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ABSTRACT

Glycoside hydrolase family 97 (GH97) is one of the most interesting glycosidase families, which
contains inverting and retaining glycosidases. Currently, only two enzyme types, a-glucoside
hydrolase and o-galactosidase, are registered in the carbohydrate active enzyme database as GH97
function-known proteins. To explore new specificities, BT3661 and BT3664, which have distinct
amino acid sequences when compared with that of GH97 a-glucoside hydrolase and a-
galactosidase, were characterized in this study. BT3664 was identified to be an a-galactosidase,
whereas BT3661 exhibits hydrolytic activity toward both B-L-arabinopyranoside and o-D-
galactopyranoside, and thus we designate BT3661 as a [-L-arabinopyranosidase/o-D-
galactosidase. Since this is the first dual substrate specificity enzyme in GH97, we investigated
the substrate recognition mechanism of BT3661 by determining its three-dimensional structure
and based on this structural data generated a number of mutants to probe the enzymatic
mechanism. Structural comparison shows that the active-site pocket of BT3661 is similar to GH97
a-galactosidase BT1871, but the environment around the hydroxymethyl group of the
galactopyranoside is different. While BT 1871 bears Glu361 to stabilize the hydroxy group of C6
through a hydrogen bond with its carboxy group, BT3661 has Asn338 at the equivalent position.
Amino acid mutation analysis indicates that the length of the side chain at Asn338 is important
for defining specificity of BT3661. The kc/Km value for the hydrolysis of p-nitrophenyl a-
galactoside decreases when Asn338 is substituted with Glu, whereas an increase is observed when
the mutation is Ala. Interestingly, mutation of Asn338 to Ala reduces the ke./Km value for

hydrolysis of p-nitrophenyl B-L-arabinopyranoside.

Keywords
Glycoside hydrolase family 97, [-L-arabinopyranosidase/o-galactosidase, Bacteroides

thetaiotaomicron, crystal structure, substrate recognition
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Abbreviations
HPAEC-PAD, high-performance anion-exchange chromatography with pulsed amperometric
detection; PNP, p-nitrophenol; PNP-Ara, PNP B-L-arabinopyranoside; PNP-Gal, PNP a-D-

galactopyranoside; PNP-Glc, PNP a-D-glucopyranoside; PNP-Xyl, PNP a-D-xylopyranoside.
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1. Introduction

A large number of glycoside hydrolases have been conscientiously classified into 145
glycoside hydrolase families (GHs), with some of these families deleted from the carbohydrate-
active enzyme (CAZy) database (http://www.cazy.org) [1]. Since CAZy classification is based on
amino acid sequence similarity, the database enables an understanding of evolutionary
relationships in the same GH enzymes, and facilitates prediction of structural features and
enzymatic functions of uncharacterized members. A certain GH contains obvious homologs with
high sequence identity and also proteins with low sequence similarity. In general, conservation of
function fluctuates in a cluster with 20-30% identity [2—4] and, in the case of GHs, a changes in
the primary structure is often associated with the divergence of substrate specificity [5].

Although sequence similarity is low, crucial amino acids required for catalysis and the
catalytic mechanism are generally preserved within a GH. However, GH97 contains inverting and
retaining glycosidases and is one of the unique GHs. As another example, GH23 is known to
include inverting lysozymes and retaining lytic transglycosylases. GH97, comprising five
subfamilies (97a—97¢), was established through sequence analyses [6]. Divergence of the catalytic
mechanisms in GH97 has been elucidated through structural and biochemical analysis [7,8]. The
mechanisms are governed by the arrangement of the catalytic residues on the “B-face” of the
substrate. HHET and HE motifs are located at the C-terminus of B-strands 3 and 5 of the (B/a)s
barrel catalytic domain of the inverting enzymes [7], and Glu residues in the motifs form the
catalytic general base of an inverting mechanism [7,8]. Retaining enzymes have a conserved Asp
residue that provides a catalytic nucleophile for the retaining mechanism at the C-terminus of f3-
strand 4 [9]. An additional characteristic of GH97 enzymes is the coordination of a calcium ion
at the active center. The calcium ion facilitates the departure of a leaving group and stabilizes the
deprotonation state of the base catalyst in an inverting enzyme [10].

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

database (http://pfam.xfam.org/), 718 out of 1035 sequences in bacteria are derived from this
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phylum. Bacteroides thetaiotaomicron, which is known to be involved in the breakdown of plant
polysaccharides and host-derived glycans in the colon [11-13], possesses 10 GH97 proteins.
Among them, one inverting a-glucoside hydrolase [7,8] and a small number of retaining o-
galactosidases [9,14] have been characterized. The inverting enzyme, categorized into subfamily
97a, is a member of the starch utilization system (sus) and catalyzes the hydrolysis of a-glucosidic
linkages of maltooligosaccharides, which are produced by the action of SusA and SusG [8,15].
This enzyme has several appellations, including 97A1 BACTH, SusB, BtGH97a, and BT3703,
which can cause confusion. We use the most commonly used locus-tag name in this paper. The
two retaining a-galactosidases, BT1871 and BT2620, which are members of subfamily 97b, are
believed to be involved in the degradation of the a-galactosidic linkage in galactomannan.
Substrate specificity of BT1871 has been examined for its transglycosylation properties [16].
BT1871 uses p-nitrophenyl a- and B-mannosides as accepter molecules and has a subsite structure
to accommodate a-galactosyl and o/Bf-mannosyl moieties. BT2620 forms part of a polysaccharide
utilization locus (PUL; MAN-PUL1) and has been proposed to degrade a terminal a-galactosidic
linkage in yeast o-mannan [14]. Apart from Bacteroidetes, a halophilic GH97 inverting -
glucoside hydrolase from the Arctic marine bacterium (Pseudoalteromonas sp. K8) has been
found to prefer the a-1,6-glucosidic linkage to the a-1,4-glucosidic linkage, which is distinct from
BT3703 [17]. The tolerance to high concentrations of salts is due to a chloride-ion binding site
where a unique Arg residue plays a central role [18]. Only these enzymes have well characterized
structures and functions, with most GH97 proteins uncharacterized.

Novel specificities are frequently discovered within existing GHs. Among the evolutionarily
related GHs to GH97, namely GH27, 31 and 36 [6-8,16], GH31 is such a family that consists of
enzymes with distinct functions. The family comprises not only hydrolases and transglycosylases
but also an o-1,4-glucan lyase [19,20]. In addition, several enzymes with unique specificity,
including 1,4-a-glucan 4-a-glucosyltransferase [21], a-galactosidase [22], sulfoquinovosidase

[23], cycloalternan-specific a-1,3-glucosidase [24,25] and dextranase [26], have been found in
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GH31 over the past years. These findings in the related family suggest the possibility that GH97
also contains an enzyme exhibiting unpredictable specificity.

This study aimed to identify a GH97 enzyme with novel specificity. We have interest in two
B. thetaiotaomicron GH97 paralogs, BT3661 and BT3664, which are categorized into subfamily
97c. These are annotated as putative a-glucosidases in UniProtKB. This study revealed that
BT3661 and BT3664 are a bifunctional B-L-arabinopyranosidase/a-galactosidase and an a-
galactosidase, respectively. In particular, BT3661 was demonstrated as the first specificity in
GH97. We also determined the crystal structure of BT3661, which enabled us to interpret its novel

specificity in GH97.

2. Materials and methods
2.1. Sequence analysis

The amino acid sequences of the catalytic domain of GH97 enzymes, collected from the seed
alignment in Pfam PF10566 (http://pfam.xfam.org/family/PF10566), and the GH97 paralogs in
B. thetaiotaomicron were aligned by Clustal omega [27] at the MPI Bioinformatics Toolkit server
(https://toolkit.tuebingen.mpg.de/#/) [28]. A maximum likelihood phylogeny was estimated from
the alignment by PhyML-SMS [29]. The bootstrap consensus tree inferred from 100 replicates
was taken as the evolutionary history. Amino acid sequences with Asp, corresponding to a
catalytic nucleophile residue, were manually collected from the members of the seed alignment
in Pfam PF10566 as representative sequences of GH97 retaining glycosidases. Multiple alignment
of full-length sequences and three-dimensional structures were made by MAFFTash
(https://sysimm.ifrec.osaka-u.ac.jp/MAFFTash/) (Supplementary Fig. 2). A dendrogram of the
GHO97 retaining enzymes was calculated using PhyML, as described above. Graphical
representation of the sequence conservation was made using Skylign [30]. The presence and
location of secretion signal peptide cleavage sites in the BT3661 and BT3664 sequences were

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

2.2. Gene cloning

Each gene encoding BT3661 or BT3664 was amplified from chromosomal DNA prepared
from B. thetaiotaomicron ATCC 29148 by PCR using the primers for BT3661 [5'-
ATGAAGAAACTTGTAAGCACT-3' (sense) and 5'-CTACTTTATACAAAGAATACCTCC-3',
(antisense)] or for BT3664 [5'-ATGAAACATTCCTTTAATTGTTTA-3" (sense) and 5'-
TTACTTTATTACTGCCACAAATCC-3' (antisense)]. The purified PCR products were cloned
into the pBluescript II SK (+) vector (Stratagene, Agilent Technology, Santa Clara, CA, USA),
and designated as SK-bt3661 and SK-bt3664, respectively. For construction of pCold-bt3661, the
gene coding for residues 20-647 of BT3661 was amplified by PCR from SK-b5£3661 using primers
with restriction cleavage sites: 5-CCGGGCGAGCTCCAGGATGTGGTTGTAAAAGGA-3'
(sense; Sacl-site underlined) and 5-GCCCGGCTCGAGCTACTTTATACAAAGAATACC-3’
(antisense; Xhol-site underlined). The PCR product was restricted with Sacl and Xhol, and cloned
into appropriately digested pCold I DNA (Takara Bio, Shiga, Japan). Sequence analysis revealed
a single base difference compared with the GenBank accession number NC_004663, which
resulted in an F478L mutation. For construction of pCold-bt3664, the sequence coding for
BT3664 residues 29-638 was amplified by PCR from SK-bt3664 using primers: 5'-
GCGGAGCTCGATACAGGTGTGATTTCT-3" (sense; Sacl-site underlined) and 5'-
GCGAAGCTTTTATTACTTTATTACTGCCAC-3'" (antisense; Hindlll-site underlined). The
resultant PCR product was restricted with Sacl and Hindlll, and cloned into appropriately
digested pColdI plasmid DNA. PrimeSTAR Max DNA polymerase (Takara Bio) was used for all

PCR experiments according to the manufacturer’s instruction.

2.3. Gene expression and protein purification

E. coli BL21(DE3) cells harboring pCold-bt3661 or pCold-bt3664 were cultured in LB
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medium (10 g-L™! Bacto tryptone, 5 g'L™! Bacto yeast extract and 5 g-L"' NaCl) supplemented
with 0.05 mg-mL"! ampicillin at 37 °C to mid-exponential phase (ODsoo =~0.7). The culture was
cooled on ice for 30 min, at which time isopropyl B-D-thiogalactopyranoside was added to a final
concentration of 0.2 mM and cells were incubated at 12 °C for induction of BT3661 or at 15 °C
for BT3664. The induction temperature was optimal for each recombinant protein production.
After 24 h with vigorous shaking, the cells were collected by centrifugation (5,000 x g, 5 min,
4°C) and resuspended in 20 mM Hepes-NaOH, 300 mM NaOH, pH 7.5 (buffer-A), followed by
disruption through sonication. The supernatant was obtained by centrifugation (20,000 x g, 20
min, 4°C).

Recombinant proteins were purified from the above supernatant, loaded onto a Ni**-chelating
Sepharose Fast Flow column (GE healthcare, Chicago, 11, USA), which was prepared according
to the supplier’s protocol and pre-equilibrated with buffer-A. After washing the column with
buffer-A containing 50 mM imidazole, the absorbed proteins were eluted with a linear gradient of
50 to 300 mM imidazole in buffer-A. Active fractions were passed through a Sephadex G-25 (GE
Healthcare) column pre-equilibrated with 50 mM sodium acetate, 100 mM NaCl and 25 mM
CaCl,, pH 5.5 (buffer-B). The obtained fractions were pooled and concentrated using a 50 kDa
MWCO Vivaspin 20 (Sartorius, Gottingen, Germany). For preparation of protein crystallization,
the protein was further subjected to a Sephacryl S-200 (GE Healthcare) gel-filtration column pre-
equilibrated with buffer-B. The active fractions were pooled, dialyzed against 20 mM sodium
acetate buffer containing 10 mM CaCl,, pH 5.5, and concentrated using a 50 kDa MWCO
Vivaspin 20. Fractions containing BT3661 were determined by specific activity and SDS-PAGE.
All purification steps were performed at 4 °C. The concentration of the purified protein was
estimated by amino acid analysis of a protein hydrolysate (6 M HCI, 110 °C, 24 h) using a JLC-
500/V (JOEL, Tokyo, Japan) equipped with a ninhydrin-detection system. The purification

procedures for BT1871 were described in our previous report [9].
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2.4. Enzyme assay

The hydrolysis activity toward each p-nitrophenyl (PNP) glycoside, PNP [-L-
arabinopyranoside (PNP-Ara) (Carbosynth Ltd., Berkshire, UK), PNP a-D-galactopyranoside
(PNP-Gal) (Tokyo Chemical Industry Co., LTD., Tokyo, Japan), PNP a-D-glucopyranoside (PNP-
Glc) (Nacalai Tesque, Kyoto, Japan) and PNP a-D-xylopyranoside (PNP-Xyl) (Santa Cruz
Biotechnology, Inc. Co., Santa Cruz, CA, USA) was determined at 35 °C in 50 mM sodium
acetate, pH 5.5, containing 10 mM CaCl, and 0.002 mg'mL ! bovine serum albumin (BSA), and
various concentrations of substrates. The reactions were stopped by mixing with two volumes of
1 M Na,CO3/50 mM EDTA-2Na. The amount of p-nitrophenol released was measured by
absorption at 400 nm in a 1-cm cuvette, using a molar extinction coefficient of 5560 M -cm™.

The pH-dependent hydrolytic rate of BT3661 and its variants was measured at 2 mM PNP-
Ara for wild-type (84 nM), N338E (35 nM) and N338E/Q378A (160 nM) or 2 mM PNP-Gal for
N338A (46 nM), N338D (198 nM), Q378A (162 nM) and N338D/Q378A (112 nM) in the
following buffers: 50 mM sodium acetate (pH 3.6-6.0), 50 mM Mes-NaOH (pH 5.0-7.0), 50 mM
Hepes-NaOH (pH 6.5-9.0) and 50 mM glycine-NaOH (9.5-12.5), all of which contained 10 mM
CaCl, and 0.002 mg'mL™' BSA. The susceptibility of BT3661 to pH was evaluated as follows:
the enzyme (84 nM) was incubated in the above-mentioned buffers for 24 h at 4 °C and then the
hydrolytic rate was measured using 2 mM PNP-Ara as the substrate. To examine the effect of
calcium ions, the enzyme activity toward 2 mM PNP-Ara was measured with various
concentrations of EDTA-2Na (0-3 mM). An appropriate volume of 0.5 M EDTA-NaOH solution
(pH 6.0) was added to make the reaction mixture. The enzyme concentration used was 177 nM.
The recovery of enzyme activity by addition of calcium ions was evaluated by measuring the
activity of the enzyme (177 nM) under various concentrations of CaCl, (0—100 mM) in 50 mM
sodium acetate buffer pH 5.5, containing | mM EDTA-2Na, 0.002 mg-mL ! BSA and 2 mM PNP-
Ara. The kinetic constants were calculated by fitting the Michaelis-Menten equation by nonlinear

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

at low substrate concentrations (1-2.5 mM).

2.5. Enzyme activity on natural polysaccharides

For the analysis of the hydrolysis of gum arabic from the acacia tree (Nacalai tesque) or
arabinogalactan from larch wood (Tokyo Chemical Industry Co., LTD.), the polysaccharide (40
mg-mL ') was incubated with BT3661 (480 nM for gum arabic and 32 nM for arabinogalactan)
at 35 °C in 40 mM sodium acetate (pH 5.5) containing 10 mM CaCl, and 0.002 mg-mL ! bovine
serum albumin (BSA). The reaction was terminated by heating at 100 °C for 5 min. The reaction
products were analyzed by thin-layer chromatography (TLC) and high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD). TLC was
performed using 0.25-mm layers of silica gel 60 F2s4 (Merck, Darmstadt, Germany). The sugars
were developed twice using a solvent system of acetonitrile:water (4:1, v/v) and visualized by
spraying with an a-naphthol-sulfuric acid solution (15% sulfuric acid in methanol containing 0.3
mg/mL a-naphthol), followed by heating at 110 °C for 5 min. The concentrations of L-arabinose
and D-galactose were measured by HPAEC-PAD using a Dionex ICS-3000 system
(Dionex/Thermo Fisher Scientific, Idstein, Germany). The analytical column (CarboPac PA1
analytical column, 4 mm L.D. x 250 mm; Dionex/Thermo Fisher Scientific) was equilibrated with
48 mM NaOH at a flow rate of 0.8 mL-min'. Samples containing xylose or sorbitol as an internal
standard were isocratically eluted with 48 mM NaOH. Sodium hydroxide solutions were prepared
from super special grade 50% NaOH solution (Wako Pure Chemical Industries, Ltd., Osaka,
Japan). The concentration of each saccharide was calculated from chromatographic peak areas
using a calibration curve prepared from known saccharide concentrations and an internal standard.
Chromatograms were evaluated with Chromeleon software (Dionex/Thermo Fisher Scientific).
The activity of BT3664 (731 nM) toward polygalaturonic acid (Nacalai Tesque) or pectin (Tokyo

Chemical Industry Co., LTD.) was analyzed by TLC using the same procedure as described above.
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2.6. Site-directed mutagenesis

Point mutations to BT3661 were introduced by site-directed mutagenesis using the methods
for the PrimeSTAR mutagenesis basal kit (Takara Bio). The oligonucleotides used for each
mutation were as follows: for N338E, 5'-ATCGATGAATGGTGGGATACTAGAATC-3’ (sense;
substituted codon in boldface) and 5'-CCACCATTCATCGATCAACGCATACTC-3’ (antisense);
for  N338A, 5-ATCGATGCCTGGTGGGATACTAGAATC-3"  (sense) and  5'-
CCACCAGGCATCGATCAACGCATACTC-3' (antisense); for N338D,
ATCGATGACTGGTGGGATACTAGAATC-3' (sense) and 5'-
CCACCAGTCATCGATCAACGCATACTC-3' (antisense); for Q378A, 5'-
ATTGAAGCGGGACCGGTGAACCGAATG-3' (sense) and 5'-
CGGTCCCGCTTCAATGTCATTCCAATA-3' (antisense). The mutant enzymes were prepared
from E. coli transformants harboring each expression plasmid, followed by the aforementioned

purification procedure.

2.7. Crystallization and data collection

Crystallization screening was performed using a series of crystallization kits from Qiagen
(Hilden, Germany) by the sitting-drop vapor-diffusion method, in which 0.75 puL of 10 mg-mL™!
protein solution (20 mM sodium acetate containing 10 mM CaCl,, pH 5.5) was mixed with an
equal volume of reservoir solution. The appropriate crystals of BT3661 for structural analysis
were obtained within 2 weeks at 20 °C under a reservoir solution containing 0.2 M lithium sulfate,
0.1 M Mes-NaOH buffer (pH 6.0) and 45% (v/v) 2-methyl-2,4-pentanediol.

Because the crystallization conditions of BT3661 contained 45% (v/v) 2-methyl-2,4-
pentanediol, which can be used as a cryoprotectant, the crystals were directly selected from
crystallization drops and flash cooled for X-ray diffraction experiments. Diffraction data were

collected on beamline BL-41XU at SPring-8 (Hyogo, Japan) under a stream of liquid nitrogen at

11
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100 K. The dataset was indexed, integrated, scaled and merged using the XDS program suite [33].
The asymmetric unit of BT3661 contained four molecules corresponding to a Matthews
coefficient [34] of 2.8 A3 Da™! and an estimated solvent content of 56.4%. The statistics of data

collection and processing are summarized in Table 1.

2.8. Structure determination and refinement

The structure of Bt3661 was determined by the molecular replacement method with the
program AutoMR in the Phenix program package [35,36] using the structure of GH97 a-
galactosidase (PDB ID: 3A24) as a search model. Several rounds of refinement were performed
using the program Phenix.refine in the Phenix program suite, alternating with manual fitting and
rebuilding based on 2F,—F. and F,—F electron density using COOT [36,37]. The final refinement
statistics and geometry defined by MolProbity [38] are shown in Table 1. PyMOL (The PyMOL
Molecular Graphics System, Version 1.8 Schrodinger, LLC.) was used to generate figures of the

solved structure.

3. Results
3.1. Sequence analysis of GH97 paralogs in B. thetaiotaomicron

A phylogenetic tree of the catalytic domains of GH97 members was constructed to search for
a sequence evolutionarily far from function-known proteins (Supplementary Fig. 1). Among the
10 paralogs in B. thetaiotaomicron, BT3661 and BT3664 classified into GH97 subfamily 97c [6]
have distinct amino acid sequences compared with that of the function-known proteins, BT3073,
BT1871 and BT2620. BT3661 and BT3664 have an Asp residue conserved in retaining GH97
enzymes [9] but do not have HHET and HE motifs found in inverting enzymes [ 7], which suggests
that BT3661 and BT3664 are retaining glycosidases. The subcellular localization of BT3661 and
BT3664 were predicted by LocTree3. Localization of both proteins was predicted to be secreted:

the space external to the outermost structure of a cell. The secretion signal peptides of these two

12
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enzymes were predicted by Phobious. BT3661 and BT3664 were predicted to have a secretion

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

3.2. Production of BT3664

Recombinant BT3664 was successfully produced in E. coli transformed with pCold-b¢3664.
Substrate specificity of the recombinant enzyme purified by Ni**-affinity chromatography was
examined with 2 mM PNP-Gal, PNP-Ara, PNP-Glc and PNP-Xyl (Table 2). The enzyme
exhibited substantial activity toward PNP-Gal, which is ~50 times larger than that toward PNP-
Ara, and minimal activity towards PNP-Glc and PNP-Xyl. No product was detected on the TLC
plate from the reaction mixtures containing BT3664 and each polysaccharide (polygalacturonic

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

3.3. Production and characterization of BT3661

Recombinant BT3661 was produced using the expression plasmid pCold-b¢3661, which
encodes mature BT3661 with an N-terminal (His)s-tag. The hydrolytic activities toward 2 mM
PNP glycosides were determined (Table 2). The enzyme hydrolyzed PNP-Ara and PNP-Gal with
velocities of 0.558 and 0.208 umol/min/mg, respectively, but no activity was observed towards
PNP-Glc or PNP-Xyl. The optimum pH for the hydrolysis reaction was 5.5. After treatment at
various pH values for 24 h at 4 °C, BT3661 maintained more than 90% of its hydrolytic activity
when compared with that of the original enzyme over the pH range of 4-12. In the presence of 1
mM EDTA-2Na, the enzyme lost catalytic activity and this was restored by the addition of 5 mM
CaCl,. Kinetic parameters of BT3661 for hydrolysis of PNP-Ara and PNP-Gal were determined
(Table 3). The kca/ K value of BT3661 for PNP-Ara was 2.8 times greater than that for PNP-Gal.
The kinetic parameters of BT1871 toward PNP-Ara, which exhibited a kca/Km value of 778 s
mM ! for PNP-Gal [9], were determined to know the hydrolytic activity of an unequivocal a-

galactosidase toward B-L-arabinopyranoside. The constants were 15.9 + 1.8 mM and 68.9 + 5.1

13
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s! for Km and kcar, respectively, and the kea/Km value for PNP-Ara (4.36 s mM ') was ~1/180 of
that for PNP-Gal. BT3661 exhibited the distinct substrate specificity of BT1871 and we thus
regarded BT3661 as a bifunctional B-L-arabinopyranosidase/a-D-galactopyranosidase.

The hydrolytic reaction of BT3661 on polysaccharide substrates, gum arabic from the acacia
tree and arabinogalactan from larch wood, was investigated. The release of arabinose and
galactose from gum arabic and that of arabinose from arabinogalactan were observed by TLC
(Fig. 1). Release rates of these monosaccharides were calculated through HPAEC-PAD analysis.
The rates of arabinose and galactose release from gum arabic were 2.02 and 1.43 umol/min/mg
(v/[E]o=2.47 and 1.75 s7!, respectively). The release rate of arabinose from arabinogalactan was

40.9 umol/min/mg (v/[E]o = 50.0 s™1), but that of galactose was below the detection limit.

3.4. Crystal structure of BT3661

The crystal structure of BT3661 was determined at 2.3 A resolution by the molecular
replacement method using the structure of BT1871 (PDB ID: 3A24 [3]) as the search model. The
structure was refined to crystallographic Rwork and R values of 20.7% and 25.3%, respectively.
The model showed well-defined geometric parameters based on the Ramachandran plot (favored
region: 95.6%, allowed region: 4.2%, outliers region: 0.2%). The crystal contained four BT3661
molecules in the asymmetric unit (residues 16—-647 for chain A, residues 20—647 for chain B,
residues 16647 for chain C and residues 19—647 for chain D were built, respectively). The
structures of the four molecules were very similar with RMSDs (root mean square deviations) of
0.13-0.21 A among 628-632 Co. atoms of respective chains. As the electron density for chain A
was more clearly visible than that for the other molecules, we have described the structure based
on chain A. The BT3661 monomer structure contains three domains (Fig. 2), which is similar to
other GH97 members: the (B/a)s barrel-fold catalytic domain (domain A, residues 301-554) is
located between two B-sandwich folded domains, the N-terminal domain (domain N, residues 20—

300) and the C-terminal domain (domain C, residues 555-647).
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A structural comparison with a catalytic nucleophile mutant BT1871 (BT1871-D415G) in
complex with B-lactosyl a-galactoside (PDB ID: SE1Q [16]) was performed by TM-align
(http://zhanglab.ccmb.med.umich.edu/TM-align/) [39] to understand the substrate-binding
features of BT3661. The comparison showed that the overall structure of BT3661 was fairly
similar to that of BT1871-D415G with a TM-score and an RMSD value of 0.86644 and 2.73 A
for 595 residues, respectively. The residues of the catalytic nucleophile and general acid/base are
Asp408 and Glu463, respectively, and a calcium-ion, to which three glutamates coordinate,
Glul79, Glu457 and Glu463, were almost identical to that of BT1871. The residues, Trp304,
Trp306, Asp337, Trp366, Lys406, Phe409, His438, Glud457 and Glu463, which would be
associated with the stabilization of a sugar moiety at the —1 subsite through a hydrogen bond or
van der Waals contacts, were also placed with positions and orientations similar to BT1871 (Fig.
3A). In contrast, residues involved in the stabilization of a C6 hydroxy group of the a-galactosyl
moiety were different between BT1871 and BT3661 (Fig. 3B). The former used Glu351 to
stabilize this hydroxy group through a hydrogen bond with its carboxy group, whereas BT3661
used Asn338. Almost half of the representative sequences of GH97 retaining glycosidases, which
are collected from the seed alignment in Pfam PF10566, possess a Glu residue at this equivalent
position and the sequence with Asn represents a smaller part of the group (Fig. 3C). For the
sequences recorded in UniRef50 F9D4D2, which is a cluster of amino acid sequences that have
at least 50% sequence identity to and 80% overlap with BT3661, approximately one-third of the
sequences possess an Asn equivalent to Asn338. Other sequences in this cluster have Ala, Gly, or
Ser rather than Asn, but no sequence was found to have Glu at this position (Fig. 4). The side
chain of Glu351 of BT 1871 forms a hydrogen bond with His245 on a B-hairpin (His233—-Ala260)
of the domain N (Fig. 3B). BT3661 had no corresponding B-hairpin, but the B—a loop 3 (Ser369—
Met384) of the catalytic (B/a)s barrel domain was located in the corresponding position and
GIn378 was in close proximity to both Asn338 and a C6 hydroxy group of the sugar moiety at the

—1 subsite. A conservation of the respective regions among GH97 retaining glycosidases, the -
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hairpin of BT1871 and the p—a loop 3 of BT3661, is extremely low, and the pairs, Glu351—
His245 (BT1871) and Asn338-GIn378 (BT3661), are not common in GH97 retaining
glycosidases (Fig. 3C). All sequences that have Asn equivalent to Asn338 in UniRef50 F9D4D2
have Gln corresponding to GIn378 (Fig. 4).

Glul79 and Phe467 were placed near the +1 subsite, which is similar to BT1871 (Fig. 5A). In
addition, Trp171 is involved in the formation of the +1 subsite and forms a clamp-like subsite
structure together with Phe467. An aromatic residue equivalent to Trpl171 was conserved in only
sequences that had a shorter evolutionary distance to BT3661 (Fig. 5C). BT1871 has no
corresponding tryptophan residue and no such aromatic clamp (Fig. 5B). In Fig. 3B and 5A, B-L-
Arap (1—3) L-Araf, which should be a part of a natural substrate of BT3661, was virtually placed
in the active-site pocket. The L-Araf moiety appears to be stabilized by the aromatic clamp. While
the plus subsites of BT1871 are mainly composed of Trp474 of the f—a loop 6 of the catalytic
domain (Fig. 5B), those of BT3661 had a slit-like pocket that is narrow because part of a long
loop (Pro163—Glul180) extends from the domain N and the p—a loop 6 (Fig. SA). A multiple
sequence alignment indicates a low conservation of the relevant region (Pro163—Glul80) (Fig.

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

3.5. Substrate specificity of mutant BT3661s

Mutational studies were conducted to understand the specificity of BT3661. We selected
Asn338 as a target residue for mutagenesis. As mentioned above, Asn338 is equivalent to Glu351
in BT1871 and is directly involved in the stabilization of the C6 hydroxy group of the substrate
through a hydrogen bond. Three mutant enzymes, N338E, N338A and N338D, were generated to
examine the role of Asn338. Glu, Ala and Asp are found at the corresponding position in GH97
retaining glycosidases (Fig. 3C). In addition, GIn378, which is in close structural proximity to the
side chain of Asn338 and appears to be in the vicinity of the C5 hydroxymethylene (Fig. 3B), was

also selected for mutagenesis. Thus, Q378A, N338E/Q378A and N338D/Q378A mutants were
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also prepared. The latter two double-mutant enzymes were prepared to ensure that the carboxy
group of Glu338 or Asp338 was in the same orientation as that of Glu351 of BT1871. The
optimum pH values of these mutant enzymes were 5.5-5.7, and almost identical to the wild-type
BT3661. Kinetic parameters of the mutant enzymes for hydrolysis of PNP-Ara and PNP-Gal were
determined (Table 3). The parameters for several mutant enzymes were not determined because
the K values were beyond the solubility limit of the substrates; however, the specific constants,
kea/ Km, were estimated at low substrate concentrations. Substitution of Asn338 with Glu affected
the hydrolytic activity toward PNP-Gal more significantly than to PNP-Ara. The K, value of
N338E for PNP-Gal was beyond the measurement limit and its kca/ Kim exhibited 10% that of the
wild-type enzyme. The Ky, value for PNP-Ara was also greater than the measurable limit but its
kea/ K was almost equivalent to that of the wild-type enzyme, indicating an increase in both kca
and Kn. The N338A mutation substantially reduced the hydrolytic activity toward B-L-
arabinopyranoside, but an increase toward o-galactoside was observed, resulting in a decrease in
the kca/Km value by 3.6% and an increase by 860%, respectively. The mutation of Asn338 to Asp
gave a slightly negative effect on B-L-arabinopyranosidase activity, but exhibited a positive effect
on a-galactosidase activity. Replacement of GIn378 for Ala had negligible effect on the hydrolytic
activity towards PNP-Ara, but a 4-fold rise in the k../Km value was observed for PNP-Gal. The
double mutant enzymes, N338E/Q378A and N338D/Q378A, had very similar kca/Km values

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

4. Discussion

To find an enzyme with novel activity in GH97, we have focused on two GH97 proteins,
BT3661 and BT3664, which are categorized into a different subfamily, 97¢c, from function-known
sequences [6]. BT3664 was identified to be an a-galactosidase in this study. A gene encoding
BT3664 is located in RG-1I PUL 3 (PUL64) together with genes encoding GH43 34 endo-1,4-f-

xylanase, GH43 10 B-xylosidase, GH29 a-L-fucosidase and SusCD [6,40,41]. RG-II PUL 3 is
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expressed in response to rhamnogalacturonan II [42] and BT3664 could be involved in the
degradation of this plant polysaccharide. However, it is uncertain how BT3664 is associated with
the degradation of this polysaccharide, because rhamnogalacturonan II consists of a-(1—4) linked
galacturonic residues and several side chains with 10 different glycosyl residues, but has no a-
galactosidic residue [43,44].

We demonstrate that BT3661 possesses B-L-arabinopyranosidase activity. Compared with
unambiguously confirmed [B-L-arabinopyranosidases from Streptomyces avermitilis [45] and
Geobacillus stearothermophilus T6 [46], BT3661 displays promiscuous specificity. These two
GH27 enzymes display negligible activity toward o-galactoside and much greater kca/Km values
for hydrolysis of PNP-Ara than that of PNP-Gal, whereas BT3661 exhibits only 2.8 times higher
kea/ Km values towards PNP-Ara than that towards PNP-Gal. We thus consider BT3661 as a
bifunctional B-L-arabinopyranosidase/o-galactosidase. BT3661 catalyzes the release of
arabinose/galactose and arabinose from gum arabic and arabinogalactan, respectively (Fig. 2).
Although gum arabic from Acacia species is considered not to contain a-galactopyranoside [47—
50], Aspinall and Knebl demonstrated that an o-galactopyranose residue occupies the terminal
positions of gum arabic through controlled partial acid hydrolysis, a-galactosidase-treatment and
a lectin-binding assay [51]. BT3661 is thus likely to be involved in the degradation of gum arabic
and arabinogalactan. Moreover, the v/[E]o values for the polysaccharides were rather slow, which
can possibly be explained by the number of B-L-arabinopyranosides and a-galactosides in
polysaccharides being conceivable small; i.e., the substrate concentration may be too low.
Alternatively, BT3661 is considered not to have specificity for polysaccharides. The enzyme
might prefer oligosaccharides produced by the actions of endoglycanases. The genes for BT3661
and BT3664 are located close to each other, but the former is not included in the RG-II PUL 3
[40,41]. Thus, the physiological role of BT3661 is likely to be unrelated to that of BT3664.
Conceivably, the gene for BT3661 was generated by a gene duplication of the gene for BT3664,

and BT3661 has obtained specificity toward -L-arabinopyranosides and a-galactosides through
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distinct molecular evolution from BT3664.

Since BT3661 exhibits the dual substrate specificity, which is found in GH97 for the first time,
and to understand its substrate recognition mechanism, its crystal structure was determined and
compared with the structure of BT1871, which strictly recognizes a-galactosidase. While both
enzymes have similar active-site pocket structures (Fig. 3A), different structural features were
found around a hydroxymethyl group of a-galactopyranoside (Fig. 3B). BT1871 stabilizes a C6
hydroxy group of the a-galactoside through a hydrogen bond with a Glu residue (Glu351) [16],
whereas BT3661 possesses Asn338 instead of this Glu residue. The mutational study suggests
that the bifunctional substrate specificity of BT3661 relies on the length of the side chain of
Asn338 and van der Waals interactions. Replacement of Asn338 by Glu, which was performed to
mimic BT1871, substantially decreases the specificity toward a-galactoside; although, the
negative charge at this location has a positive effect on its specificity, as shown by the N338D
mutation (discussed below). The Ala mutation increases specificity to a-galactoside. These results
indicate that a longer side chain at position Asn338 prevents binding of a-galactoside, whereas a
shorter side chain creates additional space within the substrate pocket to accommodate the 6-
CH,OH of a-galactoside. Similarly, a substitution of GIn378 for Ala that increases the kca/Km
value 4-fold seems to afford space for the hydroxymethyl group at C5. N338A displayed a
decrease in activity toward PNP-Ara, of which the k../Km value for hydrolysis was reduced to
3.6% that of the wild-type enzyme. A reduction in the size of the side chain may facilitate weaker
binding of B-L-arabinopyranoside because of the loss of a van der Waals contact. Substitution of
Asn338 for Asp showed 50% reduction in the kca/ K value for hydrolysis of PNP-Ara. The size
of the side chain is near identical to that of Asn, but the negative charge of the carboxy group may
destabilize the interaction with L-arabinopyranoside. The substitution results yielded an increase
in the kca/Km value for hydrolysis of PNP-Gal. The carboxy group of the Asp residue possibly
forms a hydrogen bond with the OH-6 and promotes charge separation (O6° ---H6%"). Electron

donation from the polarized OH-6 may stabilize an oxocarbenium-ion like transition state of the
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hydrolysis of a-galactoside. Double-mutant enzymes, N338E/Q397A and N338D/Q397A, were
constructed to orient the carboxy side chains to match that of Glu361 of BT1871. The kca/Km
values of these mutant enzymes are, however, similar to their single mutant counterparts, N338E
and N338D, suggesting that the orientation of the carboxy groups remains unchanged and the
effect of Asn338 on the specificity is larger than that of GIn379.

We show that BT3661 catalyzes the hydrolysis of both a-galactoside and B-L-
arabinopyranoside. Such dual substrate specificity has not been shown previously for GH97
enzymes. We also identify that Asn338 is responsible for this bifunctional specificity by solving
the crystal structure and using site-directed mutagenesis. In UniRef50 FOD4D2, approximately
one-third of the sequences possess an Asn equivalent to Asn338 (Fig. 4) and these are expected
to be bifunctional B-L-arabinopyranosidase/a-galactosidases. Moreover, another one-third of the
sequences have Ala instead of Asn (Fig. 4) and these are likely to be a-galactosidases based on
our mutagenesis study (Table 3). As an example, BT3664 with Ala334 at the equivalent position
displays substantial specificity toward a-galactoside (Table 2). UniRef50 F9D4D2 is a cluster
that has at least 50% sequence identity with BT3661 and can be expected to have similar
enzymatic function [2,3]; however, the cluster is found to contain at least two kinds of enzyme
with different substrate specificity. Clearly the functions of most proteins for which amino acid
sequences have been disclosed by advances in genome sequence analysis remain unknown. The
present study shows that substantive analysis of proteins is often required for clarifying their

functions.
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Figure captions

Fig. 1. TLC analysis of BT3661 catalyzed hydrolysis of polysaccharides. Gum arabic from acacia
(left two lanes) or arabinogalactan from larch wood (right two lanes) was incubated with (+) or
without (—) BT3661 for 1 h at 35 °C in 40 mM sodium acetate buffer, pH 5.5, containing 10 mM
CaCl, and 0.002 mg-mL™' BSA. The sugars on the TLC were developed twice using a solvent

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

Fig. 2. Overall structure of the BT3661 monomer. The N-terminal domain (residues 20-300) is
blue, the catalytic domain (residues 301-554) is magenta and the C-terminal domain (residues
555-647) is green. The catalytic residues (Asp408 and Glu463) and the calcium ion are shown

by stick and sphere representations, respectively.

Fig. 3. Comparison of the active site structure of BT3661 with that of BT1871 (PDB ID: SE1Q)
(A, B) and multiple sequence alignments of GH97 retaining glycosidases (C). (A) Stereo view of
a superposition of the active site of BT3661 (cyan) and the catalytic nucleophile mutant (D415G)
of BT1871 (orange). For residues involved in ligand (GalLac; B-lactosyl a-galactoside, yellow)
binding, the conserved residues are represented by stick model. The residue numbers are those of
BT3661. (B) Stereo view of a superposition of the active site of BT3661 and BT1871-D415G. B-
L-Arap (1—3) L-Araf (turquoise) was superimposed to GalLac. The differences are shown by
stick model. The color codes are the same as (A). (C) Multiple sequence alignments around
residue differences between BT3661 and BT 1871 along with a phylogenetic tree. The alignments
and the tree were constructed using amino acid sequences of the catalytic domain of the retaining
GH97 enzymes. Similarity colors are based on the BLOSUMG62 scoring matrix. The residues
relevant to the C6 hydroxy group of a-galactoside are boxed in red. Secondary structure elements

and residues numbers of BT1871 and BT3661 are depicted on the top and bottom, respectively.
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Fig. 4. Graphical representation of the sequence conservation of amino acid residues in the region
surrounding Asn338 (left) and GIn378 (right) of the UniProt Reference Cluster that includes
sequences with at least 50% identity to BT3661 (UniRef50 F9D4D2). The residue numbers are

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

Fig. 5. Substrate-binding pockets of BT3661 (A) and BT1871 (B), and alignments of the
sequences forming the +1 subsite (C). Secondary structure elements and residues numbers on the
top and bottom of the alignment were those of BT1871 and BT3661, respectively. Similarity
colors are based on the BLOSUMG62 scoring matrix. The residues relevant to the aromatic clamp

are boxed in red.
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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 Pl
Unit cell parameters a, b, ¢ (A) a, B, v (°) 72.8,90.5, 128.6, 105.5,94.8, 96.2
Wavelength (A) 1.0
Resolution range (A) 50.0-2.3 (2.38-2.3)
Rineas (%) 15.0 (47.1)
<l/o(1)> 6.6 (2.7)
Completeness (%) 90.0 (81.9)
Redundancy 323.2)
Refinement
No. reflection 125,374
Ryork/Riree (%) 20.7/25.3
No. of atoms
Macromolecules 20,162
Ligand/ion 4
Water 1,257
B-factors (A?)
Macromolecules 29.7
Ligand/ion 23.8
Water 28.8
Estimated coordinate error 0.31
RMSD from ideal
Bond lengths (A) 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

2 Values in parentheses are for the highest resolution shell.

*Rumcas = Zikt {N(hkl) / [N(hkl) — 11} V2 2| Ti(hkD) — <I(hkD)> | / Spwa Zi Li(hkD), where <I(hkl)> and N(hkl) are
the mean intensity of a set of equivalent reflections and the multiplicity, respectively.

**Ruork = Ziid ||Fobs| — | Featc|| / Ziki |[Fobs|, Riee 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.

BT3661 BT3664
Substrates
v (umol/min/mg)
PNP-Ara 0.558 6.45x 1072
PNP-Gal 0.208 3.17
PNP-Glc N.D.2 1.03 x 10°*
PNP-Xyl N.D. 229 x 107

aN.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

Keat K keat/ K keat K keat/Km

s (mM) (s'mM™) s (mM) (s'mM™)
Wild type 551023  14+1 0.400 + 0.003 3.55+0.30 25+4 0.14 +0.01
N338E 0.510 % 0.006 * 0.0154 +0.0001
N338A 0.0145 +0.0001° 11.5+0.22 11£0 1.2+0.0
N338D 0.199 + 0.006 * 5.01+0.23 11+2 0.44 +0.05
Q378A 453+020  11+1 0.427 +0.013 3.34+0.05 5.5+0.4 0.61 +0.03
N338E/Q378A 0.419 +0.004* 0.406 + 0.031 24+4 0.017 +0.002
N338D/Q378A 0.254 +0.003 * 3.39+0.13 83+13 0.42 +0.05

2 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 B-strand 5, Asp at B-strand 4, and Asp at B-strand 5 were colored by green, blue, and

yellow, respectively.



PDBID 3a24A
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tr_Q5L8Y9 QGGN[. .. ... .. .CKPENSIYL[PFMENRAVGPMDETPGSMISAQP . . .. ... EDNR..ST
tr_Q8A2L1 oMaGlal. .. ... . .CKPENSIYL|PFMNRAVGPMDY|T|PIGAMISMQP . ... ... NIYR..SE
tr_D5BGL4 OMGRl. v v v v v e et ATPDNSLF LPPFMBEINAVGAMD Y|TP|GAMISMQP . . . . ... EFYY..SR
tr_D2QSA9 YN[ ... STKATPDHDVLLPF I|JMVSGPMD YEP|GLLISNATK . . . . ... EQFR..PI
tr_C6W680 YINMW|. ... SAKATPEHNVLLAF IJJMLGGP|LD YEP|GMLNNATP . . . . ... KGFH..PM
tr_R5UY73 YINK[A[. ... SKRATVTHDVIIPYLMWVGPMDY|TP|GAMLNAHP . ... ... ETFY..EN
tr_E8V2F0 NNKWV|. . ... .. GRRDSPVDRAVFRAWTREILILVGPMD Y|TAGIGFDNQTE . . . . ... DSFV..AR
OWNID_5xfmA NMV[F|....NQHFCDEEAFNTCLH|PF IJHdN|TVGSMEF|GGICLLINKRLN . . . . ... RNND. .GG
tr A6KZ33 NLI[E|....QQHFCDEEAFNACLHPF IBEINT IGICMEF|GGTFLINKRLN . . . . . .. RNND. .GG
tr_R5VXS7 NLI[F|....NQHFDDMEAYNACLHPF IBIN[T IGCMEF|GGTLLNKRHEN . . . . . . . RTND..GG
tr_R5VWB3 NMN[E|. . . . SQGSCDAEAFNACTIH|PF VEIN[T IGSMDE|GGSTLINKYYN . . .. ... AKNEL.GG
tr_D6D0J3 NLHF|....SQGSCDNEAFNATLH|PF IBIN|TVG[SMDF|GIG[SALINKYYN . . . . ... ADNAP.RG
tr_ASFD29 NLHF|. ...GQASCDKEAMNASTIH|PF IJN|TVG[SMDF|GG[SALINKFYN. . .. ... SDNTPNKG
tr_R5LYV6 NLV[F|. .. .GQYHADKEAQRSTLY|PF IJdNAVSAMDF|GGVFFINKHFS . . . . ... KDGV..SG
tr R6B488 NVY[FE|....TDYHAKKEAFEMTMH|PF SEINA VG[S[FDWG|GVMMNKYFS . . . . ... KDNK. .SR
tr_R6CLFO NVFE[E|. .. .SDYHAKQEAFELTMH|PFCBRINAVARMDWG|GTIITMNKYLS . . . . ... KDNK..SR
tr_AG6KWX6 WYNN|. ...KPTLTDNAAWHNCTL|PF TNV I GPMD Y|T|PICITF|TNSQH . « v v v v v e e e e
tr_R5V6z4 WYNN|. ...KETLTDSAAWHNCTL|PF TNV VGPMD Y|T|PICITF[TDSQH « v v v v v v e e ve e e
tr_Q8A1J7 WYNN|. ...KPILTDRAAEHNVTL|PF TJINV I G[SMD Y|T|P[GITF|SDSQH . v v v v v v v e e e
tr_R6KK91 TLGR. . ... QERCDQAAKHNATV]PFTIINVVGSMDY|TPVITFI[SDKVR . . . . ... QGVP
catalytic domain —p-

30 al2 B31 al3 ald 32

PDBID 3a24A =» 0000000000 Q000QQ QQ.
500 520 530 550

PDBID_3a24A YSEPMSQG[TRCR VVFESPFNMI/CDT[PSINYMRE . PE . STA[F 1| VWD E S|T V[L|D
tr_A6LIE7 NSEPMSQG|TIRCR VIFESPFNMLCDAPSNYRRE .KE.CTE IWDE TV S|LjA
tr_R6WPHS YTEPMSQG|TRCH VIFESPLNMILICDNPSNYNRE.PE.CTE V|iW E K T|V A[L]D
tr_D4IM97 GSEAMSQG|TRCR VIFESPFNMI/CDSPSNYMRE .PE.CTE T[WDE T|V G|L|D
tr_R6KSN5 NEEP|MSMG|T|RCR VIFEAPLSMI/CDSPVILYERE.SE.CTS V[ D E T[R A[L|N
tr_D6CY08 YTEPMSQG|TRCR TIFDSPINMLICDAPTINYLKE.EE.CTK| V[N Q T|LP|I|S
tr ASFAll HSNPMSQG[T|RCH TIFEAPLQMMADS[P TAFMKE.QE.STD T[FDETAAILD
tr_EAT1A6 SSAPMSMG|TRCN| VVEEAPFQMILADNPT|IYMKE .QE.CTD TITDE T|VA[LD
tr_R7EPTS NDHP[MSQG|TRVH TVFEEAPLQMLADSPP SKYMKE.QE.CTD T[FDET|IALD
tr_ A6KZF1 YYTP[A|SMG|TRCH TVHDSPFTML|ICDAPTINYLNE .QE.CVD EVDSTFIAS
tr_A4ASM2 FTRPMAFG|TRAH VVEEAPVQMICESPTIIYYKE.QE.TVD VWD E T|VV[L|E
tr_B1zZN91 FARP|S|SQG|TRCH VVEESPLQMI/CDS[PSHYLRE.PD.MME E[WDE TR V|L|D
tr_C7PTT2 PAEP|LTLG[TRSN| VVYESPLOMLICDLPTIHYYHE .PV.AMD Vi QQ T|I PlL|Q
tr_A3QFB6 WSRPMSLT|ITRAQ VIYESPLOMLADTPT|SYRAE.PE.IPR V| D D F|K V|L{H
tr_Q5L8Y9 RANAMGSG|TRAF IIFESGLQMLADNPVIYYYRE.LP.CTE TWDE TKV|L|Y
tr_Q8A2L1 RPNS|A[STIGITRAY VIFESGLQMILADNPTLYYRN.ED.CTR TWDE T|VV|LE
tr_D5BGL4 RPNS|AATIGITRAQ VIFESGLQMLADNPTINYFKN.EE.CTQ TWDQT|IAILE
tr_D2QSA9 SGQVMSQG|T|RCH LVYDSPIS|IIF|SGNPS|QALLE.PR.FME A[F DE T|K V|LID
tr_C6W680 PENV[MSLT|TRTQ VVYESPIQF|FAGN|P SQGLKE .PG.FME VWD T T|R I|LD
tr_R5UY73 QHEP[MSQG|TRSH VVYESPLOMI|SDSPTKYDKN.LR.SFE TWDET|VP|LE
tr_E8V2F0 NATP|QVMG|TRAQ VVYENPIPMV|SDSPONYDGE . AAPAFQ TWDE T[HV|I|G
OWNID_5xfmA . T|T|RRT|TDVF VLLQNPVQNFALAPNNLKDVPAV.CMD T[WDE T|RFV|D
tr_A6Kz33 . N|I|RKT|TDVF VLFQNPIQNFALAPNNLTDAPQV.CLD TWDET|RF|I|D
tr R5VXS7 . T|IRKT|TDVF VLYQNPIQNFALAPNNLTDAPAL.AID TWDET|VF|ID
tr_R5VWB3 .RMRVT|SDVF VLFQSPVQHFALAPNNLTDAPAW.AVD T[WDEVIKF|I|]D
tr_D6D0J3 . SRRVT|SDVY VLFQSPVQHFALAPNNLTDAPSW.AID T[WDEV|RF|I|D
tr_ASFD29 .SKRIT|SDVF VLFQSGVQHFALAPNNLTDAPDW.AVK T[WDEV|RF|LD
tr_R5LYV6 . TILRKT|TDAF VLYQSGIQHFGITPNNLTEQPEF.ILD VWD E T|RF|I|D
tr_R6B488 . H[QRNT|SDIF VTNQSSVNCV/CLYPNNLQDVPQW.ELD AWDDV|KF|I|A
tr_R6C1FO .HRRYT|TDVF ITMNQAATIQC|IATIYPNNLSELPQH.EID TWDETKF|T|A
tr_A6KWX6 . .PHIT|TDAH VIFESALQHILADRPEGYRQQPVE.VQN AWED T|RL|L|S
tr_R5V6z4 .PIHIT|SNGH VAFESALQHILADRPEGYHAQPAE.IRS VWD D T|K L|L|S
tr_Q8a1J7 . .PPlHIT|TIcGH VVEESALQHMPDRPEVYSSLPRK.VRE AWDD T|K L|L|C
tr_ R6KK91 . A[IRKT[TMGH VVFESGFQCFADKAESYLSLPEQ.PKQF I AWDE S|V L{LJA
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p33 B34 B35

PDBID 3a24A =% e »TT > » T.T _—
569 579 589 599
PDBID_3a24A |GKM[GE|Y IVTARR, D .V GIITIDWS . . ARD|I|E[VIDIC|S . F|LIGDIK|. SY H[A|
tr_A6L9E7 GIKV|SIE[Y VATIARR|. N.D ALTNWT . . PRELDLDL|S . FIL|GE|G|. DY T|L
tr_R6WPHS8 GIKV|GE|[FVAIARL|. N.D ALTNWD . . ARE[V|ELDL|S . F|IL|GD|G|. NYK|L
tr_D4IM97 GIRV|GIE|[YVSIARR|. D.T GMTDWN . . AR|T|L|T|ID|L|G . F|LIGE|G|. AY T[A|
tr_ R6KSN5 GIK I|GE[Y I SMARR|. D.V ALTNWK . . KR|TMEF|D|L|S . F|IL|IGE|G|. KWT|T
tr_D6CY08 GIKV|GIEHIVMARE]|. G.I GILTIDWK . . E|RD|VIE|VID|L|S . F|L|GD|G|. E F N|A|
tr_ASFAll GEVIGK[Y ISIARR|. N.T AITINWD . . S[RD|I|T|I|D|F|S . FILIEK|GIKKF QA
tr_EAT1A6 GEV|GE[YAALARQ|. G.I AMTINWN . . SRR|QL|TILD|F|S . F|L|P E|G|. NY K|A|
tr_R7EPTS GIKIA[EYITIARR|. N.T SMTINWT . . PRIS|C|T|I|D[L|S . FIL|SE|G|. NYE|A|
tr_A6KZF1l GIE LIGIK|Y IVTVRK]|. V. N GMT|INWD . . E[RD|VIQ|LDIF|S . F|ILIPE|GMS Y T(A|
tr_A4ASM2 GIKV|SIDI[Y ITIVARR|. N . N AMTDWT . . SRE|F|E[V|D|L|S . FIL|GN|G|. EF DM
tr_B1ZN91 IAIRI|SID[YVVVARR|. A.D AIITDWN . . TRE[LIELDL|S . FILISE|G|. RF T|L
tr_C7PTT2 AKV|GE[YVAIARQ. NGD AMTNWT . . PRE|LITLDIL|S . FILIGE|G|. SFK|T
tr_A3QFB6 IA[ST|GE[lYFTIARR|. D.N AMTINTQ . . AR|S|QQII|NLID . F|L|GD|G|. EY EM|
tr_Q5L8Y9 IAKV|GEAVVVAKR|. E.Q GIIT|IGNQ . . P|QN|I|E|ID|L|G . F|I|PA|GQ SF T|L,
tr_Q8A2L1 IA[KV|GE[YVIVAKR|. E . K GMT|INDKENE|R|E|F|E|I|N|LD . F|ILIKD|GRT YRV
tr_D5BGL4 IAEV|GQ[YATIVAKR|. K.Q GIIANSKEDE|R|T|FIK|I|K|LD . F|LIPE|GE T LQ|L
tr_ D2QSA9 IA[QL|GIQIY IVSARQ|. N.D GILGINWS . . A|HD|L|T|L|S|LD . F|LIGD|G|. AY E[A]
tr_C6W680 IARL|GD|Y VVTARK|. S.D ALNDST. .ARELS|IP|ILD . FLPAG. QF N|A
tr_R5UY73 GEV|GIE|lY TALARR|. D.T VIINIGAT . . PR/H|I|E|I|D|L|S . F|I|GN|G|. PKK|T
tr_E8V2F0 GEV|GIE|lYSTIVRR|. R.E SMTINWT . . PIRD|L|S|V|LL|S . F|L|G S|G|. RY V|A|
OWNID_5xfmA |[G|YP|GK|[YVVLARR|. D.T AVNAGKE . P[L|K[L|IKILIDLIE . M|.|F A|G|. . KT|V|
tr A6KZ33 GlY P|GIK|[Y VVLARR|. . D.K G|IN|AQKE . P|LIK|LIK|LIN|LP . M[C|TK|G|. . DKV
tr R5VXS7 G|YP|GIK|[YCVLARR|. A . R GVNIAQKE . P|LIK|L|S|LIN|LP . MWEK|G|. . E TV
tr_R5VWB3 G|Y P|GIK|Y TVMARK]. G.K GIINAQDE . TIIK|LK|IDV|STLFAAG|. . EIV|
tr_D6D0J3 G|YP|GIK|[YVILARR| D.K GVNIAQKE . T|LK|LIK|VIN|LP . MF|SN|G|. . EKV]
tr_AS5FD29 G|YP|GIK|[YVILARR| T . K GVNIAQKE . T|L|S|LIK|LIK|LP . MMV SD|. . AS|L
tr_R5LYV6 G|Y P|GIK|[Y CVVARR| N.Q ATNATKQ . PMK[LINL|ISLIP . .[W|LT|N|. . QQ|V]|
tr R6B488 G|Y P|T|Q[Y AVVARK] G . R GILNJATDK . P|LA|L|T|LIN|LP . . MFA|G|. . KTV
tr_R6C1FO G|Y P|GIK|[YAVVARR| D . K GLN|GTDQ . VMK|L|T|LIN|LP . . MLA|G|. . KS[V
tr_A6KWX6 GlY PAE[SVVIARK|. D.S GILN|GTEN . TK|S|F|R|VINILIE . F|I|KD|S|. IQL|T
tr_R5V6Z4 G|Y P|S[S|Y VVLARK] D.C GILN|GTNE . K[K|[S|L|A|VID|LS . F|II|QEP|. VKE|T
tr_Q8Al1J7 G|YP|GIADIVLARR| D .V GILN|GTNE . N|K|T|L|S|F[S|L[V . P|ILIQVIE|. GKTM
tr_R6KK91 lGlY PAIDlY AVVARE] D .V GIIS|GKEE . ERE|[LEFT|LP . AlgCE|G]. . KS[F]
C-terminal domain —p
B36 B37 B38 B39
PDBID 3a24A == » TT TT >
609 629 649

PDBID 3a24A TI, DGVN| .DYKCESFP|IKKDGK APGEEFATLIKIKE . . . . o o
tr_A6L9E7 EL DG|IN .DYKKEVIPVPTDRK APG[JEYRAARIOQN . . . v v v v v v v a e
tr_R6WPHS8 EL D G|IN .DYKKEVIPVIPADRK APG[AWAAKIYN . . . .o v v v vt v o
tr_D4IM97 EL D G|V N .DYKRESVE|IPADRK APG[eFALKVSE . . . .o v v v v oo

tr R6KSN5 EL
tr_D6CYO08 EI
tr_ASFAll EI
tr_EAT1A6 vV
tr_R7EPTS ET
tr A6KZF1 VL
tr A4ASM2 0s
tr_B1ZN91 DE

D G|I N
D G|I N
D G|LN|
D G|I N
D G|I N
D G|V N
D G|I N
D G|V N

.DYRKSVIF
. .DYKREVIR
.DYKKEIVT
.DYKKETKS
.DYKKEVRI
.DYRKETIR|
.DYKVSSST
.DYKRSQVP

PQNRK
SDNKK]
DSTTK
KSGDK
TAKDK
DKDSR
NENTK
NRE TK]|

AEGEJeCAMKIYR . . . v v v v v v v v v
APGEJEEVVRITR . ... .. .o o .
ANGEIELAMIIKE . . . oo v v v v v v
APGEJeWAARIER . . . . ... ... ...
APGEJeWTARITRE . . . ..o v v v oo
ASGeleFAMKLELCPVHGQVTGIPEG
SSGIJEY|SAIFTE . . . . v oo v v it
AEGEJeYAARISE . . . . . oo v v v v

tr_ C7PTT2 DS DG|IIN| .DCKRESGTTDSHSK TKGEEYVARIRE . . .. ... ... ...
tr_A3QFB6 QL] D G|I N .DYKLIKKT[VTKGDS AANEIEYATOLIR . . ..o v v v v v v
tr_Q5L8Y9 TS D G|I N .DYKKKEST|VINNQTR VRNEIEWAGTIKE .. ... ... .....
tr_Q8A2L1 TS D G|I N .DYRMKSAAMNKNQK SAVLER . . ... ... ..
tr_ D5BGL4 TS D G|V N] .DYVKRTKT|VKKDDV VKNEIeWAAKIER . . .. ...
tr_D2QSA9 Vs DGPN| .DYQFSTKT|VTRTES APGEJeFLIRLRE . . . ... ... ....
tr_C6W680 TI D GVN .DYRISEAV[LTSRDR APGEJelYMVRLRE . . . . ... ... ...
tr_R5UY73 KA D G|V N] .DSQIIEQVIIKDNEK SRGEIGYTGIIHR . ... ... ...
tr_E8V2F0 ET DG|AD .HVHIRKET|VITAKST APGJVATHEIR . ... ... ......
OWNID_5xfmA AL D D|KK] EPELTSLKVKENGK] RPOEIETILCIK . . . . oo v i it e e
tr_A6KzZ33 ML D D|KK] . .NPHAEEITLKKNDE QAE[EEFILLIVK. . ... ...
tr_R5VXS7 SY] D NKK| . .QPQLEELK|IKNPAE QPDEIETITLITK . . . . . oo v v v v
tr_R5VWB3 NIL| DNDK| . .AGSVKEQV|I[NKKQT PKNEEVIVIITRKE . . .. ... ... ...
tr_D6D0J3 RL D D|K A . .QGGVKQIE|I[GKKQE PCNEEVILIITK. . . . . oo v i i e n
tr_ASFD29 TC D D|E K] .NGKVKTVH|LKKNKE PANEETILI[VN.R . . ... ...
tr_R5LYV6 ST D N|E A TAGLSQGAVNKKGI OPMEIEAMIIYTKE . . . . .o v v v v v
tr_R6B488 TY DOPKIKIKGEKFF . TSVKKTLK|V/GKDGK OPN[EETITIE. .8 ... ..o vvvn..
tr_R6CLFO TY ETASKDKKALWPVSQMKNVK|VDKKGN] QPK[EELIVIEK. .k . ... ... ... ..
tr_ A6KWX6 QL] DTTD|GK. .. ... QIKIEN.SAFDTKE QPRIEEFVVIWVKE . . . ... ... ....
tr_R5V6Z4 TL| DGKERN...... QFDIQMLSIGLKKSYV LPREEFVMKVOR . . . . .. ...

tr_Q8Al1J7 DV
tr R6KKI1 ™
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PDBID 3a24A

PDBID_3a24A
tr A6LIE7
tr R6WPHS
tr D4IM97
tr R6KSN5
tr_D6CYO08
tr_AS5FAll
tr_EAT1A6
tr R7EPT5
tr A6KZF1
tr A4ASM2
tr_B1ZN91
tr_C7PTT2
tr_A3QFB6
tr_Q5L8Y9
tr Q8A2L1
tr D5BGL4
tr_D2QSA9
tr_C6W680
tr_R5UY73
tr E8V2FO0
OWNID_5xfmA
tr A6KZ33
tr_R5VXS7
tr_R5VWB3
tr_D6D0J3
tr ASFD29
tr R5LYV6
tr R6B488
tr_R6CLFO
tr_AG6KWX6
tr_R5V6Z4
tr_Q8AlJ7
tr R6KK91

PDBID 3a24A

PDBID_3a24A
tr_AG6LIE7
tr_R6WPHS8
tr_D4IM97
tr R6KSN5
tr D6CY08
tr_ASFAll
tr_EAT1A6
tr_R7EPT5
tr A6KZF1
tr A4ASM2
tr B1ZN91
tr_C7PTT2
tr_A3QFB6
tr_Q5L8Y9
tr_Q8A2L1
tr D5BGL4
tr D2QSA9
tr_C6W680
tr_R5UY73
tr_E8V2FO0
OWNID_5xfmA
tr A6KZ33
tr R5VXS7
tr_R5VWB3
tr_D6D0J3
tr_ASFD29
tr R5LYV6
tr R6B488
tr R6CLFO
tr_AG6KWX6
tr_R5V6Z4
tr_Q8AlJ7
tr R6KK91




PDBID 3a24A

PDBID_3a24A
tr A6LIE7
tr R6WPHS
tr D4IM97
tr R6KSN5
tr_D6CYO08
tr_AS5FAll
tr_EAT1A6
tr R7EPT5
tr A6KZF1
tr A4ASM2
tr_B1ZN91
tr_C7PTT2
tr_A3QFB6
tr_Q5L8Y9
tr Q8A2L1
tr D5BGL4
tr_D2QSA9
tr_C6W680
tr_R5UY73
tr E8V2FO0
OWNID_5xfmA
tr A6KZ33
tr_R5VXS7
tr_R5VWB3
tr_D6D0J3
tr ASFD29
tr R5LYV6
tr R6B488
tr_R6CLFO
tr_AG6KWX6
tr_R5V6Z4
tr_Q8AlJ7
tr R6KK91

PDBID 3a24A

PDBID_3a24A
tr_AG6LIE7
tr_R6WPHS8
tr_D4IM97
tr R6KSN5
tr D6CY08
tr_ASFAll
tr_EAT1A6
tr_R7EPT5
tr A6KZF1
tr A4ASM2
tr B1ZN91
tr_C7PTT2
tr_A3QFB6
tr_Q5L8Y9
tr_Q8A2L1
tr D5BGL4
tr D2QSA9
tr_C6W680
tr_R5UY73
tr_E8V2FO0
OWNID_5xfmA
tr A6KZ33
tr R5VXS7
tr_R5VWB3
tr_D6D0J3
tr_ASFD29
tr R5LYV6
tr R6B488
tr R6CLFO
tr_AG6KWX6
tr_R5V6Z4
tr_Q8AlJ7
tr R6KK91

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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