_D5BGL4                                              c                        B KddG  KddddG                  B  B   B B      KG                                             E                        I FKAY  GIAYRF                  V        F       L ......NYS E    NE      KLGK....KG..SLE... IQ NFDIV PAEYTLH Q

tr_D2QSA9                                              c                        B KddG  KddddG                  B  B   B B      KG                                             E                        L FRVY  GVAYRF                  V      F F      Y  ......QHA E    DD      RTAF....TD..SIT... RT TAR A ADNPTV YP

tr_C6W680                                              c                        B KddG  KddddG                  B  B   B B      KG                                             E                        V FRVY  GVAYR                   V      F F      Y  ......AFT I    DD     IATSL....PG..EIT... RS TAA R PANHPV FP
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tr_D5BGL4                                                  c                             KG  B     B                   KdG        K                                                P                             YE  Y                          VL        IQ..........TPSFKTS  YP TH.LKSSDFT.....AE..ESMSVL   IETTGNHK 
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tr_A3QFB6     c                                                        dddG  B   B B  B             B                                 E                                                        LLT   L   Y G  L                                                TD Q.S P LW RGK..GDGNVYGVHP.FELDK..........DEQYTKDLG...I

tr_Q5L8Y9     c                                                        dddG  B   B B  B             B                                 E                                                        LIS   L   Y    L             F                                  AD S.D PCMF KST..GKNGMQSI PKAPLAF..GEDGDR..SLKITEEAD...Y

tr_Q8A2L1     c                                                        dddG  B   B B  B             B                                 E                                                        LIS   L   Y    L             F                                  SD S.D PCMF KGN..GTNGISSI PKVPLAF..GEDGDR..SLKIEKEAE...Y

tr_D5BGL4     c                                                        dddG  B   B B  B             B                                 E                                                        LIS   L   Y    V             F                                  SD L.N PAMF KGT...GNGLKSV PKNPIDF..EDEGDR..SMKILKRAD...Y

tr_D2QSA9     c                                                        dddG  B   B B  B             B                                 E                                                        VLT   L   Y G  L             F                                  SD L.D P MF TRN...GNGLTGI APYPLTE..KLVAAEYSQYIVSKRAD...F
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tr_C7PTT2                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R V I      LL N L Y LA  P    D SWV  KPGKIAN........IQGPQSF   L M ARQDGD  S Q V Q  .P A.TG Y   ..    

tr_A3QFB6                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R L I      LL N M Y LA  P    D SWI  KPGKVSK...........SRSY   I A ARSDGE  D Q S T  .E SRIE T   ..    

tr_Q5L8Y9                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R M I      LI N M Y L   P    D SWI  KPG IAK........TDGKRSF   M V SKEDKE  E E V N S.A CVLE Y   ..   Q

tr_Q8A2L1                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R   I      LV N M Y LA       D SWI  KPG IAK........TSGKRNF   YFV TKEDKQ  E T T K  .DKNQLE V   ..   Q

tr_D5BGL4                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R   I      IL N M   LA  P    D  WI  KPG VAK........IDGNRTL   YFV SDKDTE  E T SAN  .T NVLK VE  ..   Q

tr_D2QSA9                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R L I      L  S M Y LA  P    D SWV  KPGKIAR........TTGKRTF   V V G.TDRD PA D V R  .T SRIG A   ..    

tr_C6W680                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R L I      L  N L Y LA  P    D SWV  KPGKLAK........TKGTRAF   V I AAQDKD PA D V R  .S SRVA V   ..    

tr_R5UY73                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R   I      IL S L Y L        D TWV  KPGKLIP........TCGKRVF   VTG FDNASS  Q E I L SEEKEQAA Y   ..    

tr_E8V2F0                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                            R L V      LI N L   L        D SWI  HPGKAVT........GTLPHHSA  V G ADEPGK  E N QTD S.PESRVK T   ..    

OWNID_5xfmA                    c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I V      IV T V W VV  P           R GRAPA........FALPGAT   T T GDHLKP  E T P D  .S LYETKHD.Y.. F  

tr_A6KZ33                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I V      IV T I W VV  P    E T      GRSPG........LALPGST   T T GENLKP  E T P D  .E LYPT H .Y..QM  

tr_R5VXS7                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I V      IV T V F VV  P           K GRTPG........LALPGVT   T T GSGLKP  E T P D  .E LYEPSQE.Y.. F  

tr_R5VWB3                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I L      IV T V F VV  P             G SPG........IALPGKT   T T GSTLAP  E T P D  .E LYEPSKD.YTAEY C

tr_D6D0J3                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I V      IV T V F VV  P             GRSPG........IALPGET   T T GKTLAP  E T P D  .K LYPAKGE.Y..TY  

tr_A5FD29                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I V      IV T I F LV  P           K  KAPG........IPLIGET   T T GETLNP  E T P D  .K KYEASKE.Y.. YT 

tr_R5LYV6                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                            K I V      IV T   Y  V  P            PGRTIA........ASIPSLTS  T T GETLKP  E TSA DN .R LYEPTQV.Y..Q   

tr_R6B488                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I V      IV T I Y VV  P      N    KP RFAG........IPLPGET   T T GASLAP  E T P D  .E LYEASQ .Y..  S 

tr_R6C1F0                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R I V      LV T I Y VV  P             GKSAA........FILPGST   T T GSDLKP  E T P D  .E RFKASQK.Y..GT  

tr_A6KWX6                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R A I      IV S L   V   P    D QWI  KPG ...........CPSGWYS   V I G.TLAD  E T VTD S.E CKIQ T   ..   L

tr_R5V6Z4                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R A I      VV S L   V   P    D SWI  KPG ...........VSGRWCS   V I G.SLAD  E T VTD S.E CRLS V   ..   V

tr_Q8A1J7                     c                                                          KdG B B      KG B B B KG  B    B KdG  Kddd                   W                                                          P R L I      IV S L   V   P    D SWI   PG ...........LGDSFTS   V M G.SLSD  E T VTD S.E NKIS T   ..M  S

tr_R6KK91                     c                                                          JIH C C      JH C C C JH  C    C JIH  JIII                   W                                                          P R I I      I  T M   L        D SWI  K GREPV........SELPWFT   A I GDDLNT FQ Q ISH N.PASVVN E   .. A  
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PDBID_3a24A                                 c            c  c           F A A                  A    A DEEEF   A DEEEEF  A                                           D            D  W           V W W                  N    K YI FA   G EYVIL                A D WNDW.NLDG..VDFVTGV NPTY A     SAN I      EG AVNLQADLMQV

tr_A6L9E7                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G EYVIL                A D WNDW.NLYG..VDFRAGI NPTY Y     AEH I      EG AVNLQADMMQV

tr_R6WPH8                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G EYVIL                A D WNDW.NIYD..VDFRAGI TETY Y     AEH I      EG SVNMAADLMQV

tr_D4IM97                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G EYVIL                A D WNTW.NLYG..VDFKSGI NETY Y     ADH I      EG AVNKKADLFQV

tr_R6KSN5                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G EYVIL                A E WNSC.GLSG..VDFKAGV NVTY A     SKH I      EG AVNLKADLFQV

tr_D6CY08                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G EYVIL                A D WNDW.NLYN..VDFRAGI NETY Y     SKF I      EG AVPGKADLFEV

tr_A5FA11                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA     EYVVL                A D WNDW.NIYN..VDFKAGI TQTY Y     SKNKV      EG SV..ETDIMKH

tr_E4T1A6                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           A W W                  N    K YI FA      YIIL                A D WNNW.NITH..VDFKAGI TPTY Y     SANKIS     EG SV..EGDLSKV

tr_R7EPT5                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA     EYIII                A D WNTC.NLTG..VDFKAGM TPTY K     AENQL      EG SGK.ESLMEDI

tr_A6KZF1                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G EFIVL                A D WNDW.NLKG..VPFKAGI MDTY Y     SRN L      EG YDPKSGDMLTV

tr_A4ASM2                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K FI FA   G EYVIL                A D YNAN.NIYG..VDFEAGV DETY Y     SNN I      EG TKS.TTEILED

tr_B1ZN91                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G DYVVL                A D WNAN.NVFG..VDFKSGV TATY Y     AAN L      EG YK..LGNVLDV

tr_C7PTT2                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G EYVLL                Q D WHYN.NIYD..VDFRAGI NETY Y     AKY I      EG CD..TRDLMKL

tr_A3QFB6                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           I W W                  N      YA FA   G E ILI                A D YNEN.NLKG..VDFKAGI TETYQY     ADF I N    DG SS..QEDVLNV

tr_Q5L8Y9                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K YI FA   G  YIIM                S E WHDA.RLYG..VDFRSGF MDSY Y     SKF IP     EG AKN.TRDPFTP

tr_Q8A2L1                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K FI FA   G  YIIM                S E WNGA.TPYGQDVTFKAGC LETY Y     SKF IP     EG AKS.TRDPYTP

tr_D5BGL4                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N    K FI FA   G  YIIM                S E WNGA.SPYN..VDFVAGF EETY Y     SEF IP     EG AAS.TTDPYTP

tr_D2QSA9                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W               W                  N    K YV FA   G D ILL               CTDE ITNI.NLYN..VPFRAGV TETY Y     KRF F R    AG SD..NNDLFKI

tr_C6W680                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           A   W                  N    K YI FA   G E IMM                TDE IITS.NIFN..VPFKSGI TATY Y     KRF F R    AG SD..NNDLFKI

tr_R5UY73                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W W                  N       V YA     EYVLI                L D WNDR.NIYH..INFKSGI TDTYLYL    AKHHI      EG SA..RNDLLTL

tr_E8V2F0                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           A W W                  T    K YV FA   G  Y  L                S N WVDNVNGKG..ESGNKEF TETM Y     AKS FP FF  AG A...SQDITKT

OWNID_5xfmA                                 c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N      YI FA   G EYALI               GT S ILWQ..........DGSI YDDQVR     SAM Y      NW DT........R

tr_A6KZ33                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N    K YV  A   G EYVLI               GT S ILWQ..........DGSI FDDQ K   L AAM Y      NW DT........N

tr_R5VXS7                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N      FI  A   G EY LI               ST S IMWQ..........DPSI YDDQIR   L SEM Y  T   GG EK........N

tr_R5VWB3                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N    K YV F    G   VLV               GT S IIAG..........DASM MDDQ R    CAAM YRT    AL DT........Q

tr_D6D0J3                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N      YI F    G   VLV               GS S IIGM..........DGST YKEQLR    SAAM YQS    AL DK........Q

tr_A5FD29                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  T    K YI F    G E ILV               GS S IIKM..........DNNT FPVQ Q    SARM Y T    AL DT........Q

tr_R5LYV6                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N      FI  A   G EYILI               ST S ILWQ..........DASC YKDQQT   L AAM Y      AL DK........Q

tr_R6B488                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N       I  A   G E ILV               YT S LIWQ..........DGSI YDDQVKM  V AAQ Y A    AW DK........Q

tr_R6C1F0                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W             W W                  N    K FI  A   G EYVLV               YA S LIWQ..........DESC YNDQ L   L ATM Y      AL DT........Q

tr_A6KWX6                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W Y                       K YI FA      YMLI                S I WAYN..........HGSKDYQIV K     ADFDLP     WE DA........M

tr_R5V6Z4                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           V W Y                       K YI FA      YMLI                S I WAYN..........HGSRDYQII K     ADFHLP     AE DE........M

tr_Q8A1J7                                  c            c  c           G B B                  B    B KdddG   B KddddG  B                                           D            D  W           A W Y                  N    K YI  A      Y LI                S V WAHN..........HGSK FKIV D   L VDMKWP S   AE NE........M
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tr_R6WPH8                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   I ELV Y K K V I L                                    VKI EID P   N G S N G I  AGYHA............FDR..DMEKVVKHYSNM   

tr_D4IM97                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L ELV Y K R V I L                                    IKV EID P   A G E G G V  AGFYA............TER..DLERVCKHYSEM   
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tr_D6CY08                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L ELI Y K K V L L                                    IKI EID K   S A S N D I  AGYRA............FEK..DMDRVCKHYAAM   

tr_A5FA11                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L  LI Y K R V I L                  L                 VKN NVD EA  A A E N G I  ASWMA............ HE..NIDGVFDNYAKL   

tr_E4T1A6                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L EIV Y K K V V L                  I                 VKS AIN K   D G Q H D I  ATWSN............ AR..QMDEIFPQYSKM   

tr_R7EPT5                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L ELV Y   K I I L                  I                 IKS EIN E   A GNQ G G I  ASWRNLTGGGD...... SP..AVEQVISHYAQM   

tr_A6KZF1                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L ELI Y K K V I L                  L                 IKI ELD P   A G S G E V  TVFNV............ DS..QLEAACKKYADM   

tr_A4ASM2                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G       V  LI Y K K V I L                  L                 A NENID PG  K A S N E I  VLWKP............ YE..DPEKILSLYASW  V

tr_B1ZN91                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   V ELV Y R K V I L                  L                 VRV EID P   A G Q N S V  VVWKT............ ED..QLQPALDQFAQW   

tr_C7PTT2                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   V ELV Y K K V I L                  L                 VKT GID K   D A A N N L  SSWLV............ DK..QLDMALDKFREW   

tr_A3QFB6                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   M  II   K R V V L                  L                 I L GID QA  AHA A G G Q  VPYSA............ DK..NLEEAFKLYAKW  N

tr_Q5L8Y9                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L ELI Y K R V I L                  V                 I N TIN T   K G D N K V  LPWLT............ EN..HFD.LFKTFADW  A

tr_Q8A2L1                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L ELI Y K K V I L                  V                 IKN DVD H   R G E N G V  LTWLT............ EK..NFD.LFKTFNEW   

tr_D5BGL4                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   L ELI Y K R V I L                  V                 I N DID F   E G K N K V  LTWLT............ EH..HFD.LFEKFAEW  A

tr_D2QSA9                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   I ELV Y H   I L M                  L                 V T GMN P   A A SQG K S  TLAAT............ DR..QLEPAMKQFQSW  D

tr_C6W680                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   M EIV Y K K V I M                  L                 V N DID D   A A S G G S  TLALT............ DK..QLEPALKQFSKW  D

tr_R5UY73                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   P   I  I  Y   K V I L                  I                 VKN DVD PR CE ATE G G Q  SKWVN............ MR..QMDEAFAQFSKW   

tr_E8V2F0                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   G   V ELV Y   R V V I                  V                 V N RVD P   R AAA N K W  LYSEA............ MK..QMKEAFPVYEQW  A

OWNID_5xfmA                       c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   G   M  LV Y R K V L L                  M                 VKI HQR KS  E A D G E F  YSSSGYWNDIEQGPVNR DNAIIRKREMKWLQSL   

tr_A6KZ33                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   G   M D I Y H K V V L                  M                 VKI RER K F D A S N D F  YSSSGYWNDIVQGPTNY DNPIIRKKEMKWLHNI   

tr_R5VXS7                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   G   M EL  Y H K V V V                  M                 VKI RDR E  FK A Q N D F  YNSNGYWNDAPQDAKQC SNSVARKKEMKWLQKC   

tr_R5VWB3                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   G   I ELA Y K K V L L                  M                 IKV YDK E   A A Q N G Y  YNSNGYWNDAPQGPRGK SNIIERRKEMKWMQRI   
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tr_A5FD29                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   G   I ELA Y   K V L L                  M                 IKI KDK A   Q GTE G G Y  YNSNGYWNDAPQGPRGM DNSIIRRKEMAWLKEI   

tr_R5LYV6                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G   G   M  LI Y   K V V L                  L                 VKI YEN PS  A AQS G D L  YNSNGNWNDAPQGPKHR DSAPARQKEMAWMKTL   
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tr_R5V6Z4                        c                                  c   B   B KdG B B B B B KG                 B                Kdd                      W                                  G       V DAL Y K K I   L                  L                 VKGNGGN E   A A Q N APL  YNSSTAW..CAFGPLYR NKPEMRQKEFAWLESM   
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tr_B1ZN91                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  T   QL   VVFESPLQ L   PS            FL  V T WDET  L FARPSSQG RCH   LY        M CDS  HYLRE.PD.MME  RS   E    RV D

tr_C7PTT2                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              L   T   QL   VVYESPLQ L   PT            FL  V T W  T  L PAEP TLG RSN   MY        M CDL  HYYHE.PV.AMD  QT   V QQ IP Q

tr_A3QFB6                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              M   T   QI   VIYESPLQ L   PT            FI  I T WDD   L WSRP SLT RAQ   MY        M ADT  SYRAE.PE.IPR  AA   V   FKV H

tr_Q5L8Y9                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              M   T   QM   IIFESGLQ L   P             FI  V   WDET  L RANA GSG RAF   LF        M ADN VYYYRE.LP.CTE  TS  VT    KV Y

tr_Q8A2L1                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              A   T   QM   VIFESGLQ L   PT            FI  V   WDET  L RPNS SIG RAY   LF        M ADN  LYYRN.ED.CTR  TQ  VT    VV E

tr_D5BGL4                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              A   T   QM   VIFESGLQ L   PT            FI  V   WD T  L RPNS AIG RAQ   FF        M ADN  NYFKN.EE.CTQ  TD  VT  Q IA E

tr_D2QSA9                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              M   T   QL   LVYDSPIS     PS            FL  V S FDET  L SGQV SQG RCH   MF        IFSGN  QALLE.PR.FME  GS   A    KV D

tr_C6W680                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              M   T   QL   VVYESPIQ     PS             L  I T WD T  L PENV SLT RTQ   MF        FFAGN  QGLKE.PG.FMEL GS   V  T RI D

tr_R5UY73                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              M   T   QL   VVYESPLQ I   PT            FI  I T WDET  L QHEP SQG RSH   MY        M SDS  KYDKN.LR.SFE  KS   T    VP E

tr_E8V2F0                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  T   QL   VVYENPI  V   PQ            FL  V T WDET  I NATPQVMG RAQ   LY       PM SDS  NYDGE.AAPAFQ  KD   T    HV G

OWNID_5xfmA               c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  T   QL   VL  NPVQ     PN            FM  V T WDET  V ...TTRRT DVF   TT  LQ    NFALA  NLKDVPAV.CMD  KR   T    RF D

tr_A6KZ33                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              I   T   QL   VLF NPIQ     PN            FM  V T WDET  I ...N RKT DVF   TA   Q    NFALA  NLTDAPQV.CLD  KQ   T    RF D

tr_R5VXS7                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              I   T   QL   VLY NPIQ     PN            FM  V T WDET  I ...T RKT DVF   TA   Q    NFALA  NLTDAPAL.AID  KQ   T    VF D

tr_R5VWB3                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              M   S    L   VLF SPVQ     PN            FM  V T WDE   I ...R RVT DVFA  TA   Q    HFALA  NLTDAPAW.AVD  KK   T   VKF D

tr_D6D0J3                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  S    L   VLF SPVQ     PN            FM  V T WDE   I ...SRRVT DVYA  TA   Q    HFALA  NLTDAPSW.AID  KE   T   VRF D

tr_A5FD29                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  S    L   VLF SGVQ     PN            FM  V T WDE   L ...SKRIT DVFA  TA   Q    HFALA  NLTDAPDW.AVK  KE   T   VRF D

tr_R5LYV6                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P              L   T   QI   VLY SGIQ     PN            FM  V T WDET  I ...T RKT DAF   TS   Q    HFGIT  NLTEQPEF.ILD  KK   V    RF D

tr_R6B488                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  S    M   V   S VN V   PN            WL  V T WDD   I ...HQRNT DIFE  TA TNQ S  C CLY  NLQDVPQW.ELD  KA   A   VKF A

tr_R6C1F0                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  T    M   IM    IQ I   PN            FL  V T WDET  I ...HRRYT DVFE  SA  NQAA  C AIY  NLSELPQH.EID  KS   T    KF A

tr_A6KWX6                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  T    L   VIFES LQ L   P             FI  L   WEDT  L ....PHIT DAHE  LL     A  H ADR EGYRQQPVE.VQN  RY  VA    RL S

tr_R5V6Z4                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  S    L   VAFES LQ L   P             FI  L T WDDT  L ....PHIT NGHE  LL     A  H ADR EGYHAQPAE.IRS  SS   V    KL S

tr_Q8A1J7                c                                  c              B   B   KdG  KddddddG B   KG            KG  KdG KddG  B               A                                  P                  T    L   VVFES LQ M   P             FL  L T WDDT  L ....PHIT CGHE  LS     A  H PDR EVYSSLPRK.VRE  SG   A    KL C

tr_R6KK91                c                                  c              C   C   JIH  JIIIIIIH C   JH            JH  JIH JIIH  C               A                                  P              I   T   QL   VVFESG Q                   FL  V   WDES  L ...A RKT MGH   LA      F CFADKAESYLSLPEQ.PKQ  KE  AA    VL A
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jk   jjjjjjj           k   jjjjjjjk      jjjjjk          jjj            ........... TT                      T.T         PDBID_3a24A
    560                   570         580        590              X                     X           X          X        

PDBID_3a24A                             c                               A  A DEEEEEF           DF   DEEF DF      A A A A   A  A    A                            W                               G  G YIV ARR           KG    YVG IT      R I V     L       A KM E   T   ...........  D.V    G  DWS..A D E DCS.F GDK.SYH 

tr_A6L9E7                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G    YVAIARR           HG    YIG LT      R L L L   L  G    L KVSE       ...........  N.D    A  NWT..P E D D S.F GE .DYT 

tr_R6WPH8                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G FVAIAR            HG    YVG LT      R V L L   L  G    L KV E      L...........  N.D    A  NWD..A E E D S.F GD .NYK 

tr_D4IM97                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YV IARR           KG    YVG MT      R L I L   L  G    A RV E  S    ...........  D.T    G  DWN..A T T D G.F GE .AYT 

tr_R6KSN5                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YI MARR           KG    YVG LT      R M   L   L  G    I KI E  S    ...........  D.V    A  NWK..K T EFD S.F GE .KWT 

tr_D6CY08                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G  IVMAR            K     YVG LT      R V V L   L  G    A KV EH     E........... DG.I    G  DWK..E D E D S.F GD .EFN 

tr_A5FA11                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YI IARR           KG    YLG IT      R I I     L  G    A EV K  S    ...........  N.T    A  NWD..S D T DFS.F EK KKFQ 

tr_E4T1A6                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YAALAR            K     YVG MT      R L L     L  G    A EV E      Q........... DG.I    A  NWN..S Q T DFS.F PE .NYK 

tr_R7EPT5                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G    YI IARR           KG    FVG MT      R   I L   L  G    A KIAE  T    ...........  N.T    S  NWT..P SCT D S.F SE .NYE 

tr_A6KZF1                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YIV VRK           K     YIG MT      R V L     L  G    A EL K   T   ........... DV.N    G  NWD..E D Q DFS.F PE MSYT 

tr_A4ASM2                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G    YIIVARR           KG    YLG MT      R   V L   L  G    M KVSD       ...........  N.N    A  DWT..S EFE D S.F GN .EFD 

tr_B1ZN91                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                    YVVVARR           RG    YLG IT      R L L L   L  G    LARISD       ...........  A.D    A  DWN..T E E D S.F SE .RFT 

tr_C7PTT2                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                  G YVAIAR             P    YIG MT      R L L L   L  G    IAKV E      Q...........A NGD    A  NWT..P E T D S.F GE .SFK 

tr_A3QFB6                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                  G Y  IARR            G    YIG MT      R   I L   L  G    MASI E FT    ...........A D.N    A  NTQ..A SQQ N D.F GD .EYE 

tr_Q5L8Y9                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                  G  VVVAKR           KG    FIG IT        I I L   I  G    LAKV EA      ...........  E.Q    G  GNQ..PQN E D G.F PA QSFT 

tr_Q8A2L1                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                  G YVIVAKR           KG    FIG MT      R   I L   L  G    VAKV E       ...........  E.K    G  NDKENE EFE N D.F KD RTYR 

tr_D5BGL4                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                  G YAIVAKR           KG    YLG I       R   I L   L  G    LAEV Q       ...........  K.Q    G ANSKEDE TFK K D.F PE ETLQ 

tr_D2QSA9                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                  G YIV AR            KG    YIG L       H L L L   L  G    AAQL Q   S  Q...........  N.D    G GNWS..A D T S D.F GD .AYE 

tr_C6W680                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                                  G YVV ARK           KG    FIG LN      R L I L   L  G    AARL D   T   ...........  S.D    A  DST..A E S P D.F PA .QFN 

tr_R5UY73                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YIALARR           H     YIG IN      R I I L   I  G    I EV E       ........... ND.T    V  GAT..P H E D S.F GN .PKK 

tr_E8V2F0                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G Y  IVRR            G    YLG MT      R L V L   L  G    A EV E ST    ...........N R.E    S  NWT..P D S L S.F GS .RYV 

OWNID_5xfmA                             c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YVVLARR            G    YL  VN        L L L      G    V YP K       ...........Q D.T   AA  AGKE.PLK K D E.M.FA ..KT 

tr_A6KZ33                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YVVLARR           H     YI  IN        L L L      G    V YP K       ........... AD.K   AG  AQKE.PLK K N P.MCTK ..DK 

tr_R5VXS7                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G Y VLARR           HG    YV  VN        L L L      G    V YP K C     ...........  A.R   VG  AQKE.PLK S N P.MWEK ..ET 

tr_R5VWB3                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YIVMARK           H     YV  IN        L I V      G    V YP K       ........... AG.K   AG  AQDE.TIK K D STLFAA ..EI 

tr_D6D0J3                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YVILARR           HG    YI  VN        L V L      G    V YP K       ...........  D.K   AG  AQKE.TLK K N P.MFSN ..EK 

tr_A5FD29                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YVILARR           KG    YI  VN        L L L   M       L YP K       ...........  T.K   AG  AQKE.TLS K K P.M VSD..AS 

tr_R5LYV6                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G Y VVARR            G    YI   N        L L L           V YP K C     ...........Y N.Q   AAT ATKQ.PMK N S P..WLTN..QQ 

tr_R6B488                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G    YAVVARK                 FVG LN        L L L   M  G    V YPTQ       ASAANTGTAAASAG.R    G  ATDK.PLA T N P.. FA ..KT 

tr_R6C1F0                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G YAVVARR           HG    YV  LN        L L L   M  G    V YP K       ...........  D.K   AG  GTDQ.VMK T N P.. LA ..KS 

tr_A6KWX6                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G     VVIARK                 YI  LN      K   V L   I       I YPAES      ...........SKD.S   SG  GTEN.T SFR N E.F KDS.IQL 

tr_R5V6Z4                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G    YVVLARK            G    YI  LN      K L V L   I  P    I YPSS       ...........S D.C   AG  GTNE.K S A D S.F QE .VKE 

tr_Q8A1J7                              c                               B  B KdddddG           KG   KddG KG      B B B B   B  B    B                            W                               G  G  IVLARR           KG    YIG LN      K L   L   L       M YP AD      ...........  D.V    G  GTNE.N T SFS V.P QVE.GKT 

tr_R6KK91                              c                               C  C JIIIIIH           JH   JIIH JH      C C C C   C  C    C                            W                               G    YAVVARR            G    YIG IS      R I   L      G      YPAD       ...........S D.V    G  GKEE.E E EFT P.AGCE ..KSF

jjjjk            jjjjjjjk    jjjjjk    jjjjjk                                         TT        TT                      PDBID_3a24A
600       610         620       630       640                 X         X           X         X         X               

PDBID_3a24A                                       cc                      A DF  A               A     A A A   DF DF                                                       GG                      F DG  A               I     L V L      AL                 TL K  VN HRAGR..DYKCESFP KKDGK K H APG  F  KIK..............

tr_A6L9E7                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               V     L I M      AA                 EL K  IN DRAAR..DYKKEVIP PTDRK K H APG  Y  RIQ..............

tr_R6WPH8                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               V     V V M      AA                 EL K  IN DRAAC..DYKKEVIP PADRK K K APG  W  KIY..............

tr_D4IM97                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               I     L V M      AL                 EL R  VN DKAAR..DYKRESVE PADRK T K APG  F  KVS..............

tr_R6KSN5                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y DG  A               V     L V L      AM                 EL K  IN DKIAS..DYRKSVIF PQNRK T N AEG  C  KIY..............

tr_D6CY08                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               V     L L M      VV                 EI R  IN DRVGK..DYKREVIR SDNKK N H APG  F  RIT..............

tr_A5FA11                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               V     L   L      AM                 EI S  LN DKAAT..DYKKEIVT DSTTK KYR ANG  L  IIK..............

tr_E4T1A6                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               I     L I L      AA                 VV S  IN DRDAT..DYKKETKS KSGDK K Q APG  W  RIE..............

tr_R7EPT5                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               V     L V L       A                 EI A  IN DREAT..DYKKEVRI TAKDK N Q APG  WT RIT..............

tr_A6KZF1                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               I     L L L      AM                 VL K  VN NKQAE..DYRKETIR DKDSR T H ASG  F  KLELCPVHGQVTGIPEG

tr_A4ASM2                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y DG  A               V     L I L       A                 QS K  IN SRNAQ..DYKVSSST NENTK K D SSG  YS IFT..............

tr_B1ZN91                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y DG  A               V     L L L      AA                 DE R  VN DRFAQ..DYKRSQVP NRETK K R AEG  Y  RIS..............

tr_C7PTT2                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      W DG  A                     L I M      VA                 DS K  IN DRNAK..DCKRESGTTDSHSK T K TKG  Y  RIR..............

tr_A3QFB6                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                        DG  A               V     L L M      AI                 QLLQ  IN GNFAE..DYKLIKKT TKGDS D N AAN  Y  QLI..............

tr_Q5L8Y9                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               V     M L M      A                  TS E  IN DRQAM..DYKKKEST NNQTR T K VRN  W GTIK..............

tr_Q8A2L1                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               M     L V M       A                 TS E  IN GYQAM..DYRMKSAA NKNQK S K ARN  FS VLE..............

tr_D5BGL4                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F DG  A               V     L I I      AA                 TS E  VN KRQAM..DYVKRTKT KKDDV E T VKN  W  KIE..............

tr_D2QSA9                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                        DG  A               V     L V L      LI                 VSCT  PN DRNPV..DYQFSTKT TRTES P H APG  F  RLR..............

tr_C6W680                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                        DG  A               L     L I L      MV                 TICE  VN DRYPA..DYRISEAV TSRDR T R APG  Y  RLR..............

tr_R5UY73                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                        DG  A               I     L I M                         KAHI  VN GQQAK..DSQIIEQV KDNEK P D SRG  YTGIIH..............

tr_E8V2F0                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y DG  A               V     L I L      AI                 EI E  AD ATSPK..HVHIRKET TAKST K K APG  V  HFI..............

OWNID_5xfmA                                       cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y D                   V     V L I      L                  AL K DKKG.......EPELTSLK KENGK Q E RPQ  I CIK...............

tr_A6KZ33                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y D   L               L     V I M      LL                 ML Q DKK .......NPHAEEIT KKNDE S T QAE  F  VK...............

tr_R5VXS7                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y D                   I     V V I      IL                 SY L NKKR.......QPQLEELK KNPAE K V QPD  I  TK...............

tr_R5VWB3                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y D   L               I     L L I      VI                 NL E NDK .......AGSVKEQV NKKQT N S PKN  V  TRK..............

tr_D6D0J3                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      F D   L               I     L L I      LI                 RL S DKA .......QGGVKQIE GKKQE Q A PCN  V  TK...............

tr_A5FD29                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y D   L               L     I I I      LI                 TC F DEK .......NGKVKTVH KKNKE E K PAN  I  VN...............

tr_R5LYV6                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                        D                   V     L I M      MI                 SIIH NEAR.......TAGLSQGA NKKGI T E QPM  A  YTK..............

tr_R6B488                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                        D                   V     A V I      II                 TYLT QPKKKGEKFF.TSVKKTLK GKDGK K V QPN  I  E................

tr_R6C1F0                                        cc                      B KG  B               B     B B B   KG KG                                                       GG                      Y E                   V     L V M      IV                 TY H TASKDKKALWPVSQMKNVK DKKGN K E QPK  L  EK...............
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Supplementary Fig. 2. Multiple sequence alignment of GH97 retaining enzymes.  
An alignment of full-length sequences and three-dimensional structures were 
made using MAFFTash (https://sysimm.ifrec.osaka-u.ac.jp/MAFFTash/). The 
alignment was rendered by ESPript 3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/
ESPript.cgi). 
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