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ABSTRACT

The Bacova_02091 genein the B-mannan utilisation locus ddacteroides ovatus encodes a
family GH36 a-galactosidase (BoGal36A), transcriptionally upregulated during growth on
galactomannan.s Characterisation of recombinant BoGal3éyeals unique properties
compared. to other GH36 o-galactosidases, which preferentially hydrolyse terminal -
galactose in raffinose family oligosaccharides. BoGal36A prefers hydrolysingnhahte
galactosesubstitutionsrom intact and depolymerized galactomannan. BoGal36A efficiently
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releases (>90%) galactoskom guar and locust bean galactomannans, resulting in
precipitation of the polysaccharides. As compared to other GH36 struched&nGal36A
3D model displays a loop deletion, resulting in a wider active site clefthwitkely can

accommodatea galactoseubstituted polymannose backbone.
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Bacteroides ovatus, polysaccharide utilisation locus, GH&@jalactosidase, galactomannan

modification

ABBREVIATIONS

PUL: polysaccharide utilisation locus, GH: glycoside hydrolase, CAZy database:
carbohydratesactive enzyme databaR&0S: raffinose family oligosaccharides, GMOS:
galactose (substituted manobigosaccharides|.BG: locust bean gumDMSO: dimethyl
sulfoxide, 'IPTG: isopropyl B-D-1-thiogalactopyranoside GGM: galactoglucomannan
GM,:6"-a-D-galactosylmannobiose GMs: 6'-0-D-galactosyl-mannotrioseG;Ms: 6°,6%a-
D-galactosyl-mannopentaospiNP-a-gal: p-nitrophenyle-galactopyranosidelHPAECGPAD:

high performanee anion exchange chromatography with pulsed amperometric dese@on,

size exclusion.chromatography, DLS: dynamic light scattering.

INTRODUCTION

a-Galactosidases have been classified in glycoside hydrolase (GH) families GH4, GH27,
GH36, GH57;"GH97 and GH110 based on their sequence similarity, see the Carbohydrate
Active Enzymes database (www.cazy.oftj). GH27 and GH36 a-galactosidases belong to

clan D and share a common (a/B)s fold [2]. These families contain cloned and some
structurally charagterised a-galactosidases from various prokaryotic and eukaryotic organisms
isolatedifrom soil[3-5], thermal springg6, 7] and the mammalian gy8-10]. GH27 a-
galactosidases are active on both terminal and/or internal galactosidic linkages from
polysaccharides like galactomanriai] and galactosylated oligosaccharifils while GH36
a-galactosidases are mainly active on terminal a-galactosidic linkages in raffinose family

oligosaccharides (RFOS) such as raffinose and melifod#®, 12] Previous studies suggest
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that unique structural/sequence motifs and the oligonstaite of the enzymes impart the
substrate preferences (terminal vs internal galactose linkages) in [@H27d GH3§12] a-
galactosidasedetrameric a-galactosidases from both the families have a narrow active site
cleft and preferably hydrolyse only tenal a-galactosidic linkages present in RFOS [2].1
Recent phyloegenetic analysis of GH36 enzymes clusters these sequences into 4 distinct
subgroups[8] The GH36 subgroup | is by far the largest group of the family and contains
mainly tetrameric a-galadosidases active on terminal a-galactosidic linkages. The majority of
biochemically and structurally characterised subgroup I a-galactosidase§8] are from gut
bacteria such  asBifidobacterium and Lactobacillus species and are involved in RFOS
utilisation[8, 12-15]

By bioinformatics analysis we discovered a putative GH3@jalactosidase gene
(Bacova_02091) encoded by a recently discovered polysaccharide utilization locus (PUL)
[16] implicated in-mannan utilization by the gut bacterilBacteroides ovatus ATCC 8483.

In this study, we cloned the gene and characterized the corresponding o-galactosidase
(BoGal36A). In ,contrast to GH27 a-galactosidases, GH36 a-galactosidases have not
previously. been shown to have significant activity towards galactosylateungrat (3-
mannanss(izembeing able to hydrolyse galactesyistitutionsattached to internal mannose
units) [3, 17]. Our analysis revealed that BoGal36A belongs to GH36 subgroup |, but has
distinct ‘structural and catalytic features associated ithannanutilization rather than
RFOS utilization, which is the case for other subgroupghlactosidases as described above.
In addition, we relate this knowledge to otBacteroides species, including. fragilis which

recently was proposed to catabolisenaman via a new pathwdg8].
MATERIALSAND METHODS
Growth and transcriptional analysis of Bacteroides species on f-mannans

The Bacteroides'strains tested were grown in trypteyeast extraeglucose (TYG) medium

[19] or ongsbrainheart infusion (BHI; Beckton Dickinson) ageontaining10% horse blood
(Colorado Serum Co.). Growth measurements on individual substrates were pdriarm
minimal medium (MM) containing a single carbohydrate at 5 mg/ml (w/v) final concentration
in 96-well format using an automated absorbance reader as phvidascribed[16].
Transcriptional activation of thd. ovatus ATCC 8483 galactomannan PUL on LBG
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83 galactomannan and konjac glucomannan was derived from normalized Affymetrix GeneChip
84 data as described jh6].

85  BoGal36A sequence analysis

86 The gene 'sequenad# Bacova 02091 (GenBank: EDO12201.1, UniProt ID: A7LWBWas
87  mined from genomic sequence datdBobvatus ATCC 8483 for primer design and clonirfy.
88 BLASTR, search with the protein sequence BoGal36A was performed on the UniProtKB
89  (http://www.uniprot.org/blasf/and PDB databases. Presence of signal peptide was analysed

90 on the signal Pyservehtfp://www.cbs.dtu.dk/services/SignalF20]. A basic phylogenetic

91 tree was constructed using all the characterized protein sequences from GH36 displayed in the
92 CAZy database| along with BoGal36A using maximum likelihood analysis on MEGA 6.0

93 [21]. Multiple._sequence alignments of BoGal36A with struaityr characteriseda-

94 galactosidases . from GH36 subgroup | was performed with theoffée tool

95  (http://wwweebivac.uk/Tools/msa/tcoff@e/The alignment was processedBSPript3.0 [22]

96 and was presented with secondary structure from the crystal structuGeobécillus
97  stearothermophilius a-galactosidase (AgaB: PDBIBFNQ)[10] as reference.

98  Cloningof'Bacova 02091 from Bacteriodes ovatus ATCC 8483

99  TheBacova.02091 gene encoding BoGal36A wasplified by the polymerase chain reaction
100 (PCR) from genomic DNA oB. ovatus ATCC 8483, prepared as described previolk8).
101 Primers were.designdd includeNcol and Xho1 sites for cloning. PCR reaction ofib@as
102  set up containing MgGl(2 mM), DNA (5 ng), dNTPs (25QM), 0.5 uM primers (forward
103 primer: 5°ATACCATGGCCCAAAATATACATTTGTCAACC and reverse primer:
104 5'CGTCTCGAGCT TAACCTCTTCCAGATAAAGTA) dmethyl sulfoxide (DMSO) (2%),
105 andPfu DNA polymerase (2.5 U)The conditionsised for PCR werdirst cycle at 95 °C for
106 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
107 cycle at 72 °C for 5 minThe PCR product was douldiggested byNcoland Xhol enzymes
108  (Thermo scientific) and cloned intbesesites of the pET28b+ expression vector to generate a
109 clone pB2091 for expression of BoGal36A proteiith C-terminal Hig tag. The positive
110 clones containing pB2091 plasmid were confirmed by sequencinduahér transformed

111  into a calcium competent BL21 (DERB) coli strain for BoGal36A expression.

112  BoGal36A expression and characterisation
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E.coli BL21 cells containing the pB2091 plasmid, encoding for the BoGal36A protein, was
cultured in Luria Beani media at 37 °C. The recombinant protein expression was induced by
addition of 1 mMisopropyl B-D-1-thiogalactopyranosiddPTG) at mid exponential phase
(O.Dgoonn> 0.7). The cells were harvested after incubation at 37 °C for 4 hours. BoGal36A
wasinitially-released from the induced BL21 cells by suspending the cells in bibdiifey

(20 mM TrisHCI, pH 8.0, 300 mM NacCl, 10 mM imidazole, 1 mM phenyl methyl sulphonyl
flouride) and"lysing it with glass beads (2 um diameter, Biospec) by vagtésr 10 times

with intervals of 30 s on ice. The supernatant after centrifugation of the lgsa6,000 rpm

for 20 min was loaded on 2 ml His tag resin-pogiilibrated with the binding buffer. After
overnight hinding at 4 °C the column was washed with waffler(20 mM TrisHCI, pH 8.0,

300 mM NaCl;y'50 mM imidazole) and BoGal36A was eluted in elution buffer (20 mM Tris
HCI, pH 8.0;300 mM NacCl, 200 mM imidazole). Pure fractions were pooled and buffer was
exchanged to 50 mM citrate buffer pH 6.0. Protein concentration was measured on a nano
drop ND 1000 spectrophotometer at 280 nm. Absorbances were correlated to the protein
concentrations based on the theoretical extinction coefficient: 144&#8MThe theoretical
molecular weight and the molar extinctiooefficientwereobtained from the ProtParam tool
(http://web.expasy.orylsing the protein sequence of BoGal38Ae eluted protein fractions

were also analysed on SDS PAGE (Techtwh2%).

Size-exclusion,chromatography (SEC) was performedidentify the oligomeric state of
BoGal36A 500ul of 2mg/ml BoGal36A, was loaded on 16/60 Superdex 200 (GE healthcare)
preequilibrated,with 50mM citrate buffer pH 6a a flow rate of 0.5 mL/min connexct to
AKTA system (GE healthcare). 500ulothyroglobulin 669 kDa, apoferritin 443kDa and p-
amylase 200kDaMWGF1000, Sigm&Aldrich), was used as molecular weight standards
Two injections of BoGal36A eluted with identical volum&ke apparent moleculareight of
oligomeric BoGal36A was calculated based on the calibration curve obtained by plotting

partition coefficient (Ky) vs log molecular weight of standard proteins.
Substrates

The following, were purchased from Sigma: the artificial substratestrgphenyle-
galactopyranoside pNP-a-gal), p-nitrophenyle-glucopyranoside pNP-a-gluc), p-
nitrophenyl$-galactopyranosidepNP-B-gal), p-nitrophenyl$-glucopyranosidepNP-p-gluc)
and pnitrophenylg-arabinopyranoside plP-B-arg. RFOS: raffinose, melilmse and

stachyose Galactomannan polysaccharides (B-1, 4 linked mannan backbone with a-1, 6
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145 linked galactose substitutions): locust bean gum and guangaiactosenannoseatio ~1:4

146  and ~1:2respectively [11]. Galactosylated manrnaligosaccharide$GMOS) are products

147  from hydrolytic galactomannan depolymerisation and were purchased from Megazyme
148  International (Bray, Ireland): '&-D-Galactosyimanndiose (GM), 6'-o-D-Galactosy

149  mannotriosgGMs) and6®, 6*-a-D-Galactosyimannopentaosgs,Ms). Galactglucomannan

150 (GGM) was prepared as described previo{&B}.
151  Activity assay and a-galactosidase specificity

152  The standard a-galactosidase assay was performed using 1pNM-o-gal and release gb-

153  nitrophenol'was measured at 405 nm after incubation with BoGal36A at 37 °C, in tHmM
154 6.0 sodium citrate buffer. The reaction was stopped after 10 min with 1 JkQ4daAssays

155  using pNP-a-gluc, pNP-B-gal, pNP-B-gluc or pNP-B-ara were performedinder similar

156  conditions, The/pH optiom was determined by the standard activity asssing buffers

157  between pH"2:0-9.0’he buffers used were 50 mifllycine-HCI buffer for pH 2.63.0, 50 mM

158  sodiumeitrate=buffer for pH 4.%6.0, 50 mM citratgphosphate buffer for pH 6.0.0 and 50

159  mM Tris-HCI' buffer for pH 8.09.0. Temperature optiam was also determined by standard
160  activity assay at five different temperaturedC} 30°C, 37°C, 50°C and 70°C. Incubations

161 were also™dene for 24 hours at various pH and temperatures to determine the pH and
162 tempeature stabilitiesMichaelisMenten kinetics was done wiitNP-a-gal as substrate by

163  continuous assay. 0.1 mM to 5 mM concentratiopNfP-a-gal was incubated with 0.1 mg/ml

164 of BoGal36A. The rate of the reaction was calculated by monitoring the release of
165  paranitrophenel at 405 nm for 5 miky andkc,: values wereobtained by fitting the rate of

166  the reaction_and substrate concentration Miehaelis-Menten equation. All the reactions

167  were donedn‘duplicates.
168  Substratespecificity using oligo- and polysaccharides

169 RFOS (raffinose, melibiose, stachyose) and GMOS {3BM3, G,M5s) were incubated with

170 BoGal36A andranalysed for galactose release. 500 nM of enzyme was incubated With 5 m
171  of each™eligosaccharide in a total volume of 500 pl for maximum of 12 hours.
172 Polysaccharides (0.5% Locust bean gum, guar gum or acetylated GGM)lseenecabated

173 with 1 uM of enzyme in a total volume of 500 ul. Aliquots of 150 ul were taken at 1 hour, 3
174  hours and 12 hours and the samples were analysed for galactosebylemteperformance

175 anion exchange chromatography with pulsed amperometricctibete (HPAEGPAD)

This article is protected by copyright. All rights reserved



176
177
178
179

180

181
182
183
184
185
186
187
188
189
190

191

192
193
194
195
196
197
198
199
200
201
202
203
204

205

(Dionex, Sunnyvale, CA) on a PA10 column with 1% NaOH isocratic elf#éh Specific
activity and extent of galactose released from polysaccharides were calculated based on the
galactose release after 1 hour and 12 hours respectivitlgheAreactions were done in

duplicates.

Kcat/K m @analysison GMOS and RFOS

50 uM of GMOS, (GM,, GM3 and G;Ms) and RFOS (melibiose, stachyose, raffinose) were
incubated with_BoGal36A (34.2 nM for GMOS and 85.2 nM for RF@F0 mM sodium

citrate bufferpH 6.0 at 37C. The total reaction volume was 70 and dquots of 125ul

were taken at 0, 2, 5, 10, 20 and 30 min for each of the substrates and the reaction was
stopped by addition of 10 pul 5 % NaOHIl the reactions were done in duplicat&he
decrase inwsubstrate concentration for each of the GMOS and RFOS was analysed by
HPAEGPAD,on a PA100 column as described previoy2y]. kea/Km was calculated
according to the Matsui equatif26] by plotting Ln (S/S;) as a function of time (t) similar to
previous studieg24]. S, is the initial substrate concentration at time zero, and $he

substrate concentration at time (t).

DL Sanalysis and guar gum aggregation

The abilitysof*BoGal36A to modify the size of guar gum aggregates was followeyghiaynic

light scattering (DLS) experiments. 500 ul reaction volume was set up with 0.25%umar

in 50 mM eitratesbuffer pH 6.0 and 0.1 mg/ml of BoGal36A enzyme. The reaction was carried
out in a /micrevolume quartz cuvette at ¥7 in a zeta sizeNano Z®0 (Malvern
instruments)."The change in particle size in the reaction mixture was fdllevezy 10 min

for 16 hours. The particle size of the polysaccharide was measurgg asan oreeta sizer
(Nano ZS90), based on the absorption at 488 A, meanis the mean size diameter
calculated by.considering all the other factors like viscoBitytzmannconstant and diffusion

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

of 20 ul werestaken at four different time points: 0 hours, 4 hours, 12 hours and 16 hours to
analyse thesgalactose release at different time intervalP&@EG-PAD PA10 column. The

% galactose released was calculated based on the galactose: mannosedratiorofyuar

gum.

Homology model
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A homology model of BoGal36A was built irBwiss PDB model work space
(http://swissmodel.expasy.ojgising the crystal structufehain A of a a-galactosidase from
Geobacillus stearothermophillus AgaA (PDBID - 4FNP)[10], with 34% sequence identity as
template. The quality of the 3D model was assessed based on Q mean score and gave a Z
value of= 0:576. Ramachandran plot analysis showed 0.5% of amino acid residues in
disallowed regions, 97% of residues in the allowed region and 1.5% in generously allowed
regions. Allthefigures were drawn in PyMOL (Molecular Graphics 122 System, Version
1.5.0.4 Schroédinger, and LLC).

RESULTS

The genetic loci proposed to be involvedpirmannan utilization irB. ovatus ATCC8483
(Type 1, Rig,dA)andB. fragilis NCTC 9343 respectively, are shown in Fig 1 A. It che
concluded_that.the loci lac&verall homology, one of the differences being absence of a
possible o<galactosidase gene fdB. fragilis. On the other hand, we found th&t
xylanisolvens' D22 has a genetic locusiMPREF0106 00419 to HMPREF0106_00429) with
overall homologyto the ype llocusof B. ovatus. Growth studies on galactomannan substrate
shows thagt least some of the test@&l ovatus andB. xylanisolvens strainsefficiently utilise
galactomannan as a substrate, while none of the Bstejilis species were able to grow on
galactomannan (Fig 1B), including the type str8infragilis NCTC 9343.Comparative
genomic analysis of the sequedd ovatus andB. xylanisolvens strains withhigh growth on
galactomannanHg 1B) showedpresence o& genetic locusromologous taype 1B-mannan
PUL of B. ovatus ATCC 8483 (Fig 1A and %ig 1). Transcriptional activation analysis for
growth of By ovatus ATCC 8483on galactomannan showed upregulation of the tyffe 1
mannan utilisation locus (gene clusBacova 02087-97), (Fig 1C)This gene cluster contains
the GH36"a-galactosidase genlcus tagBacova 02091, along with two putative GH26 B-
mannanae  genes (locus tag3acova 02092 and Bacova 02093) and a putative GH130
gluco-mannophosphorylase (locus tB8gcova 02090). Some of theB. ovatus strainswith
positive growth.on galactomanndack thetype 1 B-mannan PUL, but have a partially
homologous PU (Type 2), which however lacks a a-galactosidase (Fig 1A, B and SFig 4)
Galactosidase activity is needed for hydrolysis of galactesyistitutions present in
galactomannans, albeit this is a function known for GH27 but not for GH36 a-galactosidases,
as explained above. Presence of a GH36 a-galactosidase gene in a B-mannan PUL motivated

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

BoGal36A has an Merminal signal peptide but no lipid anchor attachment. The protein is
thus predicted to be secretory and soluble. Its potential presence in periplasm or extracellular
environment is,s however, difficult to predict. A BlastP search ushe fequence of
BoGal36A asmanquery resulted in many putative a-galactosidases froBacteroides species.

The highestiidentity. (36%) for a characterised a-galactosidase was that from a symbiotic
bacteriumFlavobacteria sp. TN17 isolated from the gut of the wood feeding in&atbcera
horsefeldi [29]"The phylogenetic analysis clusters BoGal36A to subgrdug]lof GH36,
which contains the majority of structurally and biochemically characterised a-galactosidases
from raffinose_utilisation loci of other gut bacteria (SR)g The sequence alignment with
structurally' characterised GH36 a-galactosidases from subgroup | indicate conserved amino
acids involvedin‘galactose recognition and a GXXLXXXG motif unique for a-galactosidases

from subgroup I'(Fig 2) proposed to be involved in protein tetrameriga@pn
Cloning andbasic characterisation

The gene'sequence encoding BoGal36A without the predicted secretion signal wasdampli
from genomic"DNA ofB ovatus ATCC 8483 and clonethto the pET28b+ vector with a-C
terminal Hig_ tag. The overexpressed protein was purified by Téig purification. A single
band corresponding~t®1 kDa , observed on SDS PAGESFig 3) was similar to the
theoretical molecular weight of BoGal36A (8&Da). In SEC analysis, BoGal36&lutes as a
single peak at 61.681 (SFig 4) which corresporsito 290 kDa slightly below the theoretical
molecular weight of a tetramer (324kDa).

Recombinant BoGal36A is active @NP-a-gal, but not on the other testpNP-glycosides.

Thus, basic characterisation was done witliP-o-gal as substrate. BoGal36A has pH
optimum of 6.0 and optimmm temperature of 50 °C (Fig 3B) over an assay time of 10 min but

IS not stable if the incubation is prolonged. However, the enzyme retains greater than 85%
activity at pH+610 (Fig 3C) when incubated at 37 °C for 24 hours. Thus, theuaptim
conditionsyofi pH 6.0 and 37 °C were used in further incubations for analysis of kinetic
parameters and natural substrate specificity. BoGal36A hasfK.132 £0.02 mM and ky

of 4774 +202 min*usingpNP-a-gal as substrate.

Substrate specificity on galactose containing substrates
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The specific activities for the galactomannans guar gum and LBG and for GGM are 64.2 +
3.7 min, 70.2 + 6.96 mittand 9.6 + 0.3 mirn respectively. BoGal36A had a higher specific
activity of 1260 + 32 mitf on G,Ms. Both the galactose residues were released froMsG

(Fig 4A) and a single galactose group was released from &M GM;. Galactose was also
released=from=RFOS (melibiose, raffinose, stachyose), but less efficiently than from GM
GM3; and GMs as shown by substrate depletion curves (Fig 4B). About 90% of galactose
was released from LBG and guar gum galactomanafier incubating 0.5% of
polysaccharides (Fig 4C and D). Precipitation of guar galactomannan was observed due t
aggregation. of_polysaccharide bboke after galactose removal. Only 10 % galactose was

removed fream GGM.
Kcat/Km analysis: Terminal vsinternal galactose specificity

BoGal36A_hydrolyses internally linked-1, 6 galactose residues from the GMOS: GM

GM3 and GM5with 13 times highecatalytic efficiency (ka/fKm) compared to terminat-
galactose residues from the RFOS raffinose, stachyose and mefagpd® and Table 1)t

has similar catalytic efficiency for G\M GM3; and GMs, indicating that the length of the
mannan backbone dhe frequency of galactose substitutions does not affect the catalytic
efficiency ofithe enzymdn contrast, for RFOS the catalytic efficiency decreases for raffinose
and stachyose compared to melibiose (Table 1). Basedf,kanalysis it can be verted

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

better than galactosylatetigosaccharides from the RFOS family.
DL Sexperimentsfor guar gum aggregation.

Addition of BoGal36A actively removes the galactosyl idees from guar gum
galactomannan,thus promoting aggregation of mannan backbone. Initially, the guar gum
galactomannan.has a particle size diameter between 10 nm and 100 nm (Fig 5B).| BEmova
galactose substitutions resulted in aggregation and theagecie particle size to 1 um is
proportional.te'the extent of galactose removal (Fig 5). The graph plotted (Fig 5A) shows the
change in“particle size of guar gum galactomannan displayeg<amean vs time during the
course of galactose removal by BoGai3dhe real time change in particle size is shown in

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

removal was less than 40%, the change in particle size was not significant. The galactose
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removal reached 65% at 8urs and there was a steady increasednr. 4he particle size

increased te:1 um after 16 hours when the extent of galactose release reached 90%.

Homology model

The observed differences for BoGal36A (not optimal RFOS activity, rather active on
galactomanan and GMOS) and other gut bacterial GH8@alactosidases (involved in
RFOS hydralysis) led us to try to find structural differences. The BoGal36A 3Dl made
based on the template structure of AgaA frémstear othermophillus, which is tetrameric in
solution [10] The tetrameric BoGal36A model was generated assuming that the orientation of
the individual®monomers in the modeled BoGal36A is similar to that of AgaA. Casuopar
using an active site overlay of modeled BoGal36A showing raffinose bound in the active site
of AgaA (RDB: . FFNO) indicates a conserved subsite involved in galactose recognition as

compared to the template (Fig 6).

The main differences are seen in theanitl+2 subsites of AgaA. The P relatkmbp (AgaA

amno acids=5866) of the AgaA structure is absent in BoGal36A (Fig 6). This loop provides
stacking and ‘hydrogen bonding substrate interactions (to Glu and Frc moietieffnobeaf

via residues in the +1 and +2 subsites (AgaA amino acids Phe 56, Argas3)A4&p]
Furthermore,we made a structural overlay of all structurally chasede@H36 subgroup |
a-galactosidases (the same as used Fig. 2) which are preferentially active on terminal o-
galactosidic linkages. The-lIBop is spatially conserved in aldsea-galactosidases (i.e.
except BoGal36A) and restricts the space inpibsitive subsites of thactive site cleft. The
absence of the loop in BoGal36A is likely to provide additional space for a polymannose

backbone and/or. allow accommodation of galactose substitutions.

DISCUSSION

Gene clusters implicated {frmannan utikation have been suggested for sdBaeteriodes
species and a few other bacteria which occur in the humdh&ut8, 30, 31]. However, only
limited ‘data is available on the functional proteins involved in the utilisation of
galactomannan as carbon source in such badié2i85]. B. ovatus has previously been
shown to utilise galactomannan as a carbon solGe 33]. a-Galactosidasefave been
characterised frorB. ovatus grown on galactomanng82, 33. However, no genomic data or

sequence dats available relating thactivity to protein sequences, GH family genetic
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locus.In the current study we show that teovatus f-mannan PUL[16] includes a gene for

a GH36 a-galactosidase (BoGal36A) transcriptionally upregulated, along with the PUL,
during growth on galactomannan (Fig 1C). The geneticegalation and the biochemical
characterisation of BoGal36A suggest a new rfile a GH36 o-galactosidase, i.e. in
galactomannan“degradation, a function rather observed for GH27 enzymes from badteria
fungi [3, 36].

BoGal36A “belongs to GH36 a-galactosidases subgroup |, hitherto suggested to contain
enzymes that“mainly have evolved to hydrolyse RFOS substrates with a narrowsietive
formed by enzyme tetramef$0, 17. Interestingly, while being tetrameric, BoGal36A is
more efficient in.removing internal galactosidic linkages from GMOS of BBP@mpared to
RFOS (Table 1), ahalso releases 90% galactose from guar gum and LBG galactomannans,
which is mot shown for any other characterised GH36 a-galactosidase Previously
characterisedbut unidentified,a-galactosidases froB. ovatus cannot hydrolyse galactose
residues from intact galactomannaf82, 37]. An overlay of the modelled tetrameric
BoGal36A active site with that of the active site of the RH®&olysing AgaA o-
galactosidase reveals likely architectural differences bet®e&al36A and other subgroup |
GH36 enzymess The absence of a loop in the N terminal region (residi6& B@aA
numbering) of BoGal36A, containing aromatic residues involved in stacking interauti

the positivessubsites ofAgaA, can likely provide theadditional space to accommodate

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

As it appearsy,BoGal36A has evolved to hydrolyse internal galactosyl decoratiams fro
GMOS and/er. galactomannans, an activity previously known for GH27 a-gdactosidases that

act synergistically with B-mannanasefr effective galactomannan utilisatihl, 38]. The -
mannan“PUL"upregulated in presence of galactomannan (Fig 1C) also encodes twe putativ
GH26 B-mannanases along with BoGal36A (Fig 1A). Known B-mannanases hydrolysing
galactomannans by en@dation are often restricted by galactosyl substitution present on the
B-mannan chain [2,B 40]. The transcriptional regulatoBécova_02097) of theB. ovatus -
mannan’ PUL, is also sensitive to galactosyl substitutions, and cannot bjadactiosyl
mannopentaose ¢®ls) but can bind undecorated f-mannan oligosat@rides[16]. In line

with these observations, it's likely that the function of BoGal36A is removal of internal
galactose residues from galactomannans and/or GMOS produced by the pptative

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

modifying the properties of galactomannans (Fig 5).

Exo-glycosidases such as BoGal36A, described in this study may play an essential role in the
Bacteroidetes ability to utilise several heteroglycans, acting together with endohydrolases that
depolymeriserglycan backbones. As an example, exoglycosidases belonging to GH31 (a-
xylosidases)and«GH?2 (B-galactosidases) were shown to play an important rokgloglucan
utilisation "of'B"ovatus [19]. Recently, a-mannan utilisation inB. thetaiotamicron was
described and-also involves exaing GHs such as a a-1, 6 mannosidase acting together with
endoacting GHSs to effectively utilise the highly branched yeastannan as carbon source

[41].

CONCLUSION

This study gives insight into the GHs involved in the B-mannan utilisation oBacteroides

species, with focus onehpotential role of a GH36-galactosidase, evolved to hydrolyse the
internal galactese residues of galactomannan substrates. Based on the genomic context and
the substrate, preferences of BoGal36A it can be hypothesised that BoGal36A act in
cooperation_with the predicted GHZ26-mannanase(s) of the same PUL for effective
galactomannan utilisation. The competitive environment in the gut may be a contributing
factor to the evolution of the structufainctional difference of BoGal36A compared to the
charactesed homologs in subgroup | of GH36. Furthermore, the study also exemplifies that
the human gut microbiome can be mined for novel enzymes e.g. for certain applications; in

this case for the degalactosylation of galactomannans.
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534 Figure 1: Bacteroides genes involved in galactomannan degradation and growth of
535 selected species.on f-mannans. (A) Gene clusters fronB. ovatus (Type 1) andB. fragilis
536  (bottom) that"have previously been implicated in B-mannan degradatiofi6, 1§. Type 2
537 putativep-mannan PUL was discovered in the current st&ayrounding genes that were not
538 shown to be transcriptionally active in response to f-mannan (forB. ovatus) / or were not
539 tested for functions in f-mannan degradation are showed as partially transparent. Note that
540 flanking BFO7Z1-74 there is a GH2@ontaining polysaccharide utilisation locus. (B) Growth
541  of strains<from 3 differenBacteroides species on LBG gatilomannan. Growth ability of the
542  strains withType 1 PUL is highlighted in red(B. ovatus ATCC 8483 is indicated by an
543  arrow), strains with Type 2 PUL are marked in pinkSequencedB. ovatus and B.
544  xylanisolvenssstrains with no growth on galactomannan do not contain either of the (B)Ls
545  Transcriptional.activation of thB. ovatus ATCC 8483 Bacova_02087-97, Type 13-mannan
546 PUL on kaenjac glucomannan and LBG galactomaniuare information related to strains
547 numbersTand~thédnomologoupartially homologousPULs is presented in supplementary
548 material (SBble 1 SFig )

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

550  Subgroup«+The subgroup classification is based on Fredslund ft2&land secondary

551  structure elements from GH36 a-galactosidase fror®. stearothermophillus: PDB ID 4FNQ.

552  Completely conserved residues are marked black and partially conserved residues are marked
553 as grey. Catalytic amino acids: nucleophile D479 and acid/base D549 are marked. Unique

554  features: (A) missing loop in BoGal36A(B) CXXGXXR motif involved in galactose

This article is protected by copyright. All rights reserved



555
556

557
558
559
560

561
562
563
564
565
566
567
568

569
570
571
572
573
574

575
576
577
578
579
580
581

19

recognition in subgroupl an@C) GXXLXXXG motif involved in tetramer formation in

subgroup I.

Figure 3: Effect of pH and temperature on activity of BoGal36A: (A) pH optimum:
hydrolysis 0ofpNP- a-gal for 10 min at pH 3. (B) Temperature optiom: hydrolysis ofpNP-
a-gal at pH.6+fer. 10 min(C) pH stability: activity dependence from pHOJor 24 hours at 37
o(D) Temperature stability: activity dependence at pH 6 for 24 hours at 30 °C, 37 °C, 50 °C.

Figure 4. Galactose release analysis. (A) G2:Ms hydrolysed to M, analysed on PA100
column. ¢-4y indicates GMs at 0 hours. Mannose standards-M38 and galactose peak

also indicated’(B) Degradation curves for galactose substituted oligosaccharidgs. (
indicates RFOS~) indicates GMOS. Markers indicate) GM,, ¢#) GM 3, @) G2Ms5, A)
melibiose ) Raffinose and (o) stachyose. Galactose release analysed on PA10 column for
BoGal36A hydrolysed guar gur€) and locust bean gur]. Grey indicates InM galactose
standard. Black=line indicates galactose release from polysaccharides and bold black line

indicates sample at O hours.

Figure 5: DL S analysis of guar gum galactomannan: (A) mean particle size distribution
(Zave) ofiguargum with galactose removal by BoGal36A over time for 16 hdims real
time change_insparticle size is shown for O hg@)sand 16 hour¢C). In initial time points at
4 hours, where the galactose removal is less than 40%, the change in padicte reot
significant, The particle size increasesltqum after 16 hours when the extent of galactose

release reached 90%.

Figure 6. Close up view of BoGal36A overlay on AgaA with raffinose bound in the
active site pocket [10]: Amino acids from the template structure AgaA (red), with raffinose
(yellow) in_the active site, and the BoGal36A model (blue). Phe 56, Asp 53 and5Arg 6
(labeled red, AgaA numbering) are part of the loop that is lacking in BoGal36A0Ritere
and negativesubsitesare marked asl, +1 and +2 respectivel\Amino acids involved in
galactose recegnition at thel subsite are conserved and are underliidGal36A

numbering).
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Table 1: Kinetic properties of BoGal36A on different galactose substrates

Substrate | Structure k../K, (M Min1)
pNp-a-gal 3.6x 107+ 8.9 x 10°

RFOS

aGal-(1,6)-aGlc* 2.6x10°%2.2x 10*

Melibiose 1,6)-aGle-(1,2)-pFru 5.16 x 10* £1.7x 10°

Stachyose 1,6)-0Gal(1,6)-0Gle-(1,2)-pFru | 3.16 x 10* £2.2 x 10°

3.5x 108+ 1.0x 10°

Gal
-Man"‘
Gal 3.24x105+1.7x 107
|
-Man-Man*
Gal 3.15x 105 2.3x10°

[
Man-Man-Man-Mzim-Man"‘

Gal

* Repres

-
O
L
)
-
<
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