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ABSTRACT  17 

The Bacova_02091 gene in the β-mannan utilisation locus of Bacteroides ovatus encodes a 18 

family GH36 α-galactosidase (BoGal36A), transcriptionally upregulated during growth on 19 

galactomannan. Characterisation of recombinant BoGal36A reveals unique properties 20 

compared to other GH36 α-galactosidases, which preferentially hydrolyse terminal α-21 

galactose in raffinose family oligosaccharides. BoGal36A prefers hydrolysing internal 22 

galactose substitutions from intact and depolymerized galactomannan. BoGal36A efficiently 23 
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releases (>90%) galactose from guar and locust bean galactomannans, resulting in 24 

precipitation of the polysaccharides. As compared to other GH36 structures, the BoGal36A 25 

3D model displays a loop deletion, resulting in a wider active site cleft which likely can 26 

accommodate a galactose-substituted polymannose backbone. 27 

KEY WORDS 28 

Bacteroides ovatus, polysaccharide utilisation locus, GH36 α-galactosidase, galactomannan 29 

modification   30 

 31 

ABBREVIATIONS 32 

PUL: polysaccharide utilisation locus, GH: glycoside hydrolase, CAZy database: 33 

carbohydrate active enzyme database, RFOS: raffinose family oligosaccharides, GMOS: 34 

galactose substituted manno-oligosaccharides, LBG: locust bean gum, DMSO: dimethyl 35 

sulfoxide, IPTG: isopropyl β-D-1-thiogalactopyranoside, GGM: galactoglucomannan, 36 

GM2:6
1
-α-D-galactosyl-mannobiose, GM3: 6

1-α-D-galactosyl-mannotriose, G2M5: 63 , 64-α

 41 

-37 

D-galactosyl-mannopentaose, pNP-α-gal: p-nitrophenyl-α-galactopyranoside, HPAEC-PAD: 38 

high performance anion exchange chromatography with pulsed amperometric detection, SEC: 39 

size exclusion chromatography, DLS: dynamic light scattering. 40 

INTRODUCTION 42 

α-Galactosidases have been classified in glycoside hydrolase (GH) families GH4, GH27, 43 

GH36, GH57, GH97 and GH110 based on their sequence similarity, see the Carbohydrate 44 

Active Enzymes database (www.cazy.org) [1]. GH27 and GH36 α-galactosidases belong to 45 

clan D and share a common (α/β)8 fold [2]. These families contain cloned and some 46 

structurally characterised α-galactosidases from various prokaryotic and eukaryotic organisms 47 

isolated from soil [3-5], thermal springs [6, 7] and the mammalian gut [8-10]. GH27 α-48 

galactosidases are active on both terminal and/or internal galactosidic linkages from 49 

polysaccharides like galactomannan [11] and galactosylated oligosaccharides [4], while GH36 50 

α-galactosidases are mainly active on terminal α-galactosidic linkages in raffinose family 51 

oligosaccharides (RFOS) such as raffinose and melibiose [8, 10, 12]. Previous studies suggest 52 
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that unique structural/sequence motifs and the oligomeric state of the enzymes impart the 53 

substrate preferences (terminal vs internal galactose linkages) in GH27 [4] and GH36 [12] α-54 

galactosidases. Tetrameric α-galactosidases from both the families have a narrow active site 55 

cleft and preferably hydrolyse only terminal α-galactosidic linkages present in RFOS [4, 12]. 56 

Recent phylogenetic analysis of GH36 enzymes clusters these sequences into 4 distinct 57 

subgroups [8]. The GH36 subgroup I is by far the largest group of the family and contains 58 

mainly tetrameric α-galactosidases active on terminal α-galactosidic linkages. The majority of 59 

biochemically and structurally characterised subgroup I α-galactosidases [8] are from gut 60 

bacteria such as Bifidobacterium and Lactobacillus species and are involved in RFOS 61 

utilisation [8, 12-15] 62 

 By bioinformatics analysis we discovered a putative GH36 α-galactosidase gene 63 

(Bacova_02091) encoded by a recently discovered polysaccharide utilization locus (PUL) 64 

[16] implicated in β-mannan utilization by the gut bacterium Bacteroides ovatus ATCC 8483. 65 

In this study, we cloned the gene and characterized the corresponding α-galactosidase 66 

(BoGal36A). In contrast to GH27 α-galactosidases, GH36 α-galactosidases have not 67 

previously been shown to have significant activity towards galactosylated polymeric β-68 

mannans (i.e. being able to hydrolyse galactosyl substitutions attached to internal mannose 69 

units) [3, 17]. Our analysis revealed that BoGal36A belongs to GH36 subgroup I, but has 70 

distinct structural and catalytic features associated with β-mannan utilization rather than 71 

RFOS utilization, which is the case for other subgroup I α-galactosidases as described above. 72 

In addition, we relate this knowledge to other Bacteroides species, including B. fragilis which 73 

recently was proposed to catabolise β-mannan via a new pathway [18].  74 

MATERIALS AND METHODS 75 

Growth and transcriptional analysis of Bacteroides species on β-mannans 76 

The Bacteroides strains tested were grown in tryptone-yeast extract-glucose (TYG) medium 77 

[19] or on brain-heart infusion (BHI; Beckton Dickinson) agar containing 10% horse blood 78 

(Colorado Serum Co.). Growth measurements on individual substrates were performed in 79 

minimal medium (MM) containing a single carbohydrate at 5 mg/ml (w/v) final concentration 80 

in 96-well format using an automated absorbance reader as previously described [16]. 81 

Transcriptional activation of the B. ovatus ATCC 8483 galactomannan PUL on LBG 82 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



4 

 

This article is protected by copyright. All rights reserved 

galactomannan and konjac glucomannan was derived from normalized Affymetrix GeneChip 83 

data as described in [16]. 84 

 BoGal36A sequence analysis 85 

The gene sequence of Bacova_02091 (GenBank: EDO12201.1, UniProt ID: A7LW87) was 86 

mined from genomic sequence data of B. ovatus ATCC 8483 for primer design and cloning. A 87 

BLASTP search with the protein sequence BoGal36A was performed on the UniProtKB 88 

(http://www.uniprot.org/blast/) and PDB databases. Presence of signal peptide was analysed 89 

on the signal P server (http://www.cbs.dtu.dk/services/SignalP/) [20]. A basic phylogenetic 90 

tree was constructed using all the characterized protein sequences from GH36 displayed in the 91 

CAZy database along with BoGal36A using maximum likelihood analysis on MEGA 6.0 92 

[21]. Multiple sequence alignments of BoGal36A with structurally characterised α-93 

galactosidases from GH36 subgroup I was performed with the T-coffee tool 94 

(http://www.ebi.ac.uk/Tools/msa/tcoffee/). The alignment was processed in ESPript3.0 [22] 95 

and was presented with secondary structure from the crystal structure of Geobacillus 96 

stearothermophillus α-galactosidase (AgaB: PDBID-4FNQ) [10] as reference.  97 

Cloning of Bacova_02091 from Bacteriodes ovatus ATCC 8483 98 

The Bacova_02091 gene encoding BoGal36A was amplified by the polymerase chain reaction 99 

(PCR) from genomic DNA of B. ovatus ATCC 8483, prepared as described previously [19]. 100 

Primers were designed to include Nco1 and Xho1 sites for cloning. PCR reaction of 50 μl was 101 

set up containing MgCl2 (2 mM), DNA (5 ng), dNTPs (250 μM), 0.5 μM primers (forward 102 

primer: 5´ATACCATGGCCCAAAATATACATTTGTCAACC and reverse primer: 103 

5´CGTCTCGAGCT TAACCTCTTCCAGATAAAGTA), dimethyl sulfoxide (DMSO) (2%), 104 

and Pfu DNA polymerase (2.5 U). The conditions used for PCR were: first cycle at 95 °C for 105 

5 min followed by 35 cycles at 95 °C for 30 s, 55 °C for 30 s and 72 °C for 2 min, and a final 106 

cycle at 72 °C for 5 min. The PCR product was double digested by Nco1 and Xho1 enzymes 107 

(Thermo scientific) and cloned into these sites of the pET28b+ expression vector to generate a 108 

clone pB2091 for expression of BoGal36A protein with C-terminal His6

BoGal36A expression and characterisation 112 

 tag. The positive 109 

clones containing pB2091 plasmid were confirmed by sequencing and further transformed 110 

into a calcium competent BL21 (DE3) E. coli strain for BoGal36A expression. 111 
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E.coli BL21 cells containing the pB2091 plasmid, encoding for the BoGal36A protein, was 113 

cultured in Luria Bertani media at 37 ºC. The recombinant protein expression was induced by 114 

addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at mid exponential phase 115 

(O.D600nm≈ 0.7). The cells were harvested after incubation at 37 ºC for 4 hours. BoGal36A 116 

was initially released from the induced BL21 cells by suspending the cells in binding buffer 117 

(20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1 mM phenyl methyl sulphonyl 118 

flouride) and lysing it with glass beads (2 µm diameter, Biospec) by vortexing for 10 times 119 

with intervals of 30 s on ice. The supernatant after centrifugation of the lysate at 15,000 rpm 120 

for 20 min was loaded on 2 ml His tag resin pre-equilibrated with the binding buffer. After 121 

overnight binding at 4 ºC the column was washed with wash buffer (20 mM Tris-HCl, pH 8.0, 122 

300 mM NaCl, 50 mM imidazole) and BoGal36A was eluted in elution buffer (20 mM Tris-123 

HCl, pH 8.0, 300 mM NaCl, 200 mM imidazole). Pure fractions were pooled and buffer was 124 

exchanged to 50 mM citrate buffer pH 6.0. Protein concentration was measured on a nano 125 

drop ND 1000 spectrophotometer at 280 nm. Absorbances were correlated to the protein 126 

concentrations based on the theoretical extinction coefficient: 144675M-1cm-1.The theoretical 127 

molecular weight and the molar extinction coefficient were obtained from the ProtParam tool 128 

(http://web.expasy.org/) using the protein sequence of BoGal36A. The eluted protein fractions 129 

were also analysed on SDS PAGE (Techtum, 4-12%).  130 

Size-exclusion chromatography (SEC) was performed to identify the oligomeric state of 131 

BoGal36A. 500µl of 2mg/ml BoGal36A, was loaded on 16/60 Superdex 200 (GE healthcare) 132 

pre-equilibrated with 50mM citrate buffer pH 6.0 at a flow rate of 0.5 mL/min connected to 133 

ÄKTA system (GE healthcare). 500µl of γ -thyroglobulin 669 kDa, apoferritin 443kDa and β-134 

amylase 200kDa (MWGF1000, Sigma-Aldrich), was used as molecular weight standards. 135 

Two injections of BoGal36A eluted with identical volumes. The apparent molecular weight of 136 

oligomeric BoGal36A was calculated based on the calibration curve obtained by plotting 137 

partition coefficient (Kav

Substrates 139 

) vs log molecular weight of standard proteins. 138 

The following were purchased from Sigma: the artificial substrates p-nitrophenyl-α-140 

galactopyranoside (pNP-α-gal), p-nitrophenyl-α-glucopyranoside (pNP-α-gluc), p-141 

nitrophenyl-β-galactopyranoside (pNP-β-gal), p-nitrophenyl-β-glucopyranoside (pNP-β-gluc) 142 

and p-nitrophenyl-β-arabinopyranoside (pNP-β-ara). RFOS: raffinose, melibiose and 143 

stachyose. Galactomannan polysaccharides (β-1, 4 linked mannan backbone with α-1, 6 144 
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linked galactose substitutions): locust bean gum and guar gum (galactose:mannose ratio ~1:4 145 

and ~1:2, respectively) [11]. Galactosylated manno-oligosaccharides (GMOS) are products 146 

from hydrolytic galactomannan depolymerisation and were purchased from Megazyme 147 

International (Bray, Ireland): 61
-α-D-Galactosyl-mannobiose (GM2), 61-α-D-Galactosyl-148 

mannotriose (GM3) and 63, 64-α-D-Galactosyl-mannopentaose (G2M5

Activity assay and α-galactosidase specificity 151 

). Galactoglucomannan 149 

(GGM) was prepared as described previously [23].  150 

The standard α-galactosidase assay was performed using 1 mM pNP-α-gal and release of p-152 

nitrophenol was measured at 405 nm after incubation with BoGal36A at 37 ºC, in 50 mM pH 153 

6.0 sodium citrate buffer. The reaction was stopped after 10 min with 1 M Na2CO3. Assays 154 

using pNP-α-gluc, pNP-β-gal, pNP-β-gluc or pNP-β-ara were performed under similar 155 

conditions. The pH optimum was determined by the standard activity assay using buffers 156 

between pH 2.0-9.0. The buffers used were 50 mM glycine-HCl buffer for pH 2.0-3.0, 50 mM 157 

sodium-citrate buffer for pH 4.0-5.0, 50 mM citrate-phosphate buffer for pH 6.0-7.0 and 50 158 

mM Tris-HCl buffer for pH 8.0-9.0. Temperature optimum was also determined by standard 159 

activity assay at five different temperatures 4 ºC, 30 ºC, 37 ºC, 50 ºC and 70 ºC. Incubations 160 

were also done for 24 hours at various pH and temperatures to determine the pH and 161 

temperature stabilities. Michaelis-Menten kinetics was done with pNP-α-gal as substrate by 162 

continuous assay. 0.1 mM to 5 mM concentration of pNP-α-gal was incubated with 0.1 mg/ml 163 

of BoGal36A. The rate of the reaction was calculated by monitoring the release of 164 

paranitrophenol at 405 nm for 5 min. KM  and kcat 

Substrate specificity using oligo- and polysaccharides  168 

values were obtained by fitting the rate of 165 

the reaction and substrate concentration in a Michaelis–Menten equation. All the reactions 166 

were done in duplicates. 167 

RFOS (raffinose, melibiose, stachyose) and GMOS (GM2, GM3, G2M5) were incubated with 169 

BoGal36A and analysed for galactose release. 500 nM of enzyme was incubated with 5 mM 170 

of each oligosaccharide in a total volume of 500 µl for maximum of 12 hours. 171 

Polysaccharides (0.5% Locust bean gum, guar gum or acetylated GGM) were also incubated 172 

with 1 µM of enzyme in a total volume of 500 µl. Aliquots of 150 µl were taken at 1 hour, 3 173 

hours and 12 hours and the samples were analysed for galactose release by high performance 174 

anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) 175 
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(Dionex, Sunnyvale, CA) on a PA10 column with 1% NaOH isocratic elution [24]. Specific 176 

activity and extent of galactose released from polysaccharides were calculated based on the 177 

galactose release after 1 hour and 12 hours respectively. All the reactions were done in 178 

duplicates.    179 

kcat/Km

50 µM of GMOS (GM

 analysis on GMOS and RFOS 180 

2, GM3 and G2M5) and RFOS (melibiose, stachyose, raffinose) were 181 

incubated with BoGal36A (34.2 nM for GMOS and 85.2 nM for RFOS) in 50 mM sodium 182 

citrate buffer pH 6.0 at 37ºC. The total reaction volume was 750 µl and aliquots of 125 µl 183 

were taken at 0, 2, 5, 10, 20 and 30 min for each of the substrates and the reaction was 184 

stopped by addition of 10 µl 5 % NaOH. All the reactions were done in duplicates. The 185 

decrease in substrate concentration for each of the GMOS and RFOS was analysed by 186 

HPAEC-PAD on a PA100 column as described previously [25]. kcat/KM  was calculated 187 

according to the Matsui equation [26] by plotting Ln (So/St) as a function of time (t) similar to 188 

previous studies [24]. So is the initial substrate concentration at time zero, and St

DLS analysis and guar gum aggregation 191 

 is the 189 

substrate concentration at time (t).  190 

The ability of BoGal36A to modify the size of guar gum aggregates was followed by dynamic 192 

light scattering (DLS) experiments. 500 µl reaction volume was set up with 0.25% guar gum 193 

in 50 mM citrate buffer pH 6.0 and 0.1 mg/ml of BoGal36A enzyme. The reaction was carried 194 

out in a micro-volume quartz cuvette at 37ºC in a zeta sizer-Nano ZS90 (Malvern 195 

instruments). The change in particle size in the reaction mixture was followed every 10 min 196 

for 16 hours. The particle size of the polysaccharide was measured as Zave mean on zeta sizer 197 

(Nano ZS90), based on the absorption at 488 nm. Zave

Homology model 205 

 mean is the mean size diameter 198 

calculated by considering all the other factors like viscosity, Boltzmann constant and diffusion 199 

[27, 28]. It more accurately represents the particle size during the course of reaction. Aliquots 200 

of 20 µl were taken at four different time points: 0 hours, 4 hours, 12 hours and 16 hours to 201 

analyse the galactose release at different time intervals on HPAEC-PAD PA10 column. The 202 

% galactose released was calculated based on the galactose: mannose ratio of 0.7:1 in guar 203 

gum. 204 
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A homology model of BoGal36A was built in Swiss PDB model work space 206 

(http://swissmodel.expasy.org/) using the crystal structure (chain A) of a α-galactosidase from 207 

Geobacillus stearothermophillus AgaA (PDBID - 4FNP) [10], with 34% sequence identity as 208 

template. The quality of the 3D model was assessed based on Q mean score and gave a Z 209 

value of - 0.576. Ramachandran plot analysis showed 0.5% of amino acid residues in 210 

disallowed regions, 97% of residues in the allowed region and 1.5% in generously allowed 211 

regions. All the figures were drawn in PyMOL (Molecular Graphics 122 System, Version 212 

1.5.0.4 Schrödinger, and LLC). 213 

RESULTS 214 

The genetic loci proposed to be involved in β-mannan utilization in B. ovatus ATCC8483 215 

(Type 1, Fig 1A) and B. fragilis NCTC 9343, respectively, are shown in Fig 1 A. It can be 216 

concluded that the loci lack overall homology, one of the differences being absence of a 217 

possible α-galactosidase gene for B. fragilis. On the other hand, we found that B. 218 

xylanisolvens D 22 has a genetic locus (HMPREF0106_00419 to HMPREF0106_00429) with 219 

overall homology to the type 1 locus of B. ovatus. Growth studies on galactomannan substrate 220 

shows that at least some of the tested B. ovatus and B. xylanisolvens strains efficiently utilise 221 

galactomannan as a substrate, while none of the tested B. fragilis species were able to grow on 222 

galactomannan (Fig 1B), including the type strain B. fragilis NCTC 9343. Comparative 223 

genomic analysis of the sequenced B. ovatus and B. xylanisolvens strains with high growth on 224 

galactomannan (Fig 1B) showed presence of a genetic locus homologous to type 1 β-mannan 225 

PUL of B. ovatus ATCC 8483 (Fig 1A, and SFig 1). Transcriptional activation analysis for 226 

growth of B. ovatus ATCC 8483 on galactomannan showed upregulation of the type 1 β-227 

mannan utilisation locus (gene cluster Bacova_02087-97), (Fig 1C).This gene cluster contains 228 

the GH36 α-galactosidase gene, locus tag Bacova_02091, along with two putative GH26 β-229 

mannanase genes (locus tags Bacova_02092 and Bacova_02093) and a putative GH130 230 

gluco-mannophosphorylase (locus tag Bacova_02090). Some of the B. ovatus strains with 231 

positive growth on galactomannan lack the type 1 β-mannan PUL, but have a partially 232 

homologous PUL (Type 2), which however lacks a α-galactosidase (Fig 1A, B and SFig 1). α-233 

Galactosidase activity is needed for hydrolysis of galactosyl substitutions present in 234 

galactomannans, albeit this is a function known for GH27 but not for GH36 α-galactosidases, 235 

as explained above. Presence of a GH36 α-galactosidase gene in a β-mannan PUL motivated 236 

us to clone and study the properties of the recombinant enzyme BoGal36A. 237 
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Sequence analysis of BoGal36A 238 

BoGal36A has an N-terminal signal peptide but no lipid anchor attachment. The protein is 239 

thus predicted to be secretory and soluble. Its potential presence in periplasm or extracellular 240 

environment is, however, difficult to predict. A BlastP search using the sequence of 241 

BoGal36A as a query resulted in many putative α-galactosidases from Bacteroides species. 242 

The highest identity (36%) for a characterised α-galactosidase was that from a symbiotic 243 

bacterium Flavobacteria sp. TN17 isolated from the gut of the wood feeding insect Batocera 244 

horsefeldi [29]. The phylogenetic analysis clusters BoGal36A to subgroup I [12] of GH36, 245 

which contains the majority of structurally and biochemically characterised α-galactosidases 246 

from raffinose utilisation loci of other gut bacteria (SFig 2). The sequence alignment with 247 

structurally characterised GH36 α-galactosidases from subgroup I indicate conserved amino 248 

acids involved in galactose recognition and a GXXLXXXG motif unique for α-galactosidases 249 

from subgroup I (Fig 2) proposed to be involved in protein tetramerisation [12]. 250 

Cloning and basic characterisation 251 

 The gene sequence encoding BoGal36A without the predicted secretion signal was amplified 252 

from genomic DNA of B ovatus ATCC 8483 and cloned into the pET28b+ vector with a C-253 

terminal His6

Recombinant BoGal36A is active on pNP-α-gal, but not on the other tested pNP-glycosides. 259 

Thus, basic characterisation was done with pNP-α-gal as substrate. BoGal36A has pH 260 

optimum of 6.0 and optimum temperature of 50 ºC (Fig 3B) over an assay time of 10 min but 261 

is not stable if the incubation is prolonged. However, the enzyme retains greater than 85% 262 

activity at pH 6.0 (Fig 3C) when incubated at 37 ºC for 24 hours. Thus, the optimum 263 

conditions of pH 6.0 and 37 ºC were used in further incubations for analysis of kinetic 264 

parameters and natural substrate specificity. BoGal36A has K

 tag. The overexpressed protein was purified by His-Tag purification. A single 254 

band corresponding to ≈ 81 kDa , observed on SDS PAGE (SFig 3) was similar to the 255 

theoretical molecular weight of BoGal36A (80.7 kDa). In SEC analysis, BoGal36A elutes as a 256 

single peak at 61.3 ml (SFig 4) which corresponds to 290 kDa, slightly below the theoretical 257 

molecular weight of a tetramer (324kDa). 258 

m of 0.132  ± 0.02 mM and kcat 265 

of 4774  ± 202 min-1 

Substrate specificity on galactose containing substrates  267 

using pNP-α-gal as substrate. 266 
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The specific activities for the galactomannans guar gum and LBG and for GGM are 64.2 ± 268 

3.7 min-1, 70.2 ± 6.96 min-1 and 9.6 ± 0.3 min-1 respectively. BoGal36A had a higher specific 269 

activity of 1260 ± 32 min-1 on G2M5. Both the galactose residues were released from G2M5 270 

(Fig 4A) and a single galactose group was released from GM2 and GM3. Galactose was also 271 

released from RFOS (melibiose, raffinose, stachyose), but less efficiently than from GM2, 272 

GM3 and G2M5

 k

 as shown by substrate depletion curves (Fig 4B). About 90% of galactose 273 

was released from LBG and guar gum galactomannan after incubating 0.5% of 274 

polysaccharides (Fig 4C and D). Precipitation of guar galactomannan was observed due to 275 

aggregation of polysaccharide backbone after galactose removal. Only 10 % galactose was 276 

removed from GGM.  277 

cat/Km

BoGal36A hydrolyses internally linked α-1, 6 galactose residues from the GMOS: GM

 analysis: Terminal vs internal galactose specificity 278 

2, 279 

GM3, and G2M5 with 13 times higher catalytic efficiency (kcat/Km) compared to terminal α-280 

galactose residues from the RFOS raffinose, stachyose and melibiose (Fig 4B and Table 1). It 281 

has similar catalytic efficiency for GM2, GM3 and G2M5, indicating that the length of the 282 

mannan backbone or the frequency of galactose substitutions does not affect the catalytic 283 

efficiency of the enzyme. In contrast, for RFOS the catalytic efficiency decreases for raffinose 284 

and stachyose compared to melibiose (Table 1). Based on kcat/Km

DLS experiments for guar gum aggregation. 288 

 analysis it can be ventured 285 

that BoGal36A can accommodate mannosyl substituted galactose (GMOS) in the active site 286 

better than galactosylated oligosaccharides from the RFOS family.  287 

Addition of BoGal36A actively removes the galactosyl residues from guar gum 289 

galactomannan, thus promoting aggregation of mannan backbone. Initially, the guar gum 290 

galactomannan has a particle size diameter between 10 nm and 100 nm (Fig 5B). Removal of 291 

galactose substitutions resulted in aggregation and the increase in particle size to 1 µm is 292 

proportional to the extent of galactose removal (Fig 5). The graph plotted (Fig 5A) shows the 293 

change in particle size of guar gum galactomannan displayed as Zave mean vs time during the 294 

course of galactose removal by BoGal36A. The real time change in particle size is shown in 295 

Fig 5B and 5C for 0 hours and 16 hours, respectively. At 4 hours, where the galactose 296 

removal was less than 40%, the change in particle size was not significant. The galactose 297 
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removal reached 65% at 8 hours and there was a steady increase in Zave

Homology model  300 

. The particle size 298 

increased to ≈1 µm after 16 hours when the extent of galactose release reached 90%. 299 

The observed differences for BoGal36A (not optimal RFOS activity, rather active on 301 

galactomannan and GMOS) and other gut bacterial GH36 α-galactosidases (involved in 302 

RFOS hydrolysis) led us to try to find structural differences. The BoGal36A 3D model was 303 

based on the template structure of AgaA from G. stearothermophillus, which is tetrameric in 304 

solution [10]. The tetrameric BoGal36A model was generated assuming that the orientation of 305 

the individual monomers in the modeled BoGal36A is similar to that of AgaA. Comparison 306 

using an active site overlay of modeled BoGal36A showing raffinose bound in the active site 307 

of AgaA (PDB: FN0) indicates a conserved -1 subsite involved in galactose recognition as 308 

compared to the template (Fig 6).  309 

The main differences are seen in the +1 and +2 subsites of AgaA. The P related-loop (AgaA 310 

amino acids 55-66) of the AgaA structure is absent in BoGal36A (Fig 6). This loop provides 311 

stacking and hydrogen bonding substrate interactions (to Glu and Frc moieties of raffinose) 312 

via residues in the +1 and +2 subsites (AgaA amino acids Phe 56, Arg65, Asp53) [10]. 313 

Furthermore, we made a structural overlay of all structurally characterised GH36 subgroup I 314 

α-galactosidases (the same as used Fig. 2) which are preferentially active on terminal α-315 

galactosidic linkages. The P-loop is spatially conserved in all these α-galactosidases (i.e. 316 

except BoGal36A) and restricts the space in the positive subsites of the active site cleft. The 317 

absence of the loop in BoGal36A is likely to provide additional space for a polymannose 318 

backbone and/or allow accommodation of galactose substitutions. 319 

DISCUSSION 320 

Gene clusters implicated in β-mannan utilisation have been suggested for some Bacteriodes 321 

species and a few other bacteria which occur in the human gut [16, 18, 30, 31]. However, only 322 

limited data is available on the functional proteins involved in the utilisation of 323 

galactomannan as carbon source in such bacteria [32-35]. B. ovatus has previously been 324 

shown to utilise galactomannan as a carbon source [16, 33]. α-Galactosidases have been 325 

characterised from B. ovatus grown on galactomannan [32, 33]. However, no genomic data or 326 

sequence data is available relating the activity to protein sequences, GH family or genetic 327 
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locus. In the current study we show that the B. ovatus β-mannan PUL [16] includes a gene for 328 

a GH36 α-galactosidase (BoGal36A) transcriptionally upregulated, along with the PUL, 329 

during growth on galactomannan (Fig 1C). The genetic co-regulation and the biochemical 330 

characterisation of BoGal36A suggest a new role for a GH36 α-galactosidase, i.e. in 331 

galactomannan degradation, a function rather observed for GH27 enzymes from bacteria and 332 

fungi [3, 36].   333 

BoGal36A belongs to GH36 α-galactosidases subgroup I, hitherto suggested to contain 334 

enzymes that mainly have evolved to hydrolyse RFOS substrates with a narrow active site 335 

formed by enzyme tetramers [10, 12]. Interestingly, while being tetrameric, BoGal36A is 336 

more efficient in removing internal galactosidic linkages from GMOS of DP 2-5, compared to 337 

RFOS (Table 1), and also releases 90% galactose from guar gum and LBG galactomannans, 338 

which is not shown for any other characterised GH36 α-galactosidase. Previously 339 

characterised, but unidentified, α-galactosidases from B. ovatus cannot hydrolyse galactose 340 

residues from intact galactomannans [32, 37]. An overlay of the modelled tetrameric 341 

BoGal36A active site with that of the active site of the RFOS-hydrolysing AgaA α-342 

galactosidase reveals likely architectural differences between BoGal36A and other subgroup I 343 

GH36 enzymes. The absence of a loop in the N terminal region (residues 50-66, AgaA 344 

numbering) of BoGal36A, containing aromatic residues involved in stacking interactions in 345 

the positive subsites of AgaA, can likely provide the additional space to accommodate 346 

galactose substitution carried by a polymannose backbone (Fig 6).  347 

As it appears, BoGal36A has evolved to hydrolyse internal galactosyl decorations from 348 

GMOS and/or galactomannans, an activity previously known for GH27 α-galactosidases that 349 

act synergistically with β-mannanases for effective galactomannan utilisation [11, 38]. The β-350 

mannan PUL upregulated in presence of galactomannan (Fig 1C) also encodes two putative 351 

GH26 β-mannanases along with BoGal36A (Fig 1A). Known β-mannanases hydrolysing 352 

galactomannans by endo-action are often restricted by galactosyl substitution present on the 353 

β-mannan chain [2, 39, 40]. The transcriptional regulator (Bacova_02097) of the B. ovatus β-354 

mannan PUL, is also sensitive to galactosyl substitutions, and cannot bind di-galactosyl 355 

mannopentaose (G2M5) but can bind undecorated β-mannan oligosaccharides [16]. In line 356 

with these observations, it’s likely that the function of BoGal36A is removal of internal 357 

galactose residues from galactomannans and/or GMOS produced by the putative β-358 

mannanases, enabling the effective utilisation of galactomannan as the carbon source. 359 
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Additionally, BoGal36A can also be effectively utilised as a biotechnological tool for 360 

modifying the properties of galactomannans (Fig 5).  361 

Exo-glycosidases such as BoGal36A, described in this study may play an essential role in the 362 

Bacteroidetes ability to utilise several heteroglycans, acting together with endohydrolases that 363 

depolymerise glycan backbones. As an example, exoglycosidases belonging to GH31 (α-364 

xylosidases) and GH2 (β-galactosidases) were shown to play an important role in xyloglucan 365 

utilisation of B. ovatus [19]. Recently, α-mannan utilisation in B. thetaiotamicron was 366 

described and also involves exo-acting GHs such as a α-1, 6 mannosidase acting together with 367 

endo-acting GHs to effectively utilise the highly branched yeast α-mannan as carbon source 368 

[41]. 369 

CONCLUSION 370 

This study gives insight into the GHs involved in the β-mannan utilisation of Bacteroides 371 

species, with focus on the potential role of a GH36 α-galactosidase, evolved to hydrolyse the 372 

internal galactose residues of galactomannan substrates. Based on the genomic context and 373 

the substrate preferences of BoGal36A it can be hypothesised that BoGal36A act in 374 

cooperation with the predicted GH26 β-mannanase(s) of the same PUL for effective 375 

galactomannan utilisation. The competitive environment in the gut may be a contributing 376 

factor to the evolution of the structural-functional difference of BoGal36A compared to the 377 

characterised homologs in subgroup I of GH36. Furthermore, the study also exemplifies that 378 

the human gut microbiome can be mined for novel enzymes e.g. for certain applications; in 379 

this case for the degalactosylation of galactomannans. 380 
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 533 

Figure 1: Bacteroides genes involved in galactomannan degradation and growth of 534 

selected species on β-mannans. (A) Gene clusters from B. ovatus (Type 1) and B. fragilis 535 

(bottom) that have previously been implicated in β-mannan degradation [16, 18]. Type 2 536 

putative β-mannan PUL was discovered in the current study. Surrounding genes that were not 537 

shown to be transcriptionally active in response to β-mannan (for B. ovatus) / or were not 538 

tested for functions in β-mannan degradation are showed as partially transparent. Note that 539 

flanking BF0771-74 there is a GH26-containing polysaccharide utilisation locus. (B) Growth 540 

of strains from 3 different Bacteroides species on LBG galactomannan. Growth ability of the 541 

strains with Type 1 PUL is highlighted in red (B. ovatus ATCC 8483 is indicated by an 542 

arrow), strains with Type 2 PUL are marked in pink. Sequenced B. ovatus and B. 543 

xylanisolvens strains with no growth on galactomannan do not contain either of the PULs.(C) 544 

Transcriptional activation of the B. ovatus ATCC 8483 Bacova_02087-97, Type 1 β-mannan 545 

PUL on konjac glucomannan and LBG galactomannan. More information related to strains 546 

numbers and the homologous/partially homologous PULs is presented in supplementary 547 

material (STable 1, SFig 1) 548 

Figure 2: Multiple alignment of structurally characterised GH36 α-galactosidases from 549 

Subgroup I. The subgroup classification is based on Fredslund et al [12] and secondary 550 

structure elements from GH36 α-galactosidase from G. stearothermophillus: PDB ID 4FNQ. 551 

Completely conserved residues are marked black and partially conserved residues are marked 552 

as grey. Catalytic amino acids: nucleophile D479 and acid/base D549 are marked. Unique 553 

features: (A) missing loop in BoGal36A (B) CXXGXXR motif involved in galactose 554 
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recognition in subgroup1 and (C) GXXLXXXG  motif involved in tetramer formation in 555 

subgroup I. 556 

Figure 3: Effect of pH and temperature on activity of BoGal36A: (A) pH optimum: 557 

hydrolysis of pNP- α-gal for 10 min at pH 2-9. (B) Temperature optimum: hydrolysis of pNP- 558 

α-gal at pH 6 for 10 min. (C) pH stability: activity dependence from pH 3-9 for 24 hours at 37 559 

º(D) Temperature stability: activity dependence at pH 6 for 24 hours at 30 ºC, 37 ºC, 50 ºC.  560 

Figure 4: Galactose release analysis: (A) G2M5 hydrolysed to M5, analysed on PA100 561 

column. (---) indicates G2M5 at 0 hours. Mannose standards M2-M5 and galactose peak is 562 

also indicated. (B) Degradation curves for galactose substituted oligosaccharides. (…) 563 

indicates RFOS (—) indicates GMOS. Markers indicate (●) GM2, (♦) GM 3, (■) G 2M5

Figure 5: DLS analysis of guar gum galactomannan: (A) mean particle size distribution 569 

(Z

, (∆) 564 

melibiose (□) Raffinose and (○) stachyose . Galactose release analysed on PA10 column for 565 

BoGal36A hydrolysed guar gum (C) and locust bean gum (D). Grey indicates 1 mM galactose 566 

standard. Black line indicates galactose release from polysaccharides and bold black line 567 

indicates sample at 0 hours. 568 

ave

Figure 6: Close up view of BoGal36A overlay on AgaA with raffinose bound in the 575 

active site pocket [10]: Amino acids from the template structure AgaA (red), with raffinose 576 

(yellow) in the active site, and the BoGal36A model (blue). Phe 56, Asp 53 and Arg 65 577 

(labeled red, AgaA numbering) are part of the loop that is lacking in BoGal36A. The positive 578 

and negative subsites are marked as -1, +1 and +2 respectively. Amino acids involved in 579 

galactose recognition at the -1 subsite are conserved and are underlined (BoGal36A 580 

numbering).  581 

) of guar gum with galactose removal by BoGal36A over time for 16 hours. The real 570 

time change in particle size is shown for 0 hours (B) and 16 hours (C). In initial time points at 571 

4 hours, where the galactose removal is less than 40%, the change in particle size is not 572 

significant. The particle size increases to ≈1 µm after 16 hours when the extent of galactose 573 

release reached 90%. 574 
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Table 1: Kinetic properties of BoGal36A on different galactose substrates 

 

 

* Represents reducing end of the oligosaccharide 
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