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GENERAL INTRODUCTION 
 

The host intestine is inhabited by a large diverse microbiota (1,2). For example, in 

adult humans, the gut microbiota consists of approximately 1014 bacterial cells (3), which 

represent 500-1000 species (4). The host has a mutualistic relationship with the gut 

microbiota. The gut microbiota derives residence and nutrition from the host (5). The 

microbiota also provides many effects to the host that influence the host’s metabolism, 

immune and organ development, and behavior (6). The composition of the gut microbiota is 

known to be remarkably stable. However, its alteration has been discovered to lead to chronic 

diseases, such as irritable bowel syndrome, inflammatory bowel disease, colorectal cancer, 

obesity, and type 2 diabetes (7). Therefore, the establishment and maintenance of the 

mutualistic relationship between the host and the gut microbiota are key factors for the health 

of the host. 

The composition of the gut microbiota is influenced by various factors, such as the 

use of antibiotics, lifestyle, and diet (6). Among these factors, orally administered diets 

available to the gut microbiota are one of the major determinants for its composition. For 

example, non-digestible oligosaccharides, such as oligofructose, can selectively promote the 

growth of the health-promoting bacteria, such as Bifidobacteria and Lactobacillus (5,9). 

Therefore, these oligosaccharides are used as prebiotics. On the other hand, the gut microbiota 

can complement the physiology of the host through various metabolites, such as essential 

vitamins and short-chain fatty acids (5). The gut microbial metabolism can activate the 

prodrugs, such as the flavonoid glycosides, which is found as a component of traditional 

herbal medicines (10-13). Thus, these fermentable bioactive compounds that are available to 

the gut microbiota should not only change the gut microbiota composition, but also influence 

the physiology of the host through their metabolites. Therefore, the studies on the gut 

microbial metabolisms of bioactive compounds and their metabolites expand our knowledge 

of the molecular basis on the mutualistic relationship between the host and the gut microbiota. 

This can lead to the development of novel bioactive compounds, based on the knowledge 

obtained from the studies. In this thesis, the author isolated and characterized the bacteria 

and/or its enzyme that is responsible for the metabolisms of bioactive compounds. 

Furthermore, the author applies this information to the production of functional compounds. 

CHAPTERS 1-3 focus on the host-derived oligosaccharides and glycans, which serve 
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as sources of energy for the gut bacteria (5). Oligosaccharides, excluding lactose in human 

milk (human milk oligosaccharides, HMOs), are one of the attractive targets for novel 

prebiotics, among the host-derived oligosaccharides. HMOs are composed of more than 130 

different oligosaccharide structures; they are also thought to be responsible for the intestinal 

colonization of bifidobacteria in breast fed infants. Among them, lacto-N-tetraose (LNT; 

Galβ1,3GlcNAcβ1,3Galβ1,4Glc) is one of main components of HMOs, which are specific 

features to humans (14,15). Furthermore, the α-L-fucosyl residues are frequently found at the 

non-reducing ends of the host-derived oligosaccharides and glycan, such as HMO and histo-

blood group antigens Lewis (14,16). Therefore, the author isolated and characterized the 

glycoside hydrolases required for the host-derived glycans catabolism in CHAPTER 1, lacto-

N-biosidase (LNBase); in CHAPTER 2, α-L-fucosidase. In addition, in CHAPTER 3, the 

author generated a 1,3-1,4-α-L-fucosynthase with exceptionally strict regio- and acceptor 

specificity, using glycosynthase technology.  

CHAPTER 4 focuses on the metabolism of the flavonoid and steroid glucuronides, 

which have bioactivities that are normally masked or altered by glucuronidation. Baicalin 

(baicalein 7-O-β-D-glucuronide) is one of the major flavonoid glucuronides that are found in 

traditional herbal medicines. Orally administered baicalin are degraded into glucuronic acid 

and baicalein, and show an efficient drug action (10,12). Therefore, the bioconversion and 

bioavailability of baicalin depends on the gut microbiota, which varies from person to person. 

To show the effect of a drug, regardless of the gut microbiota, the author aimed to identify and 

characterize the baicalin-converting enzyme, β-glucuronidase, from Lactobacillus brevis 

subsp. coagulans; the author also discussed the ability of the enzyme to metabolize drugs and 

endogenous steroid hormones in the host. 

 CHAPTER 5 focuses on the biohydrogenation reaction of polyunsaturated fatty 

acids (PUFAs) by gut anaerobic bacteria. This is an area of desired research from the 

viewpoint of the development of novel bioactive lipids (17,18) and the modulation of the fatty 

acid composition of the host (19). 

The author isolated the bacterium 

hydrogenating C20 PUFAs and 

their metabolites, of which there is 

little information, unlike C18 

PUFAs.
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CHAPTER 1 

Lacto-N-biosidase from Bifidobacterium longum subsp. longum 
 

Infant intestinal microflora develops from a tripartite relationship between mother’s 

milk, infant, and bacteria, and it is generally accepted that the microbiota in the intestines of 

breast-fed infants are rich in particular bifidobacterial species such as Bifidobacterium breve, 

B. bifidum, and B. longum subsp. longum/infantis (collectively termed infant gut-associated 

bifidobacteria) (1,2). These species/subspecies dominate in the gut ecosystem within a week 

after birth, and continue their predominance until weaning, when the gut microflora become 

adult-like (1). For this reason, human milk has long been considered to contain bifidogenic 

compounds (3-6). 

Recent research indicates that oligosaccharides (human milk oligosaccharides, HMOs) 

are responsible for the bifidogenic effect of human milk. Present at concentrations between 10 

and 20 g/L, HMOs constitute the third most abundant solid component in breast milk after 

lactose (Lac) and lipids, but have apparently no-nutritional value for infants (7-9). HMOs are 

characterized by their complex structures. To date, 115 HMO structures, classified into 13 

core structures, have been determined (9). The core structures consist of Lac, at the reducing 

end, elongated by β1-3- linked lacto-N-biose I (Galβ1-3GlcNAc, LNB, type-1 chain) and/or 

β1-3/6-linked N-acetyllactosamine (Galβ1-4GlcNAc, LacNAc, type-2 chain) (10), and are 

frequently modified by fucose and sialic acid residues via α1-2/3/4 and α2-3/6 linkages, 

respectively (3,9). Among the different HMO structures, four molecular species, namely 2’-

fucosyllactose (Fucα1-2Galβ1-4Glc), lacto-N-tetraose (LNT, Galβ1-3GlcNAcβ1-3Galβ1-

4Glc), lacto-N-fucopentaose I (LNFP I, Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glc), and lacto-

N-difucohexaose I [LNDFH I, Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4Glc], are most 

abundantly present and comprise more than 50% of the total oligosaccharides, unless the milk 

is derived from non-secretor or Lewis-negative subjects (9,10). The latter three structures 

reveal an abundance of type-1 chains in the HMOs (see Supplemental Fig. S1). This 

composition is unique to HMOs and has not been observed in other mammalian milk 

oligosaccharides, including those of anthropoids (9). This uniqueness may explain why infant 

gut-associated bifidobacteria are equipped with specific enzymatic sets that are specifically 

involved in assimilation of type-1 HMOs (as described below). 
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Among the infant gut-associated bifidobacteria, B. bifidum and B. longum subsp. 

infantis (simply designated B. infantis in this chapter) have been thoroughly studied because 

they grow substantially on medium containing HMOs as sole carbon source (OD600> 1.5) 

(11,12). B. bifidum produces a repertoire of secretory enzymes for HMOs degradation 

(Supplemental Fig. S1). 1,2-α-L-Fucosidase, 1,3-1,4-α-L-fucosidase, and sialidase act initially 

to uncover the core structure of HMOs (13-16). The type-1 chain is then digested by lacto-N-

biosidase (LNBase) to liberate LNB, while the type-2 chain is degraded sequentially by β-

galactosidase and β-N-acetylglucosaminidase to liberate Gal and GlcNAc, respectively 

(17,18). Subsequently, LNB is preferentially imported into the bifidobacterial cells via the 

GNB (galacto-N-biose)/LNB transporter for further degradation (19-21). Lac and 

monosaccharides are also utilized, although some remain unconsumed during growth in 

HMOs-containing medium (12). The GNB/LNB transporter is found solely in infant gut-

associated bifidobacteria (Supplemental Fig. S1). Since LNB selectively stimulates these 

species among the different gut microbes, it is considered a key instigator of bifidogenic 

effect (22). B. infantis also possesses the GNB/LNB pathway, but has evolved a different 

strategy for HMOs assimilation (11). This organism apparently imports all classes of HMOs 

in their intact forms and degrades them by exo-glycosidases in the cytoplasm (23, 24, 25). 

Therefore, B. infantis shows no preference for type-1 chain, although cytoplasmic digestion 

inevitably involves LNTβ-1,3-galactosidase (type-1 specific) which is exclusively found in 

infant gut-associated bifidobacteria (23). It should be mentioned that most β-galactosidases 

are incapable of hydrolyzing type-1 chains. 

In contrast to above-mentioned two species, the other infant gut-associated 

bifidobacteria, B. longum subsp. longum (referred to as B. longum) and B. breve have received 

far less attention, perhaps because they grow poorly on HMOs-containing medium (OD600< 

0.3) (12,26). Since more than 70% of HMOs are fucosylated (i.e. derived from secretor and 

Lewis-positive donors), the poor growth ability of the two species may be attributable to lack 

of 1,2-α-L-fucosidase and 1,3-1,4-α-L-fucosidase (5). Accordingly, when B. breve JCM1192T 

and B. longum JCM1217T are inoculated in HMOs-containing media, they consume LNT only 

(12). In the spent medium of B. breve JCM1192 cultures, no degradation products (mono-, di-, 

and trisaccharides) of LNT have been detected, while in the culture supernatant of B. longum 

JCM1217, Lac appears transiently as LNT decreases. Thus, while B. breve JCM1192 imports 

intact LNT as does B. infantis, LNT consumption by B. longum JCM1217 should involve 
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secretory LNBase and the subsequent GNB/LNB pathway (Supplemental Fig. S1). Indeed, 

LNBase activity has been previously detected in B. longum strains JCM1217 and JCM7054 

(17).  

The genomic sequence of B. longum JCM1217 was made publicly available by Fukuda 

et al. in 2011 (27). Interestingly, Wada et al. found that this strain possesses no gene 

homologous to the previously identified LNBase (glycoside hydrolase family 20, GH20) from 

B. bifidum (17). Although the B. longum JCM1217 genome encodes a GH20 enzyme, the 

protein obviously lacks the sequence motifs to distinguish LNBase from β-N-

acetylhexosaminidase (another GH20 member) (28). Actually, the GH20 enzyme of B. 

longum JCM1217 was recently found to be β-N-acetylglucosaminidase active on lacto-N-

triose II (GlcNAcβ1-3Galβ1-4Glc) and on chitin oligosaccharides, but not on LNT (29). 

These findings prompted the author to identify a potentially novel LNBase gene encoded in 

the genome of B. longum. 

Here, the author found that the locus_tag BLLJ_1505 and BLLJ_1506, neither of which 

has been functionally annotated, constitute LNBase. The enzyme body is the product of 

BLLJ_1505, while the product of BLLJ_1506 acts as a designated chaperon for the 

Supplemental Figure S1. Infant gut-associated bifidobacteria possess species/subspecies-specific enzymatic sets dedicated to the 
assimilation of HMOs. See text for the detailed description. Four major components of HMOs (Secretor, Lewis-postive donors) are also 
shown.  
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BLLJ_1505 protein (LNBase). The substrate specificity of this novel LNBase was found to be 

quite different from that of GH20 LNBase. Interestingly, it liberated GalNAcβ1-3GlcNAc 

from the p-nitrophenyl sugar. The disaccharide structure is present in the O-glycans of α-

dystroglycan (30). BLLJ_1505 and BLLJ_1506 homologs were found in the genomes of B. 

longum, B. bifidum, and a few gut microbes, suggesting that this LNBase has uniquely 

evolved in particular species. 

 

EXPERIMENTAL PROCEDURES 

 

Chemicals−Lacto-N-tetraose (LNT, Galβ1-3GlcNAcβ1-3Galβ1-4Glc), lacto-N-

neotetraose (LNnT, Galβ1-4GlcNAcβ1-3Galβ1-4Glc), lacto-N-fucopentaose (LNFP) I 

(Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glc), LNFP II [Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-

4Glc], sialyllacto-N-tetraose (LST) a (Neu5Acα2-3Galβ1-3GlcNAcβ1-3Galβ1-4Glc), and 

LST b [Galβ1-3(Neu5Acα2-6)GlcNAcβ1-3Galβ1-4Glc] were purchased from IsoSep 

(Tullinge, Sweden). Lacto-N-hexaose [LNH, Galβ1-3GlcNAcβ1-3(Galβ1-4GlcNAcβ1-

6)Galβ1-4Glc] was obtained from Dextra Laboratories (Reading, UK). Lacto-N-biose I 

(Galβ1-3GlcNAc, LNB) and lacto-N-triose II (GlcNAcβ1-3Galβ1-4Glc) were prepared as 

described previously (18,31). p-Nitrophenyl (pNP)-β-lacto-N-bioside I (LNB-β-pNP) was 

obtained from Sigma-Aldrich (MO) or synthesized essentially as described previously (32). 

Briefly, hepta-O-acetyl-LNB was prepared by treating LNB with acetic anhydride and 

pyridine. Following chlorination with hydrogen chloride in acetic acid, p-nitrophenol was 

glycosydated in dimethylformamide. O-Deacetylation was carried out using sodium 

methoxide in methanol. The synthesized LNB-β-pNP was used for screening a genomic 

library of B. longum subsp. longum JCM1217 (described later). GalNAcβ1-3GlcNAc-β-pNP 

and GalNAcβ1-4GlcNAc (LacdiNAc)-β-pNP were purchased from Tokyo Chemical Industry 

(Tokyo, Japan). Other reagents of analytical grade were obtained from commercial sources. 

The oligonucleotides used in the plasmid- and strain constructions are listed in Supplemental 

Table S1.  

 

Bacterial strains and media−The strains used in this chapter were Bifidobacterium 

longum subsp. longum JCM1217T and 105-A (33) and Escherichia coli DH5α and BL21 

ΔlacZ (DE3) / pRERE2 (23). Bifidobacteria were grown in GAM broth (Nissui 
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Pharmaceutical, Tokyo, Japan) or basal medium (17) at 37°C under anaerobic conditions. 

Chloramphenicol and spectinomycin were added at final concentrations of 4 and 30 μg/ml, 

respectively, as required. E. coli strains were grown in lysogeny broth (LB) broth, and when 

necessary, ampicillin, chloramphenicol, and spectinomycin were added at concentrations of 

100, 30, and 30 μg/ml, respectively. 

Supplemental Table S1 Primers used for plasmid construction 
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Construction of a genomic library of B. longum JCM1217−The genome of strain 

JCM1217 was extracted as described previously (13), and partially digested with Sau3AI. The 

8−10 kbp DNA fragments were recovered and ligated with the BamHI-digested pBR322. The 

resulting reaction mixture was used to transform E. coli DH5α to obtain the genomic library, 

which was then screened for LNB-β-pNP hydrolysis. Note that E. coli DH5α exhibits neither 

β-1,3-galactosidase nor LNBase activity. 

 

Gene disruption and complementation analysis of B. longum−A targeted gene 

disruption in B. longum was carried out as follows. The region corresponding to nucleotide 

numbers 1794468−1795807 (see Fig. 1) was amplified by high-fidelity PCR using PrimeStar 

MAX DNA polymerase (Takara Shuzo, Shiga, Japan). BamHI sites were attached at both 

ends (Supplemental Table S1). The amplified fragment (a partial lnbX gene) was ligated with 

the 1.9-kbp BamHI fragment (carrying ColE1 ori and the spectinomycin-resistance gene) of 

pBS423 (34) to generate a suicide plasmid. The resulting plasmid was introduced into B. 

longum 105-A by electroporation and integrated into the genome by a single cross over event 

at the lnbX locus. Spectinomycin-resistant colonies were isolated, and the disruption of the 

lnbX gene was confirmed by genomic PCR analysis (data not shown).  

Complementation analysis was performed using E. coli-bifidobacteria shuttle vector 

pTK2064, in which ColE1 ori (high copy) of plasmid pBS423 (34) was replaced with pSC101 

ori (low copy) (Supplemental Table S1). Exchanging the ori ensured stable maintenance of 

the target genes (~6.3 kbp, GC-content 66%) in cells. The lnbX and lnbXY genes 

(1792583−1798023 and 1792583−1798862 nt, respectively, in Fig. 1) were amplified by 

high-fidelity PCR and inserted into the NdeI site of pTK2064 by In-Fusion methodology 

(Clontech Laboratories, CA) to generate pTK2193 (lnbX+) and pTK2174 (lnbX+Y+), 

respectively. A plasmid (pTK2241) carrying the lnbY gene under the control of lnbX promoter 

was constructed by inverse-PCR using pTK2174 as a template, in which nucleotides 

1793160−1797962 (Fig. 1) was eliminated (Supplemental Table S1). All of the PCR-

amplified fragments were sequenced to ensure that no base changes other than those designed 

had occurred. 

 

Expression and purification of recombinant proteins−Recombinant LnbX and LnbY 

were expressed in E. coli and purified as both non-tagged and hexahistidine (His)-tagged 
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forms. The expression vectors contained the DNAs coding for amino acid residues 31-1573 of 

LnbX and amino acid residues 30-280 of LnbY, following genetic removal of the signal 

peptide and membrane anchor of LnbX and the signal peptide of LnbY. The non-tagged and 

C-terminal His-tagged LnbX proteins were expressed using pET3a and pET23b (Novagen, 

Darmstadt, Germany), respectively (Supplemental Table S1). The PCR-generated fragments 

were inserted into the NdeI−BamHI and NdeI-NotI sites of pET3a and pET23b, respectively, 

by In-Fusion methodology. To express the non-tagged and N-terminal His-tagged LnbY, the 

amplified genes were first inserted into the NdeI−BamHI site of pET3a and the resulting T7-

expression cassettes were moved to a ColE1-compatible plasmid pCDF (Novagen) 

(Supplemental Table S1). The entire fragments used for later manipulation were sequenced. 

The non-tagged LNBase (LnbX) was purified from the cell-free extract of E. coli cells 

co-expressing the lnbX and lnbY genes. The cells were grown in 2 liters of LB medium, and 

when the optical density at 600 nm reached 0.5, isopropyl-β-D-1-thiogalactopyranoside was 

added to induce protein expression. The cells were harvested, suspended in 20 mM 

tris(hydroxymethyl)aminomethane-HCl (Tris-HCl) buffer (pH 8.0), and disrupted by 

sonication. The supernatant was applied to DEAE-Sepharose fast flow column (GE 

Healthcare Life Sciences, Uppsala, Sweden), and proteins were eluted by a linear gradient of 

1 M NaCl. Each fraction was tested for LNB-β-pNP-hydrolyzing ability. Active fractions 

were combined, dialyzed to 50 mM sodium phosphate buffer (pH 7.0) containing 0.8 M 

ammonium sulfate, and applied to a Butyl-Sepharose 4 column (GE Healthcare Life Sciences). 

Elution was performed by decreasing the concentration of ammonium sulfate to 0 M. The 

protein was further purified by MonoQ 5/50 GL [0−1 M NaCl in 20 mM Tris-HCl buffer (pH 

8.0)] (GE Healthcare Life Sciences), Poros HP [0.8−0 M ammonium sulfate in 50 mM 

sodium phosphate buffer (pH 7.0)] (PerSeptive Biosystems, MA), and Superdex 200 10/300 

GL [20 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl] (GE Healthcare Life 

Sciences) column chromatography. The purified protein was concentrated using Amicon Ultra 

100K (Millipore, MA). His-tagged LnbX was similarly expressed and purified by Ni-NTA 

agarose (Qiagen, Hilden, Germany), MonoQ 5/50 GL, and Superdex 200 10/300 GL column 

chromatography. 

Non-tagged LnbY was purified similarly, using the same columns. The purity of LnbY 

was assessed by SDS-polyacrylamide gel electrophoresis of each fraction. His-tagged LnbY 

was purified by Ni-NTA agarose and Superdex 75 10/300 GL column chromatography. The 
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purified protein was concentrated using Amicon Ultra 10K. 

Protein concentrations were determinedusing a Bradford protein assay kit (Bio-Rad 

Laboratories, CA). Bovine serum albumin was used as a standard. 

 

Inductively coupled plasma emission spectroscopy−Prior to the analysis, the purified, 

non-tagged LnbX and LnbY were extensively dialyzed against 5 mM Tris-HCl (pH 8.0) in the 

presence and absence of 0.2 mM EDTA. The content and concentration of metal ions in the 

proteins were determined by inductively coupled plasma emission spectroscopy using ICPS-

8100 (Shimadzu, Kyoto, Japan), with dialysis buffer as a control. The standard was ICP 

multielement standard solution IV.  

 

Edman-degradation analysis−The N-terminal amino acid sequence of the non-tagged 

LnbX was determined by Edman-degradation using a PPSQ-33A protein sequencer 

(Shimadzu).  

 

Assay−The standard reaction mixture contained 50 mM 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (pH 5.4). pNP-Sugars and oligosaccharides 

were used as the substrates. The reaction was initiated by adding the enzyme, and the reaction 

mixture was incubated at 25°C for an appropriate time, in which the linearity of the reaction 

rate was observed. The enzyme concentrations used in the kinetic analysis were 0.90 nM 

(LNB-β-pNP), 1.8 nM (GalNAcβ1-3GlcNAcβ-pNP and LNT), and 140 nM (LNFP I). The 

substrate concentrations were varied from 0.3–2 times the respective Km values. The reaction 

was terminated by adding 1 M sodium carbonate (for pNP-sugars) or by heating (for 

oligosaccharides). The amount of liberated p-nitrophenol was determined from the absorbance 

at 400 nm. Oligosaccharide hydrolysis was monitored by high-performance anion-exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD) using a Dionex ICS 

3000 system, equipped with a CarboPac PA-1 column (Dionex, Sunnyvale, CA). The elution 

was performed under constant flow (0.25 ml/min) with a linear gradient of 0−330 mM 

sodium acetate in 125 mM NaOH at 30°C for 20 min. Standard curve was constructed from 

known concentrations of Lac. The reaction products of the LNFP I hydrolysis were treated 

with 1,2-α-L-fucosidase (13) prior to HPAEC-PAD analysis to remove fucosyl residue from 

the 2’-fucosyl-LNB (Fucα1-2Galβ1-3GlcNAc) (reaction product), which co-elutes with Lac. 
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The kinetic parameters were calculated by curve fitting the experimental data to the 

Michaelis-Menten equation, using KaleidaGraph 4.0 (Synergy Software, PA). One unit of 

enzyme activity was determined as the amount of enzyme required to produce 1 μmol of p- 

nitrophenol or Lac under the specified conditions. 

The physicochemical properties of the enzyme were determined using 1 mM LNB-β-

pNP as a substrate. To estimate the optimal temperature, the reaction mixture was incubated at 

various temperatures for a short period (<1 min). The optimal pH was determined using the 

following buffers (100 mM): citrate-NaOH (pH 4.0−5.0), MES (pH 5.0−6.5), 3-(N-

morpholino)propanesulfonic acid (MOPS) (pH 6.5−8.0) and Tris-HCl (pH 8.0-9.0). The 

temperature and pH stabilities were determined from the residual activities following enzyme 

incubation in 50 mM MES (pH 5.4) for 30 min at various temperatures and overnight dialysis 

against various 10 mM buffers at 4°C, respectively. 

The native molecular mass of the proteins was determined by size exclusion 

chromatographyusing Superdex 200 10/300 GL (for LnbX) and Superdex 75 10/300 GL (for 

LnbY). Thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 

kDa), ovalbumin (43 kDa), ribonuclease A (13.7 kDa), and aprotinin (6.5 kDa) were used as 

standards. Void volume was determined by Blue Dextran 2000. 

 

Determination of stereochemical course of hydrolysis−The reaction mixture 

containing 50 mM MES buffer (pH 5.4), 2 mM LNB-β-pNP, and the enzyme (7 mU) was 

incubated at 30°C in a total volume of 60 μl. The mixture was sampled at specified times and 

immediately injected into a high-performance liquid chromatography (HPLC) system 

equipped with TSKgel Amide-80 (4.6 × 250 mm) (Tosoh, Tokyo, Japan). Elution was carried 

out using a solvent system of acetonitrile/water of 65/35 at a flow rate of 1 mL/min, and was 

monitored at 214 nm. 

 

Electrospray ionization-mass spectrometry (ESI-MS)−For oligosaccharide analysis, 

mass spectra were obtained on a LCMS-2020 system (Shimadzu) in positive ion mode. The 

samples were dissolved in 0.1% formic acid/acetonitrile (1/1, by volume) and injected at 3 

μl/min with a micro syringe pump. 

 

Western blot analysis using anti-His-tag antibodies−Cell-free extracts (0.6 mg) of E. 
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Figure 1. Genetic organization of the lnbXY locus in the genome 
of B. longum subsp. longum JCM1217. Shown is the shortest 
region contained within the LNBase+-E. coli transformants. The 
locus_tag, the annotated functions, and the Pfam motifs are 
indicated. The numbering is based on GenBank accession number 
NC_015067. 

Figure 2. Complementation analysis of lnbX-deficient B. longum 
subsp. longum. The strain carrying a disrupted lnbX gene was 
transformed with a plasmid carrying lnbX, lnbY, or lnbXY. Note 
that lnbY was expressed under the control of the lnbX promoter. 
The cells were grown in GAM medium overnight, harvested, and 
then suspended in basal medium (17) containing 5 mM LNT. The 
suspensions were incubated anaerobically for 1 h and the 
supernatants were analyzed by thin-layer chromatography using a 
solvent system of 1-butanol/acetic acid/water (2:1:1, by volume). 
The sugars were visualized by diphenylamine-phosphoric acid 
(45). Lane 1: JCM1217; lane 2: 105-A; lane 3: 105-A lnbX::SpR; 
lane 4: pTK2064 (empty vector) / lnbX::SpR; lane 5: pTK2064-
lnbX+ / lnbX::SpR; lane 6: pTK2064-lnbY+(lnbXp) / lnbX::SpR; lane 
7: pTK2064-lnbX+Y+/ lnbX::SpR. Standards used were LNT, 
lactose (Lac), and lacto-N-biose I (LNB). 

coli cells expressing His-tagged LnbX in the presence and absence of co-expression of non-

tagged LnbY were separated by size exclusion chromatography (Superdex 200 10/300 GL). 

Each fraction (0.5 ml) was assayed for protein concentration, LNBase activity, and LnbX 

content. LnbX was detected using anti-His-tag antibodies conjugated with horse radish 

peroxidase (Qiagen), following SDS-polyacrylamide gel electrophoresis and membrane 

transfer (Immobilon-P, Millipore). Chemiluminescence was detected using ECL western 

blotting detection reagents (GE Healthcare Life Sciences) and a LAS-3000 (Fuji Film, Tokyo, 

Japan). 

 

In vitro refolding of LnbX−Denatured LnbX was refolded in the presence and absence 

of LnbY and metals (Ca2+ and Mg2+). This experiment was carried out on C-terminal His-

tagged LnbX and N-terminal His-tagged LnbY. The purified LnbX (final concentration 1 μM) 

denatured in 6 M guanidine-HCl was diluted 100-fold by adding 50 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.0) containing various concentrations 

of LnbY (0, 1, 5, 20, 50 μM) and metal ions (0, 0.01, 0.1, 1, and 5 mM of CaCl2 and MgCl2) 

in a total volume of 500 μl. The mixture was immediately placed in the dialysis cassette 

(Slide-A-Lyzer G2, Thermo Scientific, MA), and dialyzed against HEPES buffer containing 

or not containing metal ions. The samples were removed from the dialysis cassettes at 

specified times and monitored for hydrolytic activity toward LNB-β-pNP. Enzymes were 

assayed within 2 min of incubation to avoid refolding during activity determination. 
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RESULTS 

 

Identification of BLLJ_1505 and BLLJ_1506 as the constituents of LNBase from B. 

longum−A genomic library of B. longum JCM1217 was constructed using E. coli DH5α, and 

the transformants were screened for their ability to liberate p-nitrophenol from LNB-β-pNP. 

Five out of 1,920 transformants tested positive for the activity. Sequence analysis revealed 

that DNA fragment in the plasmid isolated from the clones covers a particular genomic locus. 

The shortest fragment comprises genomic nucleotides 1792199−1800198 (Fig. 1). This region 

includes two complete open reading frames (ORFs) designated BLLJ_1505 (1599 aa) and 

BLLJ_1506 (280 aa). Neither ORF had been functionally annotated, nor did they share 

sequence similarities with any characterized proteins. The insert also contained two truncated 

ORFs (BLLJ_1504 and BLLJ_1507), which were close homologs of bacterial γ-

glutamylcysteine synthetase and 2-hydroxyglutaryl-CoA dehydratase activator, respectively. 

Pfam analysis (http://pfam.sanger.ac.uk/) indicated a right-handed β helix region (β helix, 

PF13229) at amino acid residues 158−315 of BLLJ_1505 and an uncharacterized sugar-

binding domain (FIVAR, PF07554) at residues 1435−1487, while BLLJ_1506 lacks any 

functional motifs (35). SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) and PSORT 

(http://psort.hgc.jp/) servers predicted the presence of a signal peptide (1−30 aa) and a 

membrane anchor (1577−1593 aa) in BLLJ_1505 and a signal peptide (1−29 aa) in 

BLLJ_1506 (36). BLLJ_1505 and BLLJ_1506 were separated by 3-bp, and an inverted repeat 

was found immediately downstream of BLLJ_1506 (1798848−1798889 nt). Homologs of 

these proteins in database are introduced later. 

The author first disrupted locus-tag BLLJ_1505 by homologous recombination event. 

This manipulation was performed on B. longum strain 105-A (LNBase+) rather than JCM1217, 

because the latter is not amenable to standard genetic manipulation (33). Sequence identity of 

99% was observed between the genes from both strains (data not shown). Disruption of the 

corresponding gene in strain 105-A resulted in complete loss of LNT-hydrolyzing ability, as 

revealed by TLC analysis (Fig. 2, lane 3). Activity was not restored by introducing 

BLLJ_1505 via a shuttle vector (Fig. 2, lane 5). BLLJ_1506 alone similarly failed to rescue 

the LNBase--phenotype (Fig. 2, lane 6); however, when both BLLJ_1505 and BLLJ_1506 

were introduced, the activity resumed (Fig. 2, lane 7). These results indicate that LNBase of B. 
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Table 2 Summary of purification of recombinant non-tagged LNBase 
(LnbX) 

longum JCM1217 consists of BLLJ_1505 and BLLJ_1506 (hereafter referred to as lnbX and 

lnbY, respectively). 

Besides B. longum, both lnbX and lnbY were required for the active LNBase expression 

in E. coli. In this experiment, the signal peptide and membrane anchor of LnbX and the signal 

peptide of LnbY were genetically removed and the corresponding genes were expressed in 

separate plasmids (see EXPERIMENTAL PROCEDURES). The cell-free extract of the E. 

coli strain carrying both lnbX and lnbY showed LNB-β-pNP-hydrolyzing activity (9.5 U/mg), 

whereas strains expressing either lnbX or lnbY did not (Table 1). Interestingly, mixing the cell-

free extracts of E. coli strains individually expressing lnbX and lnbY induced low-level 

activity (0.38 U/mg). When added prior to mixing, EDTA completely quenched the activity, 

while after mixing, it produced no effect on activity (0.34 U/mg). Similarly, EDTA did not 

alter the activity in the cell-free extract of E. coli cells co-expressing lnbX and lnbY (9.5 vs. 

9.6 U/mg). 

The reaction was carried out in 50 mM MES buffer (pH 5.4) 
containing 1 mM LNB-β-pNP at 30°C. EDTA (final 
concentration 1 mM) was added where indicated. 
  and, not detected. 

bPrior to enzyme assay, the cell-free extracts of E. coli cells 
individually expressing LnbX and LnbY were mixed and 
incubated for 30 min at 30°C. 

cEDTA was added before mixing. 
dEDTA was added after mixing. 

aLNBase was purified from the cell-free extracts of E. coli cells 
co-expressing non-tagged LnbX and LnbY proteins. 
Purification was carried out by monitoring LNB-β-pNP-
hydrolyzing activity, as described under EXPERIMENTAL 
PROCEDURES. See also Fig. 3. 

Figure 3. Purification of non-tagged, recombinant LnbX and LnbY proteins. (a) The results of SDS-polyacrylamide gel 
electrophoresis. LNBase (LnbX) was purified by monitoring LNB-β-pNP-hydrolyzing activity. The N-terminal five amino acid 
residues of LnbX are MQSAT, determined by Edman-degradation. The purified proteins were examined for their metal content (see 
text). (b) The native molecular weights of LnbX and LnbY were determined by size-exclusion chromatography using Superdex 200 
10/300 GL (for LnbX) and Superdex 75 10/300 GL (for LnbY) columns. Thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 
kDa), conalbumin (75 kDa), ovalbumin (43 kDa), ribonuclease A (13.7 kDa), and aprotinin (6.5 kDa) were used as standards. 

 
Table 1 LNBase activity of LnbX-, LnbY-, and LnbXY expressing 
E. coli cells. 
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Purification and physicochemical characterization−The author first purified non-

tagged recombinant LNBase from E. coli cells co-expressing LnbX and LnbY. Purification 

was carried out by monitoring the LNB-β-pNP-hydrolyzing activity. The purification process 

is summarized in Table 2. The purified protein yielded a single band on SDS-polyacrylamide 

gel electrophoresis with an apparent molecular mass of 161 kDa, which agrees with the 

calculated mass of LnbX (164 kDa) (Fig. 3a). Edman-degradation analysis revealed the N-

terminal amino acid sequence as MQSAT, consistent with the designed construct for 

expressing LnbX (31−1573 residues). Addition of His-tag to the C-terminus of the protein did 

not alter the enzymatic properties of LnbX (discussed later) and the tagged protein was easily 

purified by Ni2+-affinity chromatography. Moreover, LnbX migrated to a virtually identical 

position in the SDS-polyacrylamide gel electrophoresis regardless of whether LnbY was co-

expressed or not (see Fig. 7a). Addition of purified LnbY to purified LnbX (correctly folded 

form, described later) produced no effect on LNBase activity (data not shown). These results 

indicated that the active LNBase molecule from B. longum is a single gene product (that of 

lnbX). The native molecular mass of LNBase (LnbX) deduced from size exclusion 

chromatography was 356 kDa, indicating that the enzyme forms a dimer in solution (Fig. 3b). 

Inductively coupled plasma emission spectroscopy revealed that LnbX contains 1 ± 0.1 

molecule of magnesium, 3 ± 0.6 molecules of calcium, and 0.4 ± 0.1 molecule of zinc. 

Magnesium and calcium ions are probably tightly bound to or buried in the protein because 

the addition of EDTA to the dialysis buffer did not alter the metal contents; however, zinc ion 

was deprived from the protein by adding EDTA. Recall that EDTA does not affect the specific 

activity of the purified enzyme. 

The optimal pH and temperature of the enzyme for LNB-β-pNP hydrolysis was 5.4 

(MES buffer) and 60°C, respectively. The enzyme was stable in the pH range 4.5−9.5 and 

below 45°C for 30 min. The purified recombinant enzyme maintained its activity at least for 3 

weeks (data not shown). 

The author also purified non-tagged LnbY (Fig. 3a). The molecular mass of 

recombinant LnbY (30-280 aa) was estimated to be 28.2 kDa (calculated, 27.4 kDa) on SDS-

polyacrylamide gel electrophoresis and 48.5 kDa on gel filtration analysis, indicating a dimer 

formation (Fig. 3b). LnbY appeared to contain no metal ions. 
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Figure 4. Substrate specificity of LNBases from B. longum subsp. longum (LnbX) and from B. bifidum (LnbB, a GH20 enzyme). The 
reactions were carried out in 50 mM MES (pH 5.4) (for LnbX) and citrate-phosphate (pH 4.5) (for LnbB) buffers containing 5 mM 
substrates in the presence and absence of the enzyme (6 mU towards LNB-β-pNP). The reaction products were analyzed by a thin-layer 
chromatography using a solvent system of 1-butanol/acetic acid/water (2:1:1, by volume). The sugars were visualized by diphenylamine-
phosphoric acid (45). The substrates used were: lacto-N-tetraose (LNT) (a); lacto-N-neotetraose (LNnT) (b); lacto-N-triose II (LNTri II) 
(c); lacto-N-hexaose (LNH) (d); lacto-N-fucopentaose I (LNFP I) (e);LNFP II (f); sialyllacto-N-tetraose a (LST a) (g); and LST b (h). *1 
and *2 indicate 3’-sialyl-lacto-N-biose I (hydrolysis product, see Fig. 5c) and LNT (contaminant of LST b), respectively. Standards used 
are lactose and each substrate (far left lane) and lacto-N-biose I (near left lane). See also Table 3. 

Table 3 Substrate specificity of LNBases from B. longum subsp. longum (LnbX) and B.bifidum (LnbB) 

a:The reactions were carried out in 50 mM MES buffer (pH 5.4) (for LnbX) and citrate-phosphate buffer (pH 4.5) (for LnbB) containing 1 
mM (for pNP-sugars) and 5 mM (for oligosaccharides) substrates. Mixtures were incubated overnight at 25°C in the presence and absence 
of the enzyme (6 mU towards pNP-LNB). The reaction products were analyzed by thin-layer chromatography (TLC) (see Fig. 4). Neither 
LnbX nor LnbB acted on pNP-monosaccharides (L-Arapα-pNP, Galβ-, GalNAcβ-, Glcβ-, GlcNAβ-, GlcUAβ-, Manβ-, Xylβ-), Lacβ-pNP, 
and LacdiNAcβ-pNP. +++: complete hydrolysis (100%), ++: significant hydrolysis (>50%), +: partial hydrolysis (<50%), −: no 
hydrolysis. 
b: The kinetic parameters of LnbB are taken from our recent report (28). 
c: Not determined. 
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Substrate specificity−Substrate specificity was determined using C-terminal His-

tagged LnbX. The specific activity on LNB-β-pNP was essentially the same for the His-

tagged- (34.1 U/mg) and non-tagged (37.2 U/mg) enzymes. Hydrolytic activity was evaluated 

by overnight incubation of the enzyme (6 mU towards LNB-β-pNP) with various pNP-sugars 

(1 mM) and oligosaccharides (5 mM) (Table 3 and Fig. 4). The activity of GH20 LNBase 

from B. bifidum (LnbB) was also evaluated for comparison (17,28). LnbX hydrolyzed both 

LNB-β-pNP and GalNAcβ1-3GlcNAcβ-pNP, while LnbB was inactive towards GalNAcβ1-

3GlcNAcβ-pNP (Table 3). LnbX was able to act on LNT, LNH, LNFP I, and LST a, whereas 

LnbB acted only on LNT and LNH (Fig. 4a,d,e,g). The hydrolysis of LNT, LNFP I and LST a 

by LnbX at the Galβ1-3GlcNAc linkage was confirmed by ESI-MS analysis. The reaction 

products of LNT hydrolysis yielded molecular ion peaks corresponding to sodium adducts of 

Lac (calculated for [M + Na]+, 365.11; observed, 365.05) and LNB (calculated for [M + Na]+, 

406.13; observed, 406.05) (Fig. 5a), while the LNFP I hydrolysis gave rise to sodium adducts 

of Lac (observed, 365.05) and 2’-fucosyl-LNB (calculated for [M + Na]+, 552.19; observed, 

552.20) (Fig. 5b). The spot corresponding to a trisaccharide in the TLC analysis of the LST a 

hydrolysate yielded molecular ion peaks matching sodium adduct (calculated for [M + Na]+, 

697.23; observed, 697.20) and deprotonated, disodium adduct (calculated for [M - H +2Na]+, 

719.21; observed 719.15) of 3’-sialyl-LNB (Fig. 5c). No corresponding peaks appeared in the 

control experiments without enzyme (data not shown). 

Both LnbX and LnbB were inactive on LNnT, lacto-N-triose II, LNFP II, and LST b 

(Fig. 4b,c,f,h). Neither enzyme hydrolyzed pNP-monosaccharides (L-Arapα-pNP, Galβ-pNP, 

GalNAcβ-pNP, Glcβ-pNP, GlcNAβ-pNP, GlcUAβ-pNP, Manβ-pNP, Xylβ-pNP), Lacβ-pNP, 

orGalNAcβ1-4GlcNAcβ (LacdiNAc)-pNP. 

The activity of LnbX towards LNB-β-pNP (1 mM) was not inhibited by LacNAc (5 

mM). The rate of hydrolysis of GalNAcβ1-3GlcNAcβ-pNP (1 mM) by LnbX was not affected 

in the presence of 5 mM LacdiNAcβ-pNP (data not shown). 

     Kinetic analysis revealed that the catalytic efficiency of LnbX towards LNB-β-pNP and 

LNT is 5- and 4-fold higher, respectively, than that of LnbB (806 vs. 156 mM-1 s-1 for LNB-β-

pNP; 282 vs. 67.2 mM-1 s-1 for LNT) (Table 3). This difference is mostly due to the higher kcat 

values of LnbX (96.1 s-1 for LNB-β-pNP and 113 s-1 for LNT) than those of LnbB (15.4 s-1 for 

LNB-β-pNP and 42.1 s-1 for LNT) towards these substrates. The kinetic analysis also revealed 
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Figure 5. ESI-MS analysis of the reaction products catalyzed by LnbX.The reactions were carried out in 50 mM MES (pH 5.4) buffer 
containing 5 mM lacto-N-tetraose (LNT) (a), lacto-N-fucopentaose I (LNFP I) (b), and sialyllacto-N-tetraose a (LST a) (c) in the presence 
of the enzyme. When LNT and LNFP I were used as substrates, the reaction products were deionized by Amberlite MB-3 (Millipore, 
MA) and lyophilized prior to the analysis. In LST a hydrolysis, the reaction products were first separated by thin-layer chromatography 
and the spot corresponding to a trisaccharide was extracted and purified by Sep-Pak C18 Plus (Waters, MA). Control experiments were 
performed without the enzyme (data not shown). 

that activity of LnbX on GalNAcβ1-3GlcNAcβ-pNP (kcat/Km value of 211 mM-1 s-1) is 

significant and comparable to that on LNB-β-pNP. Relative to LNT, LnbX showed 40-fold 

higher Km value (14.6 vs. 0.401 mM) and 8-fold lower kcat value (13.5 vs. 113 s-1) for LNFP I, 

implying that the enzyme is less effective towards LNFP I (nonetheless significant; see Fig. 

4e). The activity of the enzyme on LST a was too low to determine the kinetic parameters. 

 

Stereochemistry of hydrolysis−Stereochemical course of the reaction was determined 

by monitoring the anomeric configuration of LNB released from the pNP-substrate (Fig. 6). A 

normal-phase HPLC was employed for this purpose. LNB appeared with the ratio of α-

anomer to β-anomer of 25/75 and 35/65 after 1-min and 10-min incubation, respectively. The 

peak area for LNB-β-pNP decreased while those of p-nitrophenol and LNB increased as the 

reaction proceeded (10 and 30 min), and the α/β-ratio of LNB had almost reached the 

equilibration of mutarotation (60/40) at 120 min. These results showed that LnbX is a 

retaining enzyme. 
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hydrolysis catalyzed by LnbX. The reaction 
mixture containing 50 mM MES buffer (pH 
5.4), 2 mM LNB-β-pNP, and the enzyme (7 
mU) was incubated at 30°C, and sampled at 
the indicated times to be analyzed by a 
HPLC system equipped with TSKgel 
Amide-80 (4.6 × 250 mm). Elution was 
carried out at room temperature using 
acetonitrile/water (65/35) flowing at 1 
ml/min, and was monitored by measuring 
the absorbance at 214 nm. 

Role of LnbY in the folding process of 

LnbX−To examine the folding state of LnbX, the author 

performed gel filtration analysis using the cell-free 

extracts of E. coli cells expressing His-tagged LnbX with 

and without LnbY (non-tagged), followed by SDS-

polyacrylamide gel electrophoresis and western blot 

analysis using anti-His tag antibodies (Fig. 7a,b). The 

protein concentration and specific activity (from 7.5 to 13 

mL elution volume) were also determined for each 

fraction. The quantity of His-tagged LnbX obtained in a 

soluble fraction was consistent and independent of LnbY 

co-expression (Fig. 7a). LnbX eluted in a void volume in 

the absence of LnbY whereas it eluted at 10.5−11.0 mL 

(molecular mass 399−316 kDa) in the presence of LnbY. 

No LNBase activity was detected in any fractions of cell-

free extract of the strain expressing LnbX alone, whereas 

the activity exactly coincided with the LnbX protein peak 

of the cell-free extract of the strain co-expressing LnbY in 

the chromatography. 

In vitro refolding experiment of LnbX was also performed, in which the renaturation 

process was represented by the enzymatic activity on LNB-β-pNP (see EXPERIMENTAL 

PROCEDURES). When the denatured LnbX was incubated and dialyzed alone, no detectable 

activity was observed throughout the incubation periods (Fig. 7c). No precipitation occurred 

during dialysis to reflect that the protein formed a soluble aggregate in the cell-free extracts of 

E. coli cells expressing LnbX alone (Fig. 7b, left panel). In contrast, when the refolding 

solution contained LnbY (non-denatured), activity gradually recovered. Efficient refolding 

occurred when Ca2+ and Mg2+ were supplemented together with LnbY. As mentioned above, 

both metal ions are contained in the native enzyme. Magnesium ions were found to be more 

important than calcium ions in the refolding process. When Mg2+ alone was added, the 

activity was over 90% of that obtained in the presence of the two metal ions, while Ca2+ alone 

failed to attain 70% activity (data not shown). Refolding also depended on the concentration 

of the metal ions; 0.1 mM was found to optimize refolding within the tested range (10 μM, 
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Figure 7. Requirement of LnbY for proper folding of LnbX. (a) The results of SDS- polyacrylamide gel electrophoresis of the soluble 
fraction of the cell-free extracts of E. coli cells expressing either LnbX(His) alone or LnbX(His) and LnbY. (b) The cell-free extracts 
were separated by size exclusion chromatography (Superdex 200 10/300 GL). Each fraction (0.5 ml) of the elution volume (7.5−13 
mL) was subjected to SDS-polyacrylamide gel electrophoresis, followed by western blot analysis using anti-His-tag antibodies linked 
to horse radish peroxidase. The fractions were also assayed for protein (mg/ml) and enzyme activity (U/mg). The peak fractions of the 
marker proteins (thyroglobulin: 669 kDa; ferritin: 440 kDa; aldolase: 158 kDa) and the void fraction are indicated. (c) In vitro 
refolding of denatured LnbX (1 µM) was carried out in the presence and absence of LnbY (1 µM) and the metal ions (0.1 mM CaCl2 
and MgCl2). The refolding mixture comprising denatured LnbX alone (open circles), denatured LnbX and metal ions (filled circles), 
denatured LnbX and non-denatured LnbY (open squares), or denatured LnbX, non-denatured LnbY, and metal ions (filled squares) 
was dialyzed against 50 mM HEPES buffer containing or not containing 0.1 mM metal ions. The samples were removed from the 
dialysis cassettes at the indicated times and assayed for activity content. (d) The refolding was carried out in varying concentrations of 
LnbY in the presence of 0.1 mM metal ions. The ratios of LnbY to denatured LnbX are: 0 (filled circles), 1 (filled squares), 5 (open 
diamonds), 20 (open triangles), and 50 (filled triangles). 

0.1 mM, 1 mM and 5 mM; data not shown). Interestingly, the metal ions by themselves could 

slightly stimulate the refolding of denatured LnbX, and very low but non-negligible activity 

was detected as the incubation continued (Fig. 7c). Refolding efficiency varied with the molar 

ratio of LnbY added to denatured LnbX. When the ratios were increased to 5 and 20 from 

equimolar, LNB-β-pNP-hydrolyzing activity was elevated by 1.2- and 1.5-fold, respectively; 

however, a ratio of 50 caused a decline in the activity (Fig. 7d). The highest activity attained 

in the refolding experiments (6.3 U/mg) was one-sixth that of the native recombinant enzyme 

(37.2 U/mg), indicating a renaturation efficiency of about 17%. 
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DISCUSSION 

 

The present study revealed a novel LNBase in B. longum that completely differs from 

hitherto identified GH families with respect to amino acid sequence, substrate specificity, 

maturation process, and possibly structure. 

 

Physicochemical properties−Initially, the author considered that LNBase is a hetero-

dimer comprising the LnbX and LnbY subunits, since LNB-β-pNP-hydrolyzing activity 

occurred when the cell-free extracts of E. coli strains individually expressing LnbX and LnbY 

were mixed and incubated (Table 1). However, the subsequent experiments revealed that the 

purified LNBase consists solely of the lnbX gene product. The C-terminus of the protein could 

be truncated to 1431 amino acid residues (immediately upstream of the FIVAR domain, Fig. 

1) without loss of activity (data not shown).  

 

Sequence feature−In the complementation analysis using lnbX-deficient B. longum, 

plasmid-mediated introduction of the lnbX gene failed to restore LNBase activity, even though 

the genome of the deficient strain contained an intact lnbY. Introduction of both lnbX and lnbY 

genes by plasmid recovered the LNBase+-phenotype of the parental strain (Fig. 2). These 

results indicate that the lnbX and lnbY genes constitute an operon, and the failure of the 

phenotypic change in the strain carrying plasmid-borne lnbX is due to a polar effect. The two 

genes were separated by a mere 3-bp, and a promoter-like sequence was not found upstream 

of the ORF of lnbY; instead, a 42-bp inverted repeat was found immediately downstream of 

lnbY. 

In the genomes of B. longum JCM1217 and B. longum BBMN68, the lnbXY gene is 

located between the γ-glutamylcysteine synthetase and 2-hydroxyglutaryl-CoA dehydratase 

activator genes (99% identity in nucleotide sequence over the region covering the four genes) 

(Supplemental Fig. S2). In the genomes of B. longum strains DJ010A, F8, JDM301, 

KACC91563, and NCC2705 (possibly LNBase−), the γ-glutamylcysteine synthetase gene is 

located just downstream of the 2-hydroxyglutaryl-CoA dehydratase activator gene (KEGG 

database; http://www.genome.jp/kegg/). The author currently lacks knowledge of how strains 

JCM1217 and BBMN68 acquired the lnbXY gene at this locus. No insertion sequence was 

found at either end of the gene (IS Finder: https://www-is.biotoul.fr/). Interestingly, however, 
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Supplemental Figure S2. The genetic landscape of 
the sequence-completed bifidobacterial genomes at 
the lnbXY locus. LnbX and LnbY (and their 
corresponding ORFs) were shown in cyan and navy 
blue, respectively, with their lengths (aa) and the 
presence (+) and absence (−) of signal peptides 
(predicted by SignalP4.1 server). The ORFs shown 
in orange and gray were the homologues of γ-
glutamylcysteine synthetase and 2-hydroxyglutaryl-
CoA dehydratase activator, respectively. Note that 
BBIF_0483 from B. bifidum S17 shows 60% 
identity with LnbX at the N-terminal half only 
(~700 aa), whereas the others share identity (>60%) 
at the whole region. It should also be mentioned that 
the direction of some ORFs in the B. bifidum 
genomes was opposite to that found in the B. 
longum subsp. longum genomes, even though the 
conserved occurrence of these genes at the same 
loci. 

the genomes of B. bifidum strains BGN4, PRL2010, and S17 contain lnbX and lnbY homologs 

with 50–60% amino acid sequence identity, which are also located near the γ-

glutamylcysteine synthetase and 2-hydroxyglutaryl-CoA dehydratase activator genes 

(Supplemental Fig. S2). In these genomes, the lnbX and lnbY homologs are separated by the 

γ-glutamylcysteine synthetase gene and their sense strands are opposed. Note that in B. 

bifidum either the LnbX homolog or the LnbY homolog lacks a signal peptide; therefore, even 

though both proteins are expressed in the cells they cannot associate to assist the folding of 

LnbX. 

The LnbX homologs have been found in the human gut microbial genomes of 

Ruminococcus lactaris ATCC29176 (RUMLAC_00599), Clostridium nexile DSM1787 

(clonex_02958), and C. celatum DSM1785 (HMPRF0216_02974). The amino acid identity 

between these homologs and B. longum LnbX is about 40%. Among these bacteria, R. lactaris 

ATCC29176 alone possesses the LnbY homolog (27% identity, RUMLAC_00598), but the 

protein lacks a signal peptide. These results suggest that the gene(s) has specifically evolved 

within the gut niche. Given the length and sequence diversity among the few known 

occurrences, the gene(s) might still be evolving. Further elucidation requires characterization 

of each of these homologs. 
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Substrate specificity−Besides sequence, the substrate specificity of LNBase from B. 

longum significantly differs from that of GH20 LNBase from B. bifidum. Whereas GH20 

LNBase (including one from Streptomyces sp.) acts only on unmodified LNB structures (Fig. 

4) (17, 37), the novel LNBase from B. longum was able to act on LNFP I and LST a, which 

have Fuc and Neu5Ac residues at the O2 and O3 positions of the distal Gal residue, 

respectively. Considering the high activity of LnbX on LNT, followed by LNFP I and LST a, 

and that the enzyme is inactive on GlcNAc-pNP, binding of the substrate at subsite (-2) might 

be indispensable for the enzyme to exert its activity. The subsite (-2) is slightly widened at the 

O2 position of (-2) Gal, enabling LnbX to efficiently hydrolyze GalNAcβ1-3GlcNAcβ-pNP 

(Table 3). GalNAcβ1-3GlcNAcβ disaccharide structure has been found in the O-mannosyl 

glycans of α-dystroglycan, and β1-3GalNAc transferase with acceptor specificity towards 

GlcNAc (B3GALNT2) has been identified in humans and mice (38). Recently, Stevens et al. 

reported that mutations in B3GALNT2 cause congenital muscular dystrophy-

dystroglycanopathy, characterized by brain and eye anomalies (39). GalNAcβ1-3GlcNAc is a 

linkage isomer of LacdiNAc (N, N’-diacetyllactosediamine, GalNAcβ1-4GlcNAc) found in 

the N-glycans of glycoproteins such as lutropin (a hormone produced by gonadotroph cells) 

and tenascin-R (an extracellular matrix exclusively expressed in the central nervous system) 

as well as in glycoproteins from parasites (40,41). The LacdiNAc structure in the leukemia 

inhibitory factor (LIF) receptor is known to influence self-renewal maintenance of mouse 

embryonic stem cells (42). Considering that LnbX does not act on LacdiNAcβ-pNP and that 

GalNAcβ1-3GlcNAcβ-pNP hydrolysis is not inhibited by the presence of LacdiNAcβ-pNP, 

the enzyme may serve as a new tool for examining the glycan structures of glycoconjugates 

and for distinguishing between GalNAcβ1-3GlcNAc and LacdiNAc structures. However, the 

author has not tested whether the enzyme can liberate GalNAcβ1-3GlcNAc from natural 

substrates. 

     With respect to the unique substrate specificity of B. longum LNBase, the author also 

emphasizes that B. longum JCM1217 grown in HMO medium induces a slight but continuous 

decrease of LNFP I (0.67 g/L to 0.24 g/L) (12). The author did not identify 2’-fucosyl LNB in 

that study because the author lacked a standard compound and the author had not elucidated 

the unique substrate specificity of LnbX. Interestingly, the HPLC profile in that paper displays 

a small peak between Lac and 2’-fucosyllactose (12). 
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LnbY as a designated chaperon for LnbX−In both bifidobacteria and E. coli, LnbY is 

required for active expression of LnbX, i.e. LNBase activity (Table 1 and Fig. 2). In the 

absence of LnbY co-expression, LnbX formed a soluble aggregate and eluted in the void 

fraction in the gel filtration analysis with no detectable activity (Fig. 7b, left panel). In the 

presence of LnbY, active LnbX was expressed and eluted at the anticipated fraction (Fig. 7b, 

right panel). Also, as mentioned above, no apparent post-translational modification occurred 

on LnbX. These results strongly suggest that the LnbY protein is involved in the folding 

process of LnbX. The denatured LnbX gained considerable activity during the incubation with 

LnbY and removal of guanidine-HCl by dialysis (Fig. 7c). The presence of two metal ions 

(Ca2+ and Mg2+, especially Mg2+) was important for efficient refolding (Fig. 7c). The addition 

of EDTA to mature LnbX had no effect on enzymatic activity (Table 1), nor sequestered the 

ions during dialysis, indicating that the two metal ions were tightly bound by the protein and 

stabilized the correct folding of LnbX. Indeed, the two metals slightly stimulated correct 

folding of LnbX even in the absence of LnbY (Fig. 7c). The results in Table 1 also indicate 

that LnbY can partially renature a soluble aggregate form of LnbX. To the author’s knowledge, 

this is the first glycosidase that requires a designated chaperon for its active expression. 

Mucin type core 1 (T antigen)-synthesizing β1-3Gal transferase (C1βGal-T) is known to 

require its designated chaperon, Cosmc (43). Although the C1βGal-T and Cosmc genes are 

located on different chromosomes, Cosmc appears to be specialized for C1βGal-T folding, 

since the activity of other glycosyltransferases is normal in Cosmc-null Jurkat cells. 

Interestingly, both C1βGal-T and Cosmc are secretory proteins and form homo-dimers, and 

thus share a functional similarity with LnbX and LnbY. Another functional homolog is seen in 

the synthetic pathway of glycosylphosphatidylinositol (GPI)-anchor. PGI-X has been 

identified as an important component for active expression of PIG-M, the catalytic subunit of 

GPI mannosyltransferase I (44). Interestingly, these chaperon proteins are of similar size 

(Cosmc (318 aa), PGI-X (252 aa), and LnbY (280 aa)) despite their sequence dissimilarity. 

 

Physiology in HMO assimilation−By identifying the lnbXY gene, the author 

unequivocally revealed that B. longum JCM1217 extracellularly decomposes LNT by this 

novel LNBase. The produced LNB and Lac should be imported into the bifidobacterial cells 

by the GNB/LNB transporter and the Lac transporter, respectively, for further degradation (19, 

20, 21) (Supplemental Fig. S1). Among the infant gut-associated bifidobacteria, B. bifidum 
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and some strains of B. longum specifically degrade type-1 HMOs by LNBase (LnbB and 

LnbX, respectively). B. longum LNBase showed lower Km and higher kcat values for LNT than 

B. bifidum LNBase. Therefore, assuming that the LnbX homolog of B. bifidum does not 

function within cells (as described above), B. longum can exploit LNT over B. bifidum. This 

might be an important survival strategy for gut-dwelling B. longum since this subspecies 

essentially assimilates LNT only among HMOs due to the lack of α-L-fucosidase (12). B. 

longum might employ its highly active LNBase to sequester LNTs formed from LNFP I and 

LNDFH I (the main HMO species) by B. bifidum 1,2-, and 1,3/4-α-L-fucosidases in the gut 

(13,15). In this sense, it is interesting that B. bifidum grown in HMO medium ignores the 

degradation products of HMOs in the spent medium even during the exponential growth 

phase (12). B. infantis probably circumvents the interception by ingesting all HMOs as intact 

forms and digesting them intracellularly (23-25). 

 

Concluding remarks−Hitherto uncharacterized protein sequences of unknown function, 

namely BLLJ_1505 and BLLJ_1506, are found to constitute LNBase, an enzyme exhibiting 

unique substrate specificity and maturation process. These findings are important not only for 

comprehensive understanding of HMOs assimilation by infant-gut bifidobacteria but also in 

functional glycomics research, since B. longum LNBase is the first reported enzyme to 

liberate GalNAcβ1-3GlcNAc. 
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CHAPTER 2 

α-L-Fucosidase from Bacteroides thetaiotaomicron 
 

α-L-Fucosyl residues are frequently found at the non-reducing ends of glycoconjugates 

and play fundamental roles in various biological processes (1). For the examination of the 

biological activities of the fucose-containing glycoconjugates, α-L-fucosidase serves as a 

powerful tool because it can selectively remove the fucosyl residues without damaging the 

compounds. Currently, α-L-fucosidases occur in glycoside hydrolase (GH) families 29 and 95 

(2). GH95 enzymes show strict substrate specificity to the terminal Fucα1-2Gal linkage and 

hydrolyze the linkage via an inverting mechanism (3,4), while GH29 enzymes show relatively 

relaxed substrate specificities with the hydrolysis proceeding via a retaining mechanism (5,6). 

Ashida et al. recently isolated a GH29 enzyme from Bifidobacterium bifidum and found 

that the enzyme (BbAfcB) acts exclusively on the terminal α-(1→3/4)-fucosidic linkages (7). 

Phylogenetic analysis revealed that BbAfcB is distantly related to the well-studied GH29 

enzymes from humans and Thermotoga maritima (6,8) and constitutes a different clade 

together with the enzymes from Streptomyces sp. and Arabidopsis thaliana (9,10) (Fig. 1a). 

These results suggested that GH29 can be divided into two subfamilies: one contains α-L-

fucosidases with relaxed substrate specificities that can act on p-nitorophenyl-α-L-

fucopyranoside (pNP-Fuc) (referred to as GH29-A) (EC 3.2.1.51), whereas the members of 

the other subfamily specifically hydrolyze α-L-(1→3/4)-fucosidic linkages and essentially do 

not act on pNP-Fuc (GH29-B) (EC 3.2.1.111) (7,9,10). The recent report describing α-L-

fucosidases from Lactobacillus casei indicated that they are classified as belonging to the 

GH29-A subfamily (Fig. 1a) (11). 

To explore the validity of this subfamily classification and to obtain a better 

understanding of the structural basis that underlies this classification, the author determined 

the substrate specificities of two structure-solved, but uncharacterized GH29 α-L-fucosidases 

from Bacteroides thetaiotaomicron VPI-5482, i.e., the proteins with locus tag BT_2970 

(GH29-A) and BT_2192 (GH29-B) (Fig. 1a) (12). 

 

EXPERIMENTAL PROCEDURES 

 

Chemicals−Lewis a and x (Lea/x) trisaccharides [Galβ1-3/4(Fucα1-4/3)GlcNAc], Leb/y 
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tetrasaccharides [Fucα1-2Galβ1-3/4(Fucα1-4/3)GlcNAc] and 6-fucosyl-N-acetylgllucosamine 

(F1-6Gn, Fucα1-6GlcNAc) disaccharide were purchased from Dextra Laboratories (Reading, 

UK). 3-fucosyl-N-acetylgllucosamine (F1-3Gn, Fucα1-3GlcNAc) and 4-fucosyl-N-

acetylgllucosamine (F1-4Gn, Fucα1-4GlcNAc) disaccharides were from Carbosynth 

(Compton, UK). 2’-Fucosyllactose (2’-FL, Fucα1-2Galβ1-4Glc) and p-nitrophenyl-α-L-

fucopyranoside (pNP-Fuc) were from Sigma (St.Louis, MO, USA). 3-Fucosyllactose [3-FL, 

Galβ1-4(Fucα1-3)Glc] was purchased from Dextra Laboratories, and further purified using 

Bio-Gel P2 gel filtration chromatography (Bio-Rad, CA, USA). L-Fucose dehydrogenase was 

purchased from Kikkoman (Noda, Japan). Other reagents of analytical grade were obtained 

from commercial sources.  

 

Bacterial strains and growth conditions−The bacterial strain used in this chapter was 

Bacteroides thetaiotaomicron VPI-5482 that was obtained from the Japan Collection of 

Microorganisms (JCM), RIKEN Bioresource Center, Japan. The strain was anaerobically 

grown at 37°C in GAM medium (Nissui, Tokyo, Japan) with Anaeropack (Mitrubishi 

Chemical, Japan). 

 

Expression and purification of BT_2192 and BT_2970−The gene products of the locus 

tags BT_2192 and BT_2970 were expressed in Escherichia coli BL21 ΔlacZ (DE3) (7). The 

N-terminal signal sequences, the presence of which was predicted using the Signal P 4.0 

server (13), were eliminated in the vector construction. The genes were amplified by PCR 

involving KOD polymerase (Toyobo, Japan) using the genomic DNA of B. thetaiotaomicron 

VPI-5482 as a template. The sequences of the primers used were 5’-

ccatatgcaagaagcaaagaaggaaatt-3’ and 5’-ccctcgagtgttaaagcatctcgataaat -3’ (for BT_2970), and 

5’-ccatatgcaacaagcaccagctccttgc-3’ and 5’-ccctcgagtaatttgaaaaccggtgactg-3’ (for BT_2192). 

The amplified fragments were inserted into pET23b vector (Novagen, Madison, WI) to 

generate C-terminally histidine-tagged proteins. The PCR-generated fragments were 

sequenced to ensure that no base change other than those intended had occurred. The 

recombinant strains were cultured in lysogeny broth media containing 100 µg/ml ampicillin at 

18°C until the optical density at 600 nm reached 0.5. Isopropyl-β-D-1-thiogalactopyranoside 

was then added to a final concentration of 0.1 mM to induce protein expression. Following 

further incubation for 15 h, the cells were harvested and disrupted by sonication. After 
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centrifugation, the supernatants were applied to a Ni-NTA agarose column (Qiagen, Hilden, 

Germany), and the proteins were eluted according to the manufacturer’s instructions. The 

fractions were combined, concentrated using an Amicon Ultra 30 K (Millipore, MA, USA) 

and loaded onto a Superdex 200 10/300 GL gel filtration column (GE Healthcare Bio-

Sciences, Uppsala, Sweden). The elution was carried out using a 20 mM 

tris(hydroxymethyl)aminomethane-HCl buffer (Tris-HCl) (pH 8.0) containing 150 mM NaCl. 

The molecular masses of the proteins were determined using the same column. Thyroglobulin 

(669 kDa), ferritin (443 kDa), aldolase (158 kDa), conalbumin (75 kDa) and ovalbumin (43 

kDa) were used as the standards. The protein concentrations were determined using a BCA 

protein assay kit (Thermo Fisher Scientific, IL, USA) with bovine serum albumin as a 

standard. 

 

Enzyme assay−The hydrolytic activity was determined using pNP-Fuc and fucosyl 

oligosaccharides as the substrates. The reaction mixture contained 100 mM 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (pH 6.0), 1 mM of each substrate, and the 

enzymes (for the pNP-Fuc hydrolysis, 20 μM of BT_2192 and 280 nM of BT_2970; for the 

natural fucosylated substrates, 690 nM of BT_2192 and 15 μM of BT_2970). For the pNP-

Fuc hydrolysis, the reaction was carried out for an appropriate time at 37°C and terminated by 

the addition of 1 M sodium carbonate. The amount of the liberated pNP was determined by 

measuring the absorbance at 405 nm. For the fucosyl oligosaccharide hydrolysis, the reaction 

was carried out for an appropriate time at 37°C and terminated by heating. The amount of 

released Fuc was determined using a fucose dehydrogenase-coupled method (3,4,14). One 

unit of the enzyme activity was determined as the amount of enzyme required to produce 1 

μmol of pNP or Fuc under the specified conditions. 

The physicochemical properties of BT_2192 and BT_2970 were determined by using 

3-FL and pNP-Fuc as the substrates, respectively. The optimal temperature was examined by 

incubating the reaction mixture containing 100 mM MES buffer (pH 6.0) at various 

temperatures for a short period of time (< 1 min) to prevent damage to the enzymes. The 

optimal pH value was determined using the following buffers (50 mM): citrate-NaOH (pH 

4.0−5.0), MES (pH 5.0−6.5), and 3-(N-morpholino)propanesulfonic acid (MOPS) (pH 

6.5−8.0). The temperature and pH stabilities were determined by measuring the residual 

activities after incubating the enzyme in 100 mM MES (pH 6.0) for 30 min at various 
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Figure 1. Subfamily classification of GH29 based on substrate specificity 
and phylogenetic analysis. (a) The tree was constructed using the ClustalW 
program with a neighbor-joining method (http://clustalw.ddbj.nig.ac.jp/top-
j.html). (b) The domain organization of BT_2970 and BT_2192 was 
examined by the Pfam database (15). GH29, glycoside hydrolase family 29 
domain; CBM32, carbohydrate-binding module 32 domain. (c) Results of 
the SDS-polyacrylamide gel electrophoresis of the purified recombinant 
proteins. (d) Gel filtration analysis using Superdex 200 10/300 GE column. 
The markers (closed circles) used were: thyroglobulin (669 kDa), ferritin 
(440 kDa), aldolase (158 kDa), conalbumin (75 kDa) and ovalbumin (43 
kDa). The elution volumes of BT_2970 and BT_2192 are indicated by an 
open triangle and an open circle, respectively. 
 

temperatures and after dialyzing the enzyme overnight against various 100 mM buffers at 4°C, 

respectively. The effect of the divalent cations on the activity was examined by adding 1 mM 

CoCl2, CaCl2, MnCl2, MgCl2, CuCl2, and ZnCl2 to the reaction mixture. 

 

RESULTS AND DISCUSSION 

 

The domain organizations of 

the two enzymes are shown in Fig. 

1b. Both proteins possess the GH29 

catalytic domains, which are almost 

identical in their size but share only 

32% identity in amino acid sequence 

(15). The GH29 domain of BT_2192 

is followed by a carbohydrate-

binding module 32. Both enzymes 

are predicted to be secretory proteins 

as they possess signal peptides (14). 

The author expressed these proteins 

with C-terminal histidine-tags in 

Escherichia coli BL21 ΔlacZ (DE3) 

(7,16). The signal sequences were 

removed in both cases. Expression 

and purification of the proteins were 

completed using a commercially-

available kit according to the 

manufacturer’s instructions (Qiagen, 

MD, USA). The purified proteins 

gave single bands on SDS-

polyacrylamide gel electrophoresis 

(Fig. 1c). Gel filtration analysis 

indicated that both enzymes form 

dimers in solution (Fig. 1d). 
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The physicochemical 

properties of BT_2970 and BT_2192 

were determined by using pNP-Fuc 

and 3-fucosyllactose (3-FL), 

respectively, as substrates. Both 

enzymes were most active at pH 6.0 

in MES buffer and were stable in the 

pH range of 4.0 to 9.0. The optimal 

temperature for activity of BT_2970 

and BT_2192 were 37°C and 50°C, 

respectively. Both enzymes were 

stable below 37°C for 30 min. The 

divalent cations, Co2+, Ca2+, Mg2+ and Mn2+ (1 mM), and the chelating agent, EDTA, did not 

affect enzyme activity. The kcat and Km values of BT_2970 for pNP-Fuc were calculated to be 

1.3 s-1 and 1.5 mM, respectively. The kinetic parameters of BT_2192 could not be calculated 

because no saturation curve was obtained in the concentrations between 0.6-20 mM 3-FL. The 

specific activity of BT_2970 on pNP-Fuc (1 mM) was 0.60 U/mg, while that of BT_2192 on 

3-FL (1 mM) was 0.79 U/mg. The observed specific activities were relatively lower than for 

the other glycosidases (4). However, the kcat values of the GH29 members were generally 

between 1−10 /s (6,8,11). 

Next, the author examined the substrate specificities using various substrates at a fixed 

concentration (1 mM) (Table 1). BT_2970 hydrolyzed F1-3Gn and F1-4Gn with considerably 

lower activities as compared to pNP-Fuc (5.3 and 0.81%, respectively). No activity was 

detected for the other substrates tested. In contrast, BT_2192 effectively hydrolyzed 3-FL and 

Lewis antigens, but was essentially inactive on pNP-Fuc. These results were consistent with 

the predicted substrate specificities based on phylogenetic clustering (Fig. 1a). Interestingly, 

BT_2192 was inert on F1-3/4Gn disaccharides although the linkages to be hydrolyzed are 

identical to those present in the Lewis a/x trisaccharides. BbAfcB (GH29-B) also effectively 

hydrolyzed the Lewis trisaccharides, but did not act on F1-3/4Gn disaccharides (described in 

CHAPTER 3). This indicated that BT_2192 requires the presence of a branched Gal residue 

to exert its activity and suggested that the enzyme has a subsite to accommodate the Gal 

residue. 

Table 1 Substrate specificities of BT_2970 and BT_2192 

Assays were performed in 100 mM MES buffer (pH 6.0) at 37°C. Activities 
were measured as previously described (3,7). 
a The substrate was used at a concentration of 1.0 mM. 
b The activities on pNP-Fuc and 3-FL were taken as 100% for BT_2970 and 
BT_2192, respectively. 
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The author then compared the active-site structures of BT_2970 D229N in complex 

with pNP-Fuc (PDB code 2WVU) (12) and BT_2192 (PDB code 3EYP, no ligand) (Fig. 2). 

Of the residues that are hydrogen-bonded with the Fuc moiety in BT_2970, E87, W88 and 

H136 are replaced with Asn (N60), Glu (E61) and Ala (A100), respectively, in BT_2192. 

Consequently, BT_2192 should lack two hydrogen bonds with the Fuc. In addition, R262 of 

BT_2970 forms a hydrogen bond with the nitro group of pNP, which could facilitate the 

departure of the leaving group. BT_2192 does not possess the corresponding Arg residue. The 

two additional hydrogen bonds with the Fuc and one additional hydrogen bond with pNP 

could therefore explain why BT_2970 shows considerably higher activity towards pNP-Fuc 

than BT_2192. However, to compensate for the missing Arg residue, BT_2192 successfully 

creates enough space to accommodate one sugar ring, next to the Fuc-binding site (Fig. 2). 

The pocket is mainly formed by the side chains of W230, E254 and D277, the residues of 

which are frequently employed to create sugar binding pockets, and by the main chain of 

G189-A190. The BT_2192 crystal contains a glycerol molecule (GOL) at the site. It is 

therefore likely that, in BT_2192, a branched Gal residue of 3-FL and Lewis antigens is 

bound to this pocket. The binding could be critical to fix the substrates at the active site as 

BT_2192 does not act on F1-3/4Gn. In BT_2970, the side chain of R262 should cause a steric 

hindrance with the branched Gal, which would explain the ability of the enzyme to act on F1-

3/4Gn disaccharides but not on Lewis a/x trisaccharides. R262 of BT_2970 (GH29-A) and 

G189, A190, W230 and D277 of BT_2192 (GH29-B) are highly conserved in the respective 

subfamilies. These findings suggest that these residues are the key determinants that confer 

distinct substrate specificities to GH29-A and GH29-B members, although the author does not 

Figure 2. Comparison of the active site structures of BT_2970 (yellow, deoxyfuconojirimicin (DFU)-complexed) and BT_2192 (cyan) 
(stereoview). DFU and glycerol (GOL) are shown in orange and white, respectively. The numbers of the residues are shown 
(parenthesized for BT_2192). 
 



 

- 39 - 
 

 
  

 
  

have a clear explanation as to why the GH29-A enzymes show varied linkage preferences 

among its members (11). 

This chapter affirms the validity of the two subfamily classification of GH29 and 

identifies candidate residues responsible for differentiating between subfamilies. Considering 

that BT_2192 as well as BbAfcB are secretory enzymes produced by gut microbes, GH29-B 

might have evolved to efficiently act on human-related glycans such as Lewis antigens 

present in intestines. In this context, it should be mentioned that β-galactosidases are unable to 

liberate Gal from Lewis antigens without prior digestion by GH29-B enzymes (7,16,17).  
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CHAPTER 3 

Fucosynthase mutants derived from 1,3-1,4-α-L-fucosidase 

 

α-L-Fucosyl residues attached at the non-reducing ends of glycoconjugates constitute 

histo-blood group antigens Lewis (Le) and ABO. The blood group antigens are involved in 

various important biological processes, and especially, Lewis a and x epitopes [Galβ1-

3/4(Fucα1-4/3)GlcNAc-, Lea/x] play fundamental roles in mammalian cell-to-cell 

communications at the developmental stages and at the sites of inflammations (1-5). In mouse 

embryogenesis, the stage-specific synthesis of Lex antigen has been observed and this 

transient expression is thought to be involved in the embryo compaction (2). Regulated 

expression of Lex epitope is also found in the brain and postulated to be important for the 

development of the central nervous system. In addition, recent studies show that Le antigens 

modulate host-pathogen interactions (6,7). Helicobacter pylori shows phase-variable 

expression of Le antigens in its lipopolysaccharides (LPS), and the antigens act as adhesion 

pedestals between the organism and the host epithelial cells. The bacterium also utilizes the 

Lex epitope of LPS to suppress immune responses through the dendritic cell-specific 

intercellular adhesion molecule-3-grabbing non-integrin (8). The Lea/x antigen-containing 

oligosaccharides are therefore indispensable tools for functional glycomics studies and for 

pharmaceutical applications. 

The synthesis of oligosaccharides with defined structures requires the precise control of 

regio- and stereo specificity at the glycosidic bond. In this context, enzymatic synthesis has 

several advantages over chemical synthesis, because it enables the perfect control of anomeric 

configurations and provides relatively high regiospecificity without the requirement of 

laborious protection/deprotection steps. Enzymatic synthesis of oligosaccharides usually 

employs glycosyltransferases and glycosidases (9,10). Glycosyltransferases generally have 

strict regio- and acceptor specificity, and are therefore good catalysts for defined 

oligosaccharide syntheses. Efficient preparations of Lex- and H-antigen oligosaccharides 

using α-1,3- and α-1,2-fucosyltransferases from Helicobacter pylori have been reported (11-

13). However, as described in the literature (11), the use of glycosyltransferases requires an 

expensive sugar nucleotide or a complex system for nucleotide recycling. Moreover, the 

expression of glycosyltransferases is generally difficult to handle. In contrast, glycosidase-

catalyzed transglycosylation has been efficiently used as a method for oligosaccharide 
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synthesis, because of the simplicity and versatility of the reactions (9,10). Notably, a new 

class of enzymes, glycosynthases, has been developed in the last decade (14-17). 

Glycosynthase is a mutant glycosidase that is devoid of hydrolysis, but is able to perform the 

transglycosylation reaction when a suitably activated donor (generally, glycosyl fluoride, and 

in a few cases, glycosyl azide) (18,19) is used as a substrate. Use of glycosidases and their 

mutants has thus become a promising option for the synthesis of oligosaccharides (10,20,21). 

However, as the regioselectivity and acceptor specificity of glycosidase-catalyzed 

transglycosylation are usually not that high, the reaction products are frequently obtained as 

mixtures of several oligosaccharides with varied linkages and sometimes varied lengths. 

These drawbacks become apparent in the synthesis of fucosyl oligosaccharides using α-L-

fucosidases (22-25) and α-L-fucosynthases (18) (details are described later) that belong to the 

glycoside hydrolase family 29 (GH29) (http://www.cazy.org) (26). Such a result prevents the 

use of these enzymes in the synthesis of oligosaccharides with defined structures. Thus, in 

view of the requirement of strict glycosidic bond formation, it is crucial to find glycosidases 

that provide strict specificity, both in linkage and in leaving groups that become acceptors for 

transglycosylation. 

In previous studies, Katayama et al. have isolated two α-L-fucosidases from 

Bifidobacterium bifidum and revealed that the enzymes have strict substrate specificities. One 

is 1,2-α-L-fucosidase (BbAfcA) that belongs to GH95 (27,28), and the other is 1,3-1,4-α-L-

fucosidase (BbAfcB) belonging to GH29 (29). The high substrate specificities of the two α-L-

fucosidases prompted the author to examine the possible use of these enzymes in the defined 

synthesis of fucosyl oligosaccharides. In a recent paper, Wada et al. introduced the 

glycosynthase technology into BbAfcA (an inverting enzyme) and succeeded in generating 

1,2-α-L-fucosynthase, which synthesized 2’-fucosyllactose (Fucα1-2Galβ1-4Glc, 2’-FL) 

exclusively when β-L-fucopyranosyl fluoride (FucF) and lactose (Lac) were used as a donor 

and an acceptor, respectively (30). No by-products were formed in that reaction. 

In this chapter, to expand the possibility of glycosynthase technology, the author 

converted BbAfcB to 1,3-1,4-α-L-fucosynthase and characterized the enzyme. The results 

indicated that the synthase should serve as a valuable tool to specifically introduce Lea and 

Lex epitopes into the type-1 (Galβ1-3GlcNAc, lacto-N-biose I, LNB) and type-2 (Galβ1-

4GlcNAc, N-acetyllactosamine, LacNAc) chains, respectively. Moreover, the crystal 

structures of AfcB from B. longum subsp. infantis (BiAfcB, Blon_2336), a paralogue of 
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BbAfcB, in complex with an inhibitor deoxyfuconojirimycin (DFJ) and with lacto-N-

fucopentaose II [Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4Glc, LNFP II] (comprising the Lea 

antigen), were determined. The structures revealed how the enzyme exerts its strict regio- and 

acceptor-specificity through an induced-fit motion of catalytically important residues. 

 

EXPERIMENTAL PROCEDURES 

 

Chemicals−2’-FL, LacNAc, Fucα1-6GlcNAc disaccharide, Lea and Lex trisaccharides 

were purchased from Dextra Laboratories (Reading, UK). Lacto-N-tetraose (Galβ1-

3GlcNAcβ1-3Galβ1-4Glc, LNT) and lactodifucotetraose [Fucα1-2Galβ1-4(Fucα1-3)Glc, 

LDFT] were from Isosep (Tullinge, Sweden). LNFP II and Fucα1-3/4GlcNAc disaccharides 

were from Carbosynth (Compton, UK). N,N’-Diacetylchitobiose, DFJ and p-nitrophenyl-α-L-

fucopyranoside (pNP-Fuc) were from Seikagaku Kogyo (Tokyo, Japan), Toronto Research 

Chemicals (North York, ON, Canada) and Sigma (St. Louis, MO, USA), respectively. LNB 

(31), galacto-N-biose (Galβ1-3GalNAc, GNB) (32), 2-acetoamide-2-deoxy-4-O-(β-glucosyl)-

glucose (Glcβ1-4GlcNAc, GlcGlcNAc) (33) and FucF (30) were synthesized as described 

previously. 3-Fucosyllactose [Galβ1-4(Fucα1-3)Glc, 3-FL] was purchased from Dextra 

Laboratories, and further purified using Bio-Gel P2 gel filtration chromatography (Bio-Rad, 

CA, USA). L-Fucose dehydrogenase was purchased from Kikkoman (Noda, Japan). Other 

reagents of analytical grade were obtained from commercial sources. 

 

Construction of BbAfcB mutants−The mutants of BbAfcB (D703A, D703C, D703G, 

D703S, W742A, E746A, D763A, D766A, D778A and D807A) were constructed using the 

QuikChange site-directed mutagenesis method (Stratagene, CA, USA) with the plasmid 

pET23b-afcB as the template (29). The following primers and their complementary primers 

were used: 5’-gaggtctggttcgcgggtgcccaaggc-3’ (D703A), 5’-aggtctggttctgcggtgcccaaggc-3’ 

(D703C), 5’- gaggtctggttcggcggtgcccaaggc-3’ (D703G), 5’-gaggtctggttcagcggtgcccaaggc-3’ 

(D703S), 5’-acgatgcccgagcggtgggcaacg-3’ (W742A), 5’-ggtgggcaacgcggacggctggg-3’ 

(E746A), 5’-ggcatacaacgccggcgtggaca-3’ (D763A), 5’-cgacggcgtggccaaggtgtcgc-3’ (D766A), 

5’-gatggcccccgccggtaagcttg-3’ (D778A), and 5’-ggccgaagtcgccgccaagaacc-3’ (D807A). The 

entire sequence used for later manipulation was sequenced to check that no base change other 

than those designed had occurred. The resulting plasmids were used to transform Escherichia 
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coli BL21 ΔlacZ (DE3) (29). 

 

Expression and purification of BbAfcB variants−The recombinant strains were 

cultured in lysogeny broth media containing 100 μg/ml ampicillin at 18°C until the optical 

density at 600 nm reached 0.5. Isopropyl-β-D-1-thiogalactopyranoside (IPTG) was then added 

to a final concentration of 0.1 mM to induce protein expression. Following further incubation 

for 15 h, the cells were harvested and disrupted by sonication. After centrifugation, the 

supernatant was applied to a Ni-NTA agarose column (Qiagen, Hilden, Germany), and the 

protein was eluted according to the manufacturer’s instructions. The fractions were combined, 

concentrated using an Amicon Ultra 50 K (Millipore, MA, USA) and loaded onto a Superdex 

200 10/300 GL gel filtration column (GE Healthcare Bio-Sciences, Uppsala, Sweden). The 

elution was carried out using a 20 mM tris(hydroxymethyl)aminomethane-HCl buffer (Tris-

HCl) (pH 8.0) containing 150 mM NaCl. The purified protein was extensively dialyzed 

against a 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 

7.0). Protein concentrations were determined using a BCA protein assay kit (Thermo Fisher 

Scientific, IL, USA) with bovine serum albumin as a standard. 

 

Enzyme assay−The hydrolytic activities of BbAfcB variants were determined using 3-

FL and pNP-Fuc as the substrates. The reaction mixture contained 100 mM 3-(N-

morpholino)propanesulfonic acid (MOPS) buffer (pH 6.5), 1 mM substrate and the enzyme 

(for 3-FL hydrolysis: 14 nM of the wild-type (WT) and D766A, 12 μM of D703 mutants, 17 

μM of W742A and E746A, 44 nM of D763A and D778A and 890 nM of D807A; for pNP-Fuc 

hydrolysis: 17 μM of WT and the mutants). The reaction was carried out for an appropriate 

time, in which the linearity of the reaction rate was observed, at 30°C, i.e. in the 3-FL 

hydrolysis: ~15 min for WT, W742A, D807A, D763A, D766A and D778A mutants, ~880 min 

for D703 mutants and ~240 min for E746A mutant; in the pNP-Fuc hydrolysis: ~150 min for 

WT and all mutants except for W742A, and ~500 min for W742A. The reaction was 

terminated by heating (for 3-FL hydrolysis) or by the addition of 1 M sodium carbonate (for 

pNP-Fuc hydrolysis). The amount of released Fuc was determined using a fucose 

dehydrogenase-coupled method (34). The amount of the liberated pNP was determined by 

measuring the absorbance at 405 nm. One unit of enzyme activity was determined as the 

amount of enzyme required to produce 1 μmol of Fuc or pNP under the specified conditions. 
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The glycosynthase activities of BbAfcB mutants were examined by incubating the 

reaction mixtures (50 μl) containing 100 mM MOPS buffer (pH 7.0), 20 mM FucF (donor), 

100 mM LNB/LacNAc (acceptor) and the enzymes (17 μM). The reaction was performed for 

10 min at 30°C and terminated by adding 5 μl of 30% trichloroacetic acid. The reaction 

products were analyzed by high-performance liquid chromatography (HPLC) equipped with a 

sugar-D column (4.6 × 250 mm, Nacalai Tesque, Kyoto, Japan). The elution was performed 

under a constant flow (1.0 mL/min) of 75 or 78% acetonitrile at 40°C and monitored at 214 

nm or using a charged aerosol detector (CAD) (Corona CAD, Esa, USA). The amounts of the 

reaction products were estimated by a standard curve created using known concentrations of 

Lea and Lex trisaccharides. 

The optimal pH for the glycosynthase reaction was determined using the BbAfcB 

D703S mutant. The buffers (100 mM) used were: citrate-NaOH (pH 4.0−5.0), 2-(N-

morpholino)ethanesulfonic acid (MES) (pH 5.0−6.5) and MOPS (pH 6.5−8.0). The acceptor 

specificity of the BbAfcB D703S mutant was examined using 13 different substrates. The 

reaction was carried out in 100 mM MES buffer (pH 5.0) containing 40 mM FucF and 100 

mM of each acceptor for 40 min at 30°C in the presence and absence of 17 μM D703S. The 

reaction products were analyzed by HPLC-CAD. 

 

Synthesis, purification and structural analysis of the reaction products−For Lea 

synthesis, the BbAfcB D703S mutant (17 μM) was incubated in the reaction mixture (300 μl) 

consisting of 100 mM MES buffer (pH 5.0), 40 mM FucF (donor) and 200 mM LNB 

(acceptor) at 30°C for 40 min. Lex trisaccharide and LNFP II were synthesized in a similar 

manner, except that 100 mM LacNAc and LNT were used as the acceptors, respectively. The 

reaction products were deionized with Amberlite MB-3, lyophilized and purified using an 

HPLC equipped with a sugar-D column. The elution was performed as described above. Peak 

fractions were collected, lyophilized and further purified by a TSKgel ODS-80TS column (4.6 

× 250 mm, Tosoh, Japan) to remove the remaining acceptors (LNB/LacNAc/LNT). The 

elution was carried out using water at a flow rate of 0.5 ml/min and monitored by a refractive 

index detector (RID-10A, Shimadzu, Kyoto, Japan). 1H- and 13C Nuclear magnetic resonance 

(NMR) spectra were recorded on a Bruker Avance 500 spectrometer. Electrospray ionization-

mass spectrometry (ESI-MS) was carried out in a positive mode using a Bruker APEX II 70e 

Fourier transformed ion-cyclotron resonance mass spectrometer. 
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X-ray crystallography of BiAfcB−The gene (locus tag Blon_2336) was amplified by 

PCR using the genomic DNA of B. longum subsp. infantis ATCC15697 and a primer pair (5’-

gcatatgaacaatcctgcagatgc-3’ and 5’-ctcgagtcagatgcgcacggcagcc-3’). The amplified fragment 

was inserted into the NdeI and XhoI sites of pET-30b to generate a non-tagged protein 

(Novagen, NJ, USA). The resulting plasmid pET30b-BiafcB was used to transform E. coli 

BL21 ΔlacZ (DE3). The transformants were cultured in lysogeny broth media containing 30 

μg/ml kanamycin at 18°C to an optical density at 600 nm of 0.5. IPTG was added to a final 

concentration of 0.1 mM to induce protein expression. Following further incubation for 20 h, 

the harvested cells were disrupted by sonication. The protein was purified using MonoQ 5/50 

GL column chromatography (GE Healthcare Bio-Sciences) followed by a Superdex 200 

10/300 GL gel-filtration chromatography step. The BiAfcB D172A/E217A double mutant was 

constructed using the QuikChange site-directed mutagenesis method with the plasmid 

pET30b-BiafcB as the template. The following primers and their complementary primers were 

used: 5’-ccgtctggcttgctggcgccaatgg-3’ (D172A); 5’-tgggccgggaacgcagccgggcatgtg-3’ 

(E217A). Purification of the mutant protein was performed using a similar procedure as 

described for the WT protein. The proteins were crystallized using the hanging-drop vapour-

diffusion method at 20°C. The crystal of BiAfcB complexed with DFJ (WT-DFJ-EG) was 

obtained by mixing 1 μl of a protein solution [10 mg/ml in 10 mM HEPES buffer (pH 7.0) 

containing 40 mM DFJ] with 1 μl of a reservoir solution consisting of 0.1 M citrate buffer (pH 

4.0) and 20% (w/v) polyethylene glycol (PEG) 6000. The crystal of BiAfcB D172A/E217A 

complexed with LNFP II (D172A/E217A-LNFP II) was obtained by mixing 1 μl of a protein 

solution [10 mg/ml in 10 mM HEPES buffer (pH 7.0) containing 100 mM LNFP II] with 1 μl 

of a reservoir solution consisting of 0.1 M sodium citrate buffer (pH 5.5) and 20% PEG 3000. 

After cryoprotection with 20% ethylene glycol, the crystals were flash-cooled in a nitrogen 

stream at 100 K. Diffraction data were collected using beamline NW12A at the Photon 

Factory-Advanced Ring, KEK, Tsukuba (λ = 1.0 Å). Diffraction images were processed using 

HKL2000 (35). Molecular replacement was performed with MOLREP (36), using the ligand-

free BiAfcB structure (PDB code 3MO4) (37) as a search model. Model rebuilding and 

refinement were performed using Coot (38) and Refmac5 (39). Figures were prepared using 

PyMol (DeLano Scientific).  
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Automated docking–Automated docking analysis was performed as described 

previously (40). Ligand model preparation and automated docking were performed using the 

Sweet2 server (41) and AUTODOCK 4.0 (42), respectively. Rotatable ligand bonds (8 in Lex 

trisaccharide) were defined using the AutoDockTools interface. Water molecules in the 

D172A/E217A-LNFP II complex structure were removed. After adding polar hydrogens, 

Gasteiger charges were calculated for the ligand and protein. Grid maps were prepared with 

40 × 40 × 40 points covering the substrate-binding pocket with a point spacing of 0.375 Å. 

For the Lamarckian genetic algorithm search, the size of the initial random population was 

150 individuals, the maximal number of energy evaluations was 2.5  × 106, the maximal 

number of generations was 27,000, the number of top individuals that survived into the next 

generation was 1, the rate of mutation was 0.02, the rate of crossover was 0.80 and the 

average of the worst energy was calculated over a window of 10 generations. After 256 

docking runs, all structures generated for a single compound were assigned to clusters based 

on a tolerance of 2.0 Å for all atom root mean square deviations from the lowest energy 

structure. 

 

RESULTS 

Supplemental Figure S1. Syntheses of Lea (a) and Lex (b) 
trisaccharides by the BbAfcB D703 mutants. The WT enzyme and 
D703 mutants (17 μM) were incubated in the reaction mixtures (50 μl) 
consisting of 100 mM MOPS (pH 7.0), 20 mM FucF (donor) and 100 
mM LNB (a) or LacNAc (b) (acceptor) for 10 min at 30°C. The 
reaction products were analyzed by HPLC-UV detection. Standard 
sugars (Std.) are: lacto-N-biose I (LNB), N-acetyllactosamine 
(LacNAc), Lewis a (Lea) and Lewis x (Lex). 

Supplemental Table S1 Hydrolysis of 3-fucosyllactose (3-FL) and 
pNP-Fuc by BbAfcB variants 

a Only the specific activities were determined because the kinetic 
parameters could not be calculated due to the linear increase of the 
initial velocity up to 20 mM of the substrate. 
b not determined. 
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Conversion of 1,3-1,4-α-L-fucosidase to 

1,3-1,4-α-L-fucosynthase−BbAfcB belongs to 

GH29 (26). The members of this family 

hydrolyze α-L-fucosidic bonds via a retaining 

mechanism (43,44). The author replaced 

Asp703, which is assumed to be a nucleophile 

by sequence alignment with well-studied GH29 

members (discussed later) (45), with alanine, 

cysteine, glycine and serine, and examined the 

hydrolytic activity of these mutants. Note that 

only the specific activities were determined 

because the kinetic parameters could not be 

calculated (Supplemental Table S1). The 

specific activities of D703A, D703C, D703G 

and D703S were found to decrease by 160,000-, 

46,000-, 17,000- and 76,000-fold, respectively, 

as compared with that of the WT enzyme.  

The glycosynthase activities of these 

mutants were then examined using 20 mM FucF 

and 100 mM LNB or LacNAc as the donor and 

the acceptor, respectively. Peaks corresponding 

to Lea and Lex trisaccharides appeared for the 

D703G/S mutants in the HPLC analysis of the 

reaction products, whereas no peak was 

observed for WT and the D703A/C mutants 

(Supplemental Fig. S1). In either case, D703S 

gave a slightly larger peak area than D703G, and 

hence, D703S was further analyzed. 

The optimal pH for the synthase reaction 

was found to be 5.0 (data not shown). The 

synthase activity was observed only when the 

Figure 1. Specific syntheses of Lea (a) and Lex (b) 
trisaccharides by the BbAfcB D703S mutant. (a) The reaction 
was carried out for 40 min at 30°C in 100 mM MES buffer 
(pH 5.0) containing 40 mM FucF (donor), 200 mM LNB 
(acceptor) and 17 µM of the BbAfcB D703S mutant. For the 
control experiments, the substrate or enzyme was omitted 
from the reaction. (b) For the synthesis of Lex, 100 mM 
LacNAc was used as the acceptor. The reaction products were 
analyzed by HPLC-CAD. The peaks of L-fucose (Fuc), lacto-
N-biose I (LNB), N-acetyllactosamine (LacNAc), Lewis a 
(Lea) and Lewis x (Lex) are shown. Note that FucF is 
decomposed when terminating the reaction by trichloroacetic 
acid. 

Supplemental Figure S2. Time courses of the Lea (a) 
and Lex (b) syntheses catalyzed by the BbAfcB D703S 
mutant. (a) The reaction was carried out in 100 mM 
MES buffer (pH 5.0) containing 40 mM FucF and 200 
mM LNB for 120 min at 30°C in the presence of the 
D703S mutant (17 μM). (b) A similar reaction was 
carried out for the synthesis of Lex, except that 100 mM 
LacNAc was used. Aliquots were taken at the indicated 
times and analyzed by HPLC-CAD. 
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reaction was carried out in the presence of FucF, LNB/LacNAc and the enzyme. No peaks 

other than the added substrates were detected when the donor (FucF), the acceptor 

(LNB/LacNAc) or the enzyme was omitted (Figs. 1a and 1b). Strikingly, no by-products other 

than the decomposed Fuc were detected in the reaction, as revealed by HPLC-CAD. 

Identification of the reaction products is described later. 

The kinetic parameters of the reaction could not be calculated because of the rapid 

spontaneous decomposition of FucF. The half-life of FucF under the reaction conditions was 

determined to be 20 min (data not shown). In the time-course of the optimized reaction, the 

concentrations of the products Lea and Lex reached a maximum at ~40 and 60 min, 

respectively (Supplemental Fig. S2). The reaction efficiency was estimated to be 56% against 

the added FucF, when the reaction was carried out under the optimized conditions, i.e. in the 

presence of 40 mM FucF (donor), 200 mM LNB or 100 mM LacNAc (acceptor) and 17 μM 

of the enzyme. None of the BbAfcB D703 variants used β-L-fucopyranosyl azide (FucN3) as a 

donor (18) and was rescued by sodium azide (data not shown). 

Figure 2. The acceptor specificity of the BbAfcB D703S 
glycosynthase. The reaction was carried out in 100 mM MES 
buffer (pH 5.0) containing 40 mM FucF and 100 mM of each 
acceptor for 40 min at 30°C in the presence and absence of the 
D703S mutant (17 µM). The acceptors used were: (a) lactose 
(Lac), (b) 2’-fucosyllactose (2’-FL) and (c) lacto-N-tetraose 
(LNT). The reaction products were analyzed by HPLC-CAD. The 
peaks of L-fucose (Fuc), acceptor and standard sugars (Std.) are 
indicated. Inset in (a) and (b) are the results of the thin-layer 
chromatography (TLC) analysis of the reaction products. See also 
Table 1 and Supplemental Figs. S3−S7. 

Supplemental Figure S3. The acceptor specificity of the BbAfcB D703S 
glycosynthase. The reaction was carried out in 100 mM MES buffer (pH 
5.0) containing 40 mM FucF and 100 mM of each acceptor for 40 min at 
30°C in the presence and absence of the enzyme (17 μM). The reaction 
products were analyzed by HPLC-CAD. The acceptors used were: Glc 
(a), Gal (b), GlcNAc (c), GalNAc (d), cellobiose (e), 2-acetoamide-2-
deoxy-4-O-(β-glucosyl)-glucose (GlcGlcNAc) (f), N,N’-
diacetylchitobiose [(GlcNAc)2] (g) and galacto-N-biose (GNB) (h). The 
peaks of Fuc and acceptor are indicated. 
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The reaction was carried out in 100 mM MES buffer (pH 5.0) containing 40 mM FucF (donor) and 100 mM of each acceptor for 40 
min at 30°C in the presence and absence of 17 μM D703S. The reaction products were analyzed by HPLC-CAD (Fig. 2 and 
Supplemental Fig. S3). 

aThese substrates were prepared as described previously (31-33). 
bThe product yield against the added FucF. 

 

Acceptor specificity−The acceptor specificity of BbAfcB D703S was examined using 

various mono- and oligosaccharides at a fixed concentration (100 mM) (Table 1, Fig. 2 and 

Supplemental Fig. S3). In addition to LNB and LacNAc, the enzyme recognized Lac, 2’-FL 

and LNT as acceptors, and specifically produced 3-FL, LDFT and LNFP II in yields of 13, 5.5 

and 41% against the added FucF, respectively. In contrast, the enzyme did not accept 

monosaccharides (Glc, Gal, GlcNAc and GalNAc), cellobiose, GlcGlcNAc, N,N’-

diacetylchitobiose or GNB as a substrate. 

 

Regio- and stereo-specificity−The author then analyzed the reaction products eluted 

from HPLC using ESI-MS and 1H- and 13C NMR spectroscopy. The MS spectra indicated that 

one fucosyl residue was attached to LNB and LacNAc (calculated for the sodium adduct 

[M+Na]+ 552.19, observed 552.18, Supplemental Fig. S4). Both of the 1H- and 13C NMR 

spectra were identical to the spectra of the authentic Lea and Lex trisaccharides (Supplemental 

Figs. S5 and S6). In the case that LNT was used as an acceptor, only LNFP II, but not LNFP 

V [Galβ1-3GlcNAcβ1-3Galβ1-4(Fucα1-3)Glc] or lacto-N-difucohexaose II [Galβ1-3(Fucα1-

4)GlcNAcβ1-3Galβ1-4(Fucα1-3)Glc, LNDFH II], was synthesized, as revealed by 1H NMR 

analysis (Supplemental Fig. S7).  

Table 1 Acceptor specificity of 1,3-1,4-α-L-fucosynthase (BbAfcB D703S) 
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Supplemental Figure S4. ESI-MS analysis of the purified 
products (Lea and Lex). The syntheses of Lea (a) and Lex (b) 
trisaccharides were performed as described in the legend of Figure 
1. The products were purified and subjected to ESI-MS analysis 
(calculated for the sodium adduct [M+Na]+ 552.19, observed 
552.18). 

Supplemental Figure S5. NMR analysis of the purified product 
(Lea). The 1H (a) and 13C (b) NMR spectra of the purified product 
(lower panels) were compared with those of the authentic Lea 
(upper panels). The spectra were measured in D2O using 2-methyl-
2-propanol as the internal standard. 

Supplemental Figure S6. NMR analysis of the purified product (Lex). 
The 1H (a) and 13C (b) NMR spectra of the purified product (lower 
panels) were compared with those of the authentic Lex (upper panels). 
The spectra were measured in D2O using 2-methyl-2-propanol as the 
internal standard. 

Supplemental Figure S7. 1H NMR analysis of the purified product 
(LNFP II). The reaction was carried out in 100 mM MES buffer (pH 
5.0) containing 40 mM FucF and 100 mM LNT at 30°C in the presence 
of 17 μM D703S. The spectra were obatined in D2O using 2-methyl-2-
propanol as the internal standard. Upper panel, authentic LNFP II; 
lower panel, purified product. 
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Crystallography of 1,3-1,4-α-L-

fucosidase−To elucidate the structural 

basis underlying the unique  substrate 

specificity of this synthase, the author 

tried to crystallize BbAfcB and its 

variants; however, no crystal was 

obtained. B. longum subsp. infantis 

possesses the paralogue (locus_tag 2336) 

of BbAfcB (46), and the author found that 

this paralogue (referred to as BiAfcB) has 

an identical substrate specificity with 

BbAfcB (Supplemental Fig. S8). The 

Pfam database (http://pfam.sanger ac.uk) 

suggested that BbAfcB is a multi-modular 

enzyme whereas BiAfcB possesses a 

simple domain organization. The structure 

of a ligand-free form of BiAfcB has been 

recently determined (PDB code 3MO4) 

(37). The author obtained the crystals of 

BiAfcB under the conditions different 

from those used by Sela et al. (37) and 

determined two complex structures of 

BiAfcB; WT complexed with DFJ and 

ethylene glycol (WT-DFJ-EG, 1.6 Å 

resolution) and an inactive mutant 

complexed with LNFP II (D172A/E217A-

LNFP II, 2.1 Å resolution). Asp172 and 

Glu217 are a nucleophile and a general 

acid/base, respectively (described later). 

Data collection and refinement statistics 

are shown in Table 2. BiAfcB forms a 

Supplemental Figure S8. Substrate specificities of BbAfcB (a) and 
BiAfcB (b). The reactions were carried out in 100 mM MOPS buffer 
(pH 6.5) containing 6 mM substrates at 30°C for 60 min in the 
presence and absence of the enzyme (BbAfcB; 1.1 μM, BiAfcB; 
0.47 μM). The reaction products were analyzed by TLC (Silica Gel 
60, Merck) using a solvent system of 1-butanol/acetic acid/water 
(2:1:1, by volume). The sugars were visualized as described 
previously (29). The substrates used were: Fucα1-3GlcNAc (F1-
3Gn), Fucα1-4GlcNAc (F1-4Gn), Fucα1-6GlcNAc (F1-6Gn), 2’-
fucosyllactose (2’-FL), 3-fucosyllactose (3-FL), Lewis a (Lea) and 
Lewis x (Lex). 

 
Table 2 Crystallographic data collection and refinement statistics. 

r.m.s.d., root mean square deviation. 
Values in parentheses are for the highest-resolution shell. 
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dimer in solution (data not shown), and all of the three BiAfcB crystals contain homodimers 

in the asymmetric unit. Since the two chains (A and B) were almost identical in every case, 

the author describes the chain A of each structure. The DFJ and ethylene glycol 

(cryoprotectant) molecules in the WT-DFJ-EG structure, and the Fuc and Gal moieties in the 

D172A/E217A-LNFP II structure were clearly observed (Supplemental Fig. S9). However, 

the GlcNAc moiety in LNFP II was partially ambiguous, and the β1,3-linked Lac moiety at 

the reducing end was not visible. Therefore, the author included the Lea trisaccharide structure 

[Galβ1-3(Fucα1-4)GlcNAc] in the model. The author also determined a complex structure of 

D172A/E217A with the Lea trisaccharide, and the resulting electron density map was virtually 

identical to that of the D172A/E217A-LNFP II structure (data not shown). 

 

 

Figure 3 shows the comparison between the three BiAfcB structures. Interestingly, upon 

ligand binding, BiAfcB undergoes a large conformational change at two loop regions 

(173−182 and 215−220) (Fig. 3a), and to the author’s surprise, the acid/base catalyst Glu217 

is included in this induced-fit motion. In the substrate-free structure, the catalytic residues 

(Asp172 and Glu217) are not appropriately poised (separated by 20.8 Å) and a tyrosine 

molecule occupies subsite -1 (Fuc binding site) (Fig. 3b). In the WT-DFJ-EG structure, the 

loop (215−220) covers the catalytic pocket, so that Glu217 can be suitably poised to act as an 

acid/base. Consequently, the distance between the Oδ atom of Asp172 and the Oε atom of 

Glu217 becomes 5.8 Å, which is the typical length observed in retaining glycosidases (43). 

The Oδ atom of Asp172 is located at a distance of 3.1 Å from the C1 of the DFJ. Alanine 

replacement of each of these residues resulted in a ~20,000-fold decrease of the hydrolytic 

activity (data not shown). The DFJ and ethylene glycol molecules are tightly bound by many 

hydrogen bonds with the protein. In the D172A/E217A-LNFP II structure, Fuc and Gal 

moieties of LNFP II are extensively recognized through the formation of hydrogen-bonds, 

Supplemental Figure S9. |Fo| – |Fc| omit electron density maps of WT-DFJ-EG (a) and D172A/E217A-LNFP II (b) complex. The maps 

were contoured at 3 σ. 
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whereas the GlcNAc moiety does not make any notable interactions with the protein. The Fuc 

makes direct hydrogen bonds with His36, Trp47, His85, His86 and Tyr131, and its C6 methyl 

group makes hydrophobic interaction with Phe34, Trp170 and Trp290. The Gal moiety forms 

hydrogen-bonds with the nitrogen atom of the main chain of Gly173 and the side chains of 

Glu237 and Asp283, and its hydrophobic β-face is stacked by Trp213 (Fig. 3c). The ethylene 

glycol in the WT-DFJ-EG complex occupies the Gal-binding site and interacts with the 

catalytic residues (Asp172 and Glu217) and the main chain of Gly173. A water-mediated 

hydrogen bond is also formed with the side chain of Glu237. However, its two hydroxyl 

groups do not overlap any of the Gal hydroxyl groups (Fig. 3b,c). 

Sequence identity between BbAfcB and BiAfcB is modest (34%) in the alignment 

(495−998 for BbAfcB and 4−472 for BiAfcB), however the residues involved in substrate 

binding are essentially conserved to reflect the same substrate specificity (Supplemental Fig. 

S10). Asp172, Gly173, Trp213, Glu217 and Asp283 of BiAfcB correspond to Asp703, 

Gly704, Trp742, Glu746 and Asp807 in BbAfcB, respectively. BbAfcB does not have a 

residue corresponding to Glu237 of BiAfcB located in the disordered loop (236-254), but 

instead, three acid residues (Asp763, Asp766 and Asp778) are present in the corresponding 

region. The specific activities of W742A, E746A and D807A of BbAfcB for the hydrolysis of 

3-FL decreased by 1,800-, 6,900- and 80-folds, respectively, as compared with that of the WT 

enzyme (Supplemental Table S1). Alanine substitution for Asp763, Asp766 and Asp778 

slightly lowered the enzyme activity. 

 

DISCUSSION 

 

A powerful tool to regiospecifically and stereospecifically install Fuc residues into 

glycoconjugates was developed. The BbAfcB D703S mutant can introduce Lea and Lex 

epitopes into type-1 and type-2 chains at the non-reducing ends, respectively, without 

producing by-products. The yields were approximately 60% against the added FucF. The 

reaction efficiency of this glycosynthase may be slightly lower than those of typical 

glycosynthases (80% or more), and this could be due to the spontaneous decomposition of 

FucF during the reaction, as described above. Recently, Cobucci-Ponzano et al. demonstrated 

that some glycosynthases can accept glycosyl azide as a donor molecule (18,19). This finding 

is particularly valuable for the oligosaccharide synthesis using α-glycosynthase, because β-
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Figure 3. Induced-fit movement of BiAfcB upon substrate binding (stereoviews). (a) Superimposed structures of the ligand-free form 
(cyan, PDB code 3MO4) (37), WT-DFJ-EG complex (protein in magenta, ligand in orange) and D172A/E217A-LNFP II complex 
(protein in green, ligand in yellow). The ligand-free structure contains a tyrosine molecule at the Fuc binding site (subsite -1). The side 
chain of Trp47 and two loop regions (173−182 and 215-220) are significantly displaced. Disordered regions of the 236−254 loop are 
shown as dotted lines. (b, c) The structure of the substrate-binding site. (b) Ligand-free (cyan) and WT-DFJ-EG complex (protein in 
magenta, ligand in orange). The tyrosine molecule bound to the ligand-free structure is shown transparently. Water molecules and 
hydrogen bonds in the WT-DFJ-EG complex are shown. (c) WT-DFJ-EG complex (protein in magenta, ligand in orange) and 
D172A/E217A-LNFP II complex (protein in green, ligand in yellow). Water molecules and hydrogen bonds in the LNFP II complex are 
shown. Ethylene glycol and GlcNAc are labeled as EG and NAG, respectively. 

glycosyl azide is substantially stable as compared to β-glycosyl fluoride in aqueous solution. 

The author examined the availability of FucN3 in the synthase reaction of BbAfcB mutants, 

but no product was obtained in that reaction.  

The glycosynthase exclusively recognized LNB, LacNAc and Lac disaccharide 

structures [Galβ1-3/4GlcNAc(Glc)] at the non-reducing ends, and did not recognize 

monosaccharides. Indeed, WT BbAfcB did not hydrolyze Fucα1-3/4GlcNAc disaccharides 

(Supplemental Fig. S8), which had not been examined in the previous study of Ashida et al. 

(29). These results indicate that the presence of the branched Gal residue is critical for the 

catalytic activities of BbAfcB and the glycosynthase mutant.  
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Structural basis for the substrate specificity of 1,3-1,4-α-L-fucosynthase−BiAfcB was 

identified as a paralogue of BbAfcB (46), and it showed the same substrate specificity as 

BbAfcB (Supplemental Fig. S8). Structural analysis of BiAfcB enabled the author to consider 

the mechanism of the unique enzymatic activity of 1,3-1,4-α-L-fucosidase (synthase). Binding 

of Fuc(F) and the Gal moiety of LNB/LacNAc would cause the induced-fit movement at the 

catalytic site. The ethylene glycol molecule in the WT-DFJ-EG complex may stabilize the 

induced-fit structure in the crystal. The Gal-binding site could be highly specific to Gal as the 

axial O4 hydroxyl group is recognized by the main chain (Gly173 in BiAfcB, Gly704 in 

BbAfcB), which is next to the nucleophile residue and is included in the mobile loop (Fig. 3c 

and Supplemental Fig. S10). The glycosynthase neither accepted cellobiose nor GlcGlcNAc 

(Table 1). The Gal O2 hydroxyl group is not recognized by any protein residues and is 

exposed to the solvent (Fig. 3c), which rationalizes that the enzyme used 2’-FL as the 

acceptor. The GlcNAc-binding site appears to be rather promiscuous. It is interesting to note 

that the faces of the GlcNAc sugar rings are inverted between the LNB and LacNAc 

disaccharides, and consequently, the geometric positions of the respective O4 and O3 

hydroxyl groups of the GlcNAc residues become identical (Fig. 4). When automated docking 

analysis was performed using Lex trisaccharide, the best docking result was found in the first-

ranked cluster containing the majority of the 256 docking run conformations. The number of 

conformations in this cluster, lowest binding energy and mean binding energy were 81, -6.30 

kcal/mol and -3.81 kcal/mol, respectively. In the predicted mode of Lex-binding, the Fuc, Gal 

and GlcNAc moieties of the molecule overlap 

well with those of the Lea trisaccharide 

observed in the D172A/E217A-LNFP II 

crystal, except for the hydroxylmethyl and N-

acetyl groups of the GlcNAc (Fig. 4b). The O1 

atoms of the inverted GlcNAc residues are 

exposed to the solvent in both cases, and 

rather protrude from the catalytic pocket. 

These results explain why this synthase 

accepts LNB, LacNAc and LNT almost 

equally (Table 1). The enzyme probably has 

no structural constraint at the reducing ends of 

Figure 4. (a) Regio- and stereospecific installation of a Fuc 
residue into type-1/2 chains, catalyzed by the BbAfcB D703S 
glycosynthase. (b) The predicted mode of binding of Lex 
trisaccharide (cyan) and its comparison with the Lea trisaccharide 
(yellow) observed in the D172A/E217A-LNFP II structure 
(electrostatic surface potential map) (stereoview).  
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the LNB/LacNAc disaccharides. Indeed, the Lac moiety is invisible in the D172A/E217A-

LNFP II structure, and the rate of hydrolysis by BbAfcB is the same between LNFP II (type-

1) and LNFP III [Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4Glc] (type-2) (29). GNB cannot be 

used in the synthase reaction, because the axial O4 hydroxyl group of the GalNAc moiety is 

not appropriately placed to make a glycosidic bond with Fuc. The GlcNAc-binding site can 

accept both GlcNAc and Glc, but the product yields in the synthetic reactions significantly 

differed between LNB and Lac (Table 1). The N-acetyl group of GlcNAc in the 

D172A/E217A-LNFP II structure does not form strong interactions with the protein, but the 

presence of the large N-acetyl group may stabilize the acceptor binding through a weak 

hydrophobic interaction with Trp47 or Trp213 (Fig. 3c). The enzyme synthesized LNFP II 

when LNT (Galβ1-3GlcNAcβ1-3Galβ1-4Glc) was included in the reaction mixture. LNT has 

two potential sites to be fucosylated by the enzyme, but in the analysis of the isolated product, 

the author only detected LNFP II. This is because the substitution of the O3 hydroxyl group of 

the penultimate Gal impaired the accommodation and/or constrained the induced-fit 

movement. Accordingly, when LNDFH II [Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4(Fucα1-

3)Glc] was incubated with the WT AfcBs, the Fucα1-4GlcNAc linkage was hydrolyzed about 

100-fold faster than the Fucα1-3Glc linkage (data not shown). 

The mutational study of BbAfcB confirmed that Asp703 and Glu746 are the catalytic 

nucleophile and acid/base catalyst of the enzyme, respectively (Supplemental Table S1). The 

amino acid replacement at the Gal binding site (Trp742 and Asp807) resulted in a significant 

reduction (by 1800- and 80-folds, respectively) in the hydrolytic activity for 3-FL. It is 

interesting to note that the specific activities of the mutants decreased only by 2 to 4-folds for 

the pNP-Fuc hydrolysis (Supplemental Table S1), which agrees with the finding that these 

residues are involved in the interaction with the Gal moiety, and not in the Fuc binding. The 

presence of the branched Gal residue is important not only for the induced-fit movement but 

also for fixing the substrate at the catalytic site. In the D172A/E217A-LNFP II structure, 

Glu237 of BiAfcB interacts with the Gal O3 hydroxyl group. BbAfcB appears not to possess 

the corresponding residue, as the alanine substitutions at Asp763, Asp766 and Asp778 did not 

significantly affect hydrolytic activity. The sequence of the loop (236−254 in BiAfcB and 

758−773 in BbAfcB) is not conserved between the two enzymes and the loop is disordered in 

the BiAfcB structures (Fig. 3a and Supplemental Fig. S10). BT_2192, an another close 

homologue of BiAfcB (see Fig. 5, described later), also does not possess the corresponding 
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Supplemental Figure S10. (a) Sequence alignment 
of BiAfcB and BbAfcB. The secondary structure of 
BiAfcB is indicated above the sequences. Two 
mobile loops (173-182 and 215-220) and one 
disordered loop (236-254) of BiAfcB are boxed. 
The residues important for catalysis, Fuc binding 
and Gal binding are indicated by magenta, black 
and cyan circles, respectively. (b) A structural 
model built for BbAfcB (aa 491-1039) (cyan) and 
the comparison of the model with BiAfcB 
(D172A/E217A-LNFP II complex) (green in 
protein, yellow in ligand) at the catalytic pockets 
(stereoview). The BbAfcB model was constructed 
using SWISS-MODEL server [Arnold, K., Bordoli, 
L., Kopp, J., and Schwede, T. (2006) Bioinfomatics 
22,195-201]. The numbers of the residues are 
indicated. 

Figure 5. Phylogenetic and structural difference between two 
subfamilies of GH29. (a) The phylogenetic analysis of 
enzymatically characterized GH29 α-L-fucosidases. The tree 
was constructed using the ClustalW program with a neighbor-
joining method (55). (b) Comparison of the catalytic sites of 
BiAfcB (D172A/E217A-LNFP II complex: protein in green, 
ligand in yellow) and TmFuc (Fuc complex: magenta, PDB 
code 1ODU) (stereoview) (44). The numbers of the residues 
of BiAfcB and TmFuc are labeled in green and magenta, 
respectively. See also Supplemental Figs. S11 and S12. 

residue in its sequence, but the side chain of Glu254 occupies the site in the structure 

(Supplemental Figs. S11 and S12). These results suggest an auxiliary role of this loop region 

in the substrate binding.  

 

Comparison with other α-L-fucosidases−GH29 can be divided into two subfamilies by 

phylogenetic analysis (Fig. 5a), and this classification apparently correlates with the 

difference of the substrate specificities between the two groups (29). One subfamily (hereafter 

referred to as GH29-A) is comprised of enzymes that show relatively relaxed substrate 

specificity and act efficiently on a chromogenic substrate (e.g. pNP-Fuc), as do human and 

Thermotoga maritima (TmFuc) enzymes (EC 3.2.1.51) (44,47,48). In contrast, the members 
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of the other subfamily specifically hydrolyze the terminal α-(1,3/4)-fucosidic linkages and 

hardly act on pNP-Fuc (referred to as GH29-B) (EC 3.2.1.111) (49,50, unpublished results for 

BT_2192, the author and Dr. Katayama T. at Ishikawa Prefectural University). BbAfcB and 

BiAfcB are thus categorized into the GH29-B subfamily (29). The overall structure of BiAfcB 

shows a resemblance to that of TmFuc (GH29-A) (PDB code 1ODU) (the root mean square 

deviation = 3.5 Å for 289 Cα atoms; Z score = 28.5; sequence identity = 24%). In particular, 

the structure of the Fuc-binding site (subsite -1) is similar between the two enzymes (Fig. 5b). 

The catalytic nucleophile Asp224 and the acid/base catalyst Glu266 of TmFuc overlap with 

Asp172 and Glu217 of BiAfcB (by induced-fit movement), respectively (44, 45). TmFuc, 

however, does not have a Gal-binding site, and the side chain of Arg254 occupies the 

corresponding site and forms a hydrogen bond with the endocyclic oxygen atom of Fuc. This 

Arg residue is highly conserved in GH29-A enzymes (13 out of 14 members listed in Fig. 5a), 

while the Gal-binding residues (corresponding to G173, W213 and D283 of BiAfcB) are 

invariable in the five characterized members of GH29-B. In addition, the constitution of the 

catalytic pocket is structurally conserved in the respective subfamilies (Supplemental Figs. 11 

and 12) (51). The structural difference observed at that site may be therefore the basis that 

differentiates the substrate specificity between GH29-A and GH29-B enzymes. But it is 

interesting to note that, in both TmFuc (GH29-A) and BiAfcB (GH29-B), two mobile loops 

(including or close to an acid/base residue) play critical roles in the catalytic processes (52) 

(Supplemental Fig. S11).  

Transglycosylation activity of α-L-fucosidases from Alcaligenes sp., Aspergillus niger, 

Penicillium multicolor and T. maritima has been employed to produce fucosyl 

oligosaccharides using pNP-Fuc as a donor (22-25). Recently, the glycosynthase methodology 

was introduced in α-L-fucosidase from Sulfolobus solfataricus (SsFuc D242S) and T. 

maritima (TmFuc D224G) (18). These enzymes/mutants are efficient catalysts that attach an 

α-L-fucosyl residue(s) to various acceptor molecules; however, since they belong to the 

GH29-A subfamily, they intrinsically fail to control the regio-selectivity and acceptor 

specificity, even though they have some preference. For example, TmFuc synthesized a 

mixture of Fucα1-3Fucα-pNP and Fucα1-2Galβ-pNP as a result of transglycosylation when 

incubated with pNP-Fuc (donor) and pNP-β-Gal (acceptor) (25). The SsFuc glycosynthase 

mutant produced Fucα1-6Galβ-pNP, Fucα1-3Galβ-pNP, Fucα1-4Galβ-pNP and Fucα1-

2(Fucα1-3)Galβ-pNP when incubated with FucN3 and Galβ-pNP as the donor and the 
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acceptor, respectively (18). 

The strict specificity exerted by the BbAfcB D703S mutant is thus a quite unusual 

feature. The synthase should therefore serve as a powerful tool for introducing the Lea and Lex 

antigens into the type-1 and type-2 chains at the non-reducing ends of various 

glycoconjugates including glycoprotein and glycolipids, without attaching undesirable and 

unexpected α-L-fucosyl residues. Considering that 1,3-1,4-α-L-fucosynthase can recognize 2’-

FL as the acceptor, the combination of this synthase with 1,2-α-L-fucosynthase, which Wada 

et al. have already developed (30), may afford the one-pot tailor-made synthesis of all-types 

of Le antigens including Leb and Ley. Mining glycosidases with strict specificity and 

exploiting those enzymes could be the closest approach to the specific synthesis of glycosides. 

In this sense, intestinal microorganisms including bifidobacteria represent good enzyme 

resources as they are found to possess various glycosidases specific to host glycans 

(46,53,54).  

Supplemental Figure S11. Sequence alignment of enzymatically characterized, 
structure-solved GH29-A and GH29-B members. The secondary structures of 
BiAfcB and TmFuc are indicated above and below the sequences. The residues 
conserved in GH29-A, GH29-B and the both are shown in blue, red and green, 
respctively. Two mobile loops (173-182 and 215-220 in BiAfcB, 47-55 and 267-
274 in TmFuc) are boxed. The residues important for catalysis (for BiAfcB and 
TmFuc), Fuc-binding (for BiAfcB and TmFuc) and Gal-binding (for BiAfcB) are 
indicated by magenta, black and cyan circles, respectively. G173, W213 and 
D283 of BiAfcB and R254 of TmFuc are indicated. See also Figure 5. 

Supplemental Figure S12. Conservation of the 
active-site structures in the respective subfamilies. 
The enzymatically characterized members were used 
for comparison. (a) GH20-B: BiAfcB 
(D172A/E217A-LPFP II complex: protein in green, 
ligand in yellow) vs. BT2192 (glycerol complex: 
protein in pink, ligand in violet, PDB code 3EYP), (b) 
GH29-A: TmFuc (Fuc complex: magenta, PDB code 
1ODU) vs. BT2970 (DFJ complex: cyan, PDB code 
2XIB). The numbers of the residues are indicated. See 
also Figure 5 and Supplemental Figure S11. 
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deposited in the Protein Data Bank, Research Collaboratory for Structural Bioinformatics, 

Rutgers University, New Brunswich, NJ (http://www.rcsb.org/). 
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CHAPTER 4 

β-Glucuronidase from Lactobacillus brevis subsp. coagulans 
 

Flavonoids have beneficial properties for human health, such as anticancer properties 

(1). They have been found as a component of traditional herbal medicine, and most of them 

exist naturally in conjugated form, primarily with sugar residues. Orally administered 

flavonoid glycosides are degraded into aglycones by intestinal microflora and are absorbed as 

aglycones (2,3). The intact flavonoid glycosides are usually not absorbed by the small 

intestine, and their aglycones often show an efficient drug action. Therefore, the intestinal 

microflora has been increasingly recognized as playing an important role in the degradation of 

flavonoid glycosides. However, all individuals possess their own characteristic microflora, 

and the bioconversion and bioavailability of flavonoid glycosides show a considerable 

interindividual variation (4,5). Therefore, the stable expression of drug action, regardless of 

the species of intestinal microflora, is required for the conversion of flavonoid glycosides into 

their aglycones after oral administration, more preferably in the small intestine. 

Baicalin (baicalein 7-O-β-D-glucuronide) is one of the major flavonoids found in 

Scutellaria baicalensis, which is often included in traditional herbal medicines such as Bofu-

Tsusho-San (BOF). Herbal medicines including baicalin are used for antibacterial (6), anti-

inflammatory (7), and anticancer activities (8,9). Baicalein, the aglycone of baicalin, is 

absorbed more quickly and shows more effective properties than baicalin (10-12). However, it 

is not easy to obtain baicalein directly from S. baicalensis because of its low content (ca. 

0.2%). Therefore, the bioconversion of baicalin to baicalein (Fig. 1a) is an attractive method, 

because baicalin is present in higher content in S. baicalensis (ca. 6–10%). Furthermore, the 

reaction occurring in the small intestine by the culture of probiotic lactic acid bacteria could 

be useful for enhancing the availability of baicalin as a precursor of baicalein. 

β-Glucuronidases (EC 3.2.1.31, GUSs) can hydrolyze β-D-glucuronic bonds via a 

retaining mechanism and are often used to convert baicalin to baicalein. Most GUSs are 

known to occur in glycoside hydrolase (GH) family 2, while only a few occur in GH families 

1 and 79 (EC 3.2.1.167) in the CAZy database (http://www.cazy.org) (13). The well-studied 

GUSs from Escherichia coli (EcGUS2) and humans belong to GH family 2. These enzymes 

are involved in the enterohepatic recirculation of various compounds such as toxins, 

hormones, drugs, and carcinogens (14,15). On the other hand, the enzymes belonging to GH 
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families 1 (16,17) and 79 (18,19) show unique substrate specificities. For example, Klotho 

from Mus musculus, belonging to GH family 1, shows both of GUS and sialidase activities, 

and baicalin-β-glucuronidase (EC 3.2.1.167) from S. baicalensis (SbGUS79), belonging to 

GH family 79, shows the strict substrate specificity for baicalin. Since bacterial enzymes can 

be often prepared more easily than other enzymes such as mammalian enzymes, bacterial 

GUSs are more promising. Bacterial GUSs were previously found in E. coli and closely 

related Enterobacteriaceae (20). Recently, however, Lactobacillus gasseri ADH (21) and 

Lactobacillus brevis RO1 (22) have been reported to have GUSs belonging to GH family 2.  

Recently, the author has found that L. brevis subsp. coagulans can hydrolyze baicalin 

to baicalein. L. brevis subsp. coagulans is known for its potential benefits to human health 

(23), such that it is worth analyzing the function of L. brevis subsp. coagulans in flavonoid 

metabolism. In this chapter, the author aimed to identify and characterize the enzyme 

hydrolyzing baicalin from L. brevis subsp. coagulans (designated as LcGUS30). First, the 

author purified and identified LcGUS30 from L. brevis subsp. coagulans. Surprisingly, 

LcGUS30 belongs to GH family 30. In addition, the author revealed the physicochemical 

properties and substrate specificity of LcGUS30. These results indicated that LcGUS30 and L. 

brevis subsp. coagulans could serve as valuable tools for the construction of a safe 

bioconversion system for baicalin and wogonin.  

 

EXPERIMENTAL PROCEDURES 

 

Bacterial strain, culture condition, and chemicals−L. brevis subsp. coagulans 

FERM BP-4693 was used in this chapter. L. brevis subsp. coagulans was cultivated at 37°C 

for 24 h in a Man-Rogosa-Sharpe (MRS) broth (Difco Laboratories Inc., MI, USA) with 

shaking (120 strokes/min). Phenolphthalein β-D-glucuronide (phenolphthalein-GlcA), 4-

methylumbelliferyl-β-D-glucuronide hydrate (MU-GlcA), wogonoside (wogonin 7-O-β-D-

glucuronide), estrone 3-(β-D-glucuronide) (estrone-GlcA), 4-nitrophenyl β-D-glucuronide 

(pNP-GlcA), and 4-methylumbelliferone (MU) were purchased from Sigma-Aldrich Co. Ltd. 

(MO, USA). Baicalin, baicalein, and estrone were purchased from Tokyo Chemical Industry 

Co., Ltd. (Tokyo, Japan). Phenolphthalein and p-nitrophenol (pNP) were purchased from 

Wako Pure Chemicals Industries, Ltd. (Osaka, Japan). Wogonin was from Nakalai Tesque, Inc. 

(Kyoto, Japan). All other chemicals used in this chapter were of analytical grade and 
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commercially available. 

 

Purification of the native enzyme−All native enzyme purification procedures were 

carried out at 0–4°C, and 20 mM potassium phosphate buffer (KPB) (pH 6.5) was used as a 

standard buffer. L. brevis subsp. coagulans cells from 2.1-L culture medium (8.7 g wet weight 

cells) were suspended in 20 ml of the standard buffer and then disrupted for 5 min × 6 cycles 

by an ultrasonic oscillator with Insonator model 201M (Kubota, Tokyo, Japan). The lysate 

was centrifuged at 28,000 g for 15 min at 4°C and then subjected to ultracentrifugation at 

100,000 g for 1 h at 4°C. Twenty milliliters of the obtained supernatant were used as the cell-

free extracts. Purification was carried out as follows using a fast protein liquid 

chromatography (FPLC) system (GE Healthcare Biosciences UK Ltd., Buckinghamshire, 

UK). The activity in each fraction obtained during purification was measured under the 

condition of 20 mM citrate buffer (pH 5.0) containing 2.24 mM baicalin in a total volume of 1 

ml at 37°C for 1 h with shaking (130 strokes/min). 

Step 1: Mono Q 10/100 GL column chromatography 

The cell-free extracts were loaded onto an 8-ml column of Mono Q 10/100 GL 

column (GE Healthcare Biosciences UK Ltd.) equilibrated with the standard buffer. After 

the column was washed with the standard buffer, the enzyme was eluted with a linear 

gradient of 0–1 M NaCl at 60 column volumes (CV). The active fractions were combined 

and concentrated by ultrafiltration using a Centriprep YM-10 filter (Merck Millipore Corp., 

MA, USA). 

Step 2: HiLoad 26/600 Superdex 200 pg column chromatography 

The enzyme solution was applied to a HiLoad 26/600 Superdex 200 pg column (GE 

Healthcare Biosciences UK Ltd.) equilibrated with the standard buffer, and the enzyme 

was eluted with the same buffer. The active fraction was concentrated by ultrafiltration 

using a Centriprep YM-10 filter. 

Step 3: Mono Q 5/50 GL column chromatography 

The enzyme solution was applied to a Mono Q 5/50 GL column (GE Healthcare 

Biosciences UK Ltd.) equilibrated with the standard buffer. After the column was washed 

with the standard buffer, the enzyme was eluted with a linear gradient of 0–0.3 M NaCl at 

40 CV. The purified protein was extensively dialyzed against a 20 mM KPB (pH 6.5). 
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Analysis with sodium dodecyl sulfate-polyacrylamide gel electrophoresis−Sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in a 10% 

concentration of polyacrylamide gel using the tris(hydroxymethyl)aminomethane (Tris)-

glycine buffer system. The subunit molecular mass of the purified enzyme was estimated by 

comparison of the mobility with that of the standard protein. 

 

Measurement of protein concentration−Protein concentrations were determined by 

a Bio-Rad Protein Assay Kit (Bio-Rad Co. Ltd., CA, USA). Bovine serum albumin was used 

as the protein standard.  

 

NH2-terminal amino acid sequencing−The active fractions of the final purification 

step were loaded onto a Sequi-Blot PVDF membrane (Bio-Rad Co. Ltd.). The N-terminal 

amino acid sequence of the immobilized enzyme was analyzed by automated Edman 

degradation with a PPSQ-33A protein sequencer (Shimadzu Co. Ltd., Kyoto, Japan). 

 

Preparation of genomic DNA and extraction of plasmid DNA−For extraction of 

genomic DNA from L. brevis subsp. coagulans, the strain was cultivated at 37°C with shaking 

(120 strokes/min) for 2 days in 15 ml of MRS medium. Then cells were harvested by 

centrifugation at 1,700 g for 10 min, and the genomic DNA was extracted from the cells and 

purified by a DNeasy Blood & Tissue Kit (Qiagen Inc., Venlo, Netherlands). For extraction of 

plasmid DNA from E. coli transformant cells, a QIAprep Spin Miniprep Kit (Qiagen Inc.) was 

used. 

 

Gene cloning of the native enzyme−The gene was amplified by PCR with the 

following primers (forward primer: 5'-GGGAAGCTTATGAAGAAGTTCCAACATGAA-3' 

and reverse primer: 5'-CCCGGATCCTTAATGCTGTCCAGGGGCGAC-3'). HindIII and 

BamHI restriction sites were underlined. The PCR mixture consisted of 1 μl of the genomic 

DNA as a template, 0.2 μM of each primer, and 12.5 μl of PrimeSTAR™ Max Premix (Takara 

Bio inc., Shiga, Japan) in 10.5 μl of distilled water. PCR conditions were as follows: step 1: 

98°C for 10 s; step 2: 98°C for 10 s; step 3: 55°C for 5 s; step 4: 72°C for 8 s; and 30 cycles 

from step 2 to step 4. The PCR product was phosphorylated with 1 mM of ATP and 1.0 U of 

T4 Polynucleotide Kinase (Takara Bio inc.) in 5 μl of T4 Polynucleotide Kinase Buffer at 
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37°C for 1 h. The pET-28a vector was digested with HindIII at 37°C for 1 h and blunt-ended 

with T4 DNA Polymerase (Takara Bio inc.) at 37°C for 5 min. Subsequently, the pET-28a was 

dephosphorylated with bacterial alkaline phosphatase (Takara Bio inc.). Then, the PCR 

product was ligated into pET-28a at 16°C for 3 h.  The resulting vectors were sequenced and 

used as an expression vector. The cycle sequence was carried out using BigDye Terminator 

v3.1 Cycle Sequencing Kit (Applied Biosystems Inc., CA, USA). The base sequence was 

determined using ChromasPro 1.4 (Technelysium Pty Ltd., Tewantin, Australia) and 

compared to the international Base Sequence database (GenBank/DDBJ/EMBL). 

 

Expression of the recombinant enzyme in E. coli−The expression vector was 

transformed into E. coli Rosetta 2 (DE3) by the reported method (24). Transformed E. coli 

cells were inoculated into 5 ml of lysogeny broth (LB) medium containing 15 μg/ml 

kanamycin. After cultivation at 37°C for 1 day with shaking (200 strokes/min), 0.2 ml of 

culture was transferred to 10 ml of the same fresh medium and cultivated at 20°C for 4 h with 

shaking (150 strokes/min) until optical density at 600 nm reached about 0.5. Then, the culture 

was added to 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and incubated at 20°C 

for 1 day with shaking (150 strokes/min). 

 

Purification of the recombinant enzyme−The cells were harvested by centrifugation 

at 1,700 g for 10 min at 4°C, and washed twice with 0.85% NaCl, and then, washed cells were 

obtained. The transformed E. coli Rosetta 2 (DE3) cells obtained from 500 ml culture broth 

were suspended in 15 ml of 20 mM KPB (pH 7.5) containing 0.5 M NaCl and 20 mM 

imidazole and disrupted for 5 min × 4 cycles by an ultrasonic oscillator with Insonator model 

201M. The lysate was centrifuged at 12,000 g for 20 min. The supernatant was used as the 

cell-free extracts. 

The cell-free extracts were applied to a Ni-Sepharose column (HisTrap HP 5 ml; GE 

Healthcare Biosciences UK Ltd.) equilibrated with 20 mM KPB (pH 7.5) containing 0.5 M 

NaCl and 20 mM imidazole. After the column was washed with the same buffer, the enzyme 

was eluted with a linear gradient of 0.02–0.5 M imidazole. The fractions containing purified 

enzyme were combined and concentrated by the ultrafiltration. The purified protein was 

extensively dialyzed against a 20 mM KPB (pH 6.5) and used for further characterization. 
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Enzyme activity assay−The activity measurements of the enzyme were performed 

using baicalin, wogonoside, estrone-GlcA, phenolphthalein-GlcA, MU-GlcA, and pNP-linked 

monosaccharides including pNP-GlcA as substrates. The standard assays were performed in 

100 mM citrate buffer (pH 5.0) at 37°C for 5 min (for phenolphthalein-GlcA, MU-GlcA, and 

pNP-linked monosaccharides hydrolysis) or 30 min (for baicalin, wogonoside, and estron-

GlcA hydrolysis). When phenolphthalein-GlcA, MU-GlcA, and pNP-linked monosaccharides 

were used as substrates, the reaction was stopped by adding 60 μl of 1 M Na2CO3 (for pNP-

GlcA and MU-GlcA hydrolysis) or 1 M glycine-NaOH buffer (pH 10.4) (for phenolphthalein-

GlcA hydrolysis). The amount of librated pNP and phenolphthalein was determined by 

measuring the absorbance at 405- and 540-nm wavelength, respectively, with UV-1700 UV-

visible spectrophotometer (Shimadzu). The amount of librated MU was measured 

spectrofluorometrically with excitation at 360 nm and emission at 450 nm using Spectra 

MaxGenimi XPS (Molecular Devices Inc., CA, USA). When baicalin, wogonoside, and 

estrone-GlcA were used as substrates, the reaction mixtures were treated as follows. The same 

volume of dimethyl sulfoxide was added to the reaction mixture to extract aglycones. The 

reaction mixtures were centrifuged at 20,000 g for 10 min. After filtration with 0.45-μm 

hydrophilic filter (Merck Millipore Corp.), the treated reaction mixtures were analyzed by 

high-performance liquid chromatography (HPLC) using Shimadzu LC 10A System 

(Shimadzu) equipped with a 2.5C18-MS-II column (3.0 ID × 100 mm; COSMOSIL; Nacalai 

Tesque, Inc.) at 35°C. Forty microliters of the filtered supernatant was injected to HPLC. The 

mobile phase for gradient elution contained Milli-Q water (eluent A) and methanol/0.1% 

formic acid (eluent B). The flow rate was 0.8 ml/min. The gradient schemes of the analysis 

are as follows: 0-5 min: linear gradient from 30 to 100% (v/v) of eluent B and 5-8 min: 100% 

of eluent B. The effluents were monitored with a PDA detector at an excitation wavelength of 

254 nm (for baicalein and wogonin detection) or 284 nm (for estrone detection). The kinetic 

parameters were calculated by curve fitting the experimental data to the Michaelis–Menten 

equation, using KaleidaGraph 4.0 (Synergy Software Inc., PA, USA). In the case that no 

saturation was observed, only the kcat/Km value was determined at the low substrate 

concentration. One unit of the enzyme activity was determined as the amount of enzyme 

required to produce 1 μmol of the products at 37°C in 100 mM citrate buffer (pH 5.0). 

The physicochemical properties of the recombinant enzyme were determined by 

using 1 mM pNP-GlcA. The optimal temperature was examined by incubating the reaction 
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mixture containing 100 mM citrate buffer (pH 4.5) at various temperatures for 1 min to 

prevent damage to the enzyme. The optimal pH value was determined at 37°C using the 

following buffers (100 mM): citrate-NaOH (pH 3.0-6.0), KPB (pH 6.0-7.5), and Tris-HCl 

(pH 7.5-9.0). The temperature and pH stabilities were determined at 37°C by measuring the 

residual activities after incubating the enzyme in 100 mM citrate buffer (pH 4.5) for 30 min at 

various temperatures and after dialyzing the enzyme overnight against various 100 mM 

buffers at 4°C, respectively. 

 

Nucleotide sequence accession number−The nucleotide sequence of the enzyme has 

been deposited in DDBJ under accession number AB820700. 

 

RESULTS 

Figure 1. (a) Conversion of baicalin to 
baicalein catalyzed by β-D-glucuronidase. 
(b) HPLC analysis of the conversion of 
baicalin catalyzed by L. brevis subsp. 
coagulans. 

Table 1 Summary of purification of native LcGUS30 

 

Native LcGUS30 was purified from cell-free extracts of L. brevis subsp. coagulans. Purification was carried out by monitoring baicalin-
hydrolyzing activity, as described under EXPERIMENTAL PROCEDURES. 

a The yield of each step was calculated based on the cell-free extract sample. 
b The yields of the steps calculated based on the Mono Q 10/100 GL sample were written in parentheses. 
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Purification and identification 

of the enzyme (LcGUS30) converting 

baicalin to baicalein from L. brevis 

subsp. coagulans−The author found that 

L. brevis subsp. coagulans transforms 

baicalin to baicalein (Fig. 1b). The 

enzyme converting baicalin to baicalein 

was purified from L. brevis subsp. 

coagulans through three successive steps 

of separation by monitoring the baicalin 

hydrolytic activity. The purification 

process is summarized in Table 1. The 

purification increased the specific 

activity 1,800-fold, and the purification 

yield was found to be only 0.47%. The 

final preparation gave a single band on 

SDS-PAGE (Fig. 2a, lane 4), and its 

molecular mass was estimated to be 60 

kDa.  The kcat, Km, and kcat/Km values of 

this enzyme were as follows: for baicalin 

hydrolysis, 21.3 ± 3.2 s-1, 1.52 ± 0.43 

mM, and 14.0 ± 2.0 mM-1s-1 and for pNP-GlcA hydrolysis, 53.7 ± 1.5 s-1, 0.154 ± 0.016 mM, 

and 348 ± 30 mM-1s-1, respectively. 

Furthermore, the author determined the NH2-terminal amino acid sequence of the 

purified enzyme, which revealed the following sequence: MKKFQHEFWTATSGD. A 

BLAST search (25) on this sequence indicated that this protein shows 100% sequence 

homology with an O-glycosyl hydrolase from L. brevis ATCC 367 (ABJ65276.1) 

(LVIS_2226), molecular weight of 56 kDa, length of 510 amino acids. Next, the author 

obtained the gene encoding this enzyme using the genomic DNA of L. brevis subsp. 

coagulans as a template and PCR primers based on LVIS_2226. The cloned gene consists of 

Figure 2. (a) SDS-PAGE analysis of fractions from the purification 
procedure. Lane M, molecular mass standards: from the top, 
phosphorylase b (97 kDa), bovine serum albumin (66 kDa), ovalbumin 
(45 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20 kDa), and 
lysozyme (14 kDa). Lane 1, cell-free extracts. Lane 2, Mono Q 10/100 
GL fraction. Lane 3, HiLoad 26/600 Superdex 200 fraction. Lane 4, 
Mono Q 5/50 GL fraction. The arrow indicates a 60-kDa protein 
applied to NH2-terminal amino acid sequence analysis. (b) SDS-PAGE 
analysis of the recombinant LcGUS30. Lane M, molecular mass 
standards. Lane 1, cell-free extracts of E. coli transformant. Lane 2, the 
purified recombinant LcGUS30. 
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1,533 bp and encodes a polypeptide of 56 kDa, which showed the same amino-acid sequence 

as LVIS_2226, with only a silent substitution (A1425G). Figure 3 shows the amino acid 

sequence of this enzyme. Surprisingly, domain analysis using Pfam (26) indicated that this 

enzyme belongs to GH family 30, which contains glucosylceramidase (GlcCerase, EC 

3.2.1.45), β-1,6-glucanase (EC 3.2.1.75), β-xylosidase (EC 3.2.1.37), β-fucosidase (EC 

3.2.1.38), β-glucosidase (EC 3.2.1.21), and endo-β-1,6-galactanase (EC 3.2.1.164), but does 

not contain GUS (13,27). This enzyme also shares much lower sequence homologies with 

EcGUS2 (26% (18/69) identity), GUSs from L. brevis RO1 (LbGUS2) (43% (15/35) identity), 

and L. gasseri ADH (LgGUS2) (21% (8/39) identity), which belong to GH family 2, 

SbGUS79 (belonging to GH family 79) (22% (30/134) identity), and Klotho from M. 

musculus, which belongs to GH family 1 (22% (19/86) identity).  

 

Figure 3. Sequence alignment of LcGUS30 and glucosylceramidase (GlcCerase). The alignment was created by ClustalW 
(http://clustalw.ddbj.nig.ac.jp/top-j.html). Residues important for catalysis are shown in closed circles. The residues interacting with the 
C6 hydroxyl group are shown in closed squares, while other residues involved in substrate binding are shown in closed triangles.  
Dotted box indicates “ERRC(M/L)” and “(S/A)(T/D)GR” sequence motifs. 
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Expression and purification of the recombinant LcGUS30 in E. coli−The author 

further investigated whether there is evidence that LcGUS30 is GUS because LcGUS30 

shares much lower sequence homology with other GUSs that have been reported so far. To 

overexpress LcGUS30 in E. coli, the lcgus30 gene was inserted to the downstream of the 

IPTG-inducible T7 promoter and His6-tag coding sequence on pET-28a vector (designated as 

pET28-LcGUS30). E. coli Rosetta 2 (DE3)/pET28-LcGUS30 cells were cultivated in LB 

medium supplemented with kanamycin and 1 mM IPTG as an inducer of T7 promoter. The 

SDS-PAGE analysis of the cell-free extracts prepared from the transformant showed that the 

recombinant LcGUS30 was overexpressed abundantly compared to that from original L. 

brevis subsp. coagulans (Fig. 2a, lane 1 and Fig. 2b, lane 1). The recombinant LcGUS30 was 

purified through a HisTrap HP from the cell-free extracts of E. coli Rosetta 2 (DE3)/pET28-

LcGUS30. The purified enzyme gave a single band on SDS-PAGE, and its molecular mass 

was estimated to be 60 kDa (Fig. 2b, lane 2). The kcat, Km, and kcat/Km values of the 

recombinant LcGUS30 were as follows: for baicalin hydrolysis, 18.5 ± 0.6 s-1, 1.74 ± 0.11 

mM, and 10.6 ± 0.3 mM-1s-1 and for pNP-GlcA hydrolysis, 31.8 ± 0.7 s-1, 0.156 ± 0.013 mM, 

and 204 ± 14 mM-1s-1, respectively. These values are similar to those of the native LcGUS30. 

Therefore, the author ruled out the three possibilities that the author incorrectly cloned the 

enzyme converting baicalin to baicalein from L. brevis subsp. coagulans, that the author 
 
Figure 4. Physicochemical properties of 
the recombinant LcGUS30. (a) Optimum 
pH value. The value at 100 mM citrate 
buffer (pH 4.5) was taken as 100%. The 
used buffers (100 mM) were citrate-NaOH 
buffer (closed square, pH 3.0−6.0), 
potassium phosphate buffer (KPB, closed 
circle, pH 6.0−7.5), and Tris-HCl buffer 
(closed triangles, pH 7.5−9.0). (b) Optimal 
temperature. The value at 55°C was taken 
as 100%. (c) pH stability. The values were 
determined by measuring the residual 
activities after dialyzing the enzyme 
overnight at 4°C. The value at 100 mM 
citrate buffer (pH 4.5) was taken as 100%. 
(d) Thermostability. The values were 
determined by measuring the residual 
activities after incubating the enzyme in 
100 mM citrate buffer (pH 4.5) for 30 min 
at various temperatures. The value at 25°C 
was taken as 100%. 
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detected the activity of EcGUS2 contaminated during the purification, and that N-terminal 

His6-tag affects the enzyme properties. 

 

The physicochemical property of the recombinant LcGUS30−The physicochemical 

property of the recombinant LcGUS30 was determined using pNP-GlcA as a substrate. The 

optimum pH was 4.5 in citrate buffer (Fig. 4a). This enzyme showed below 50% of its 

maximal activity at pH above 6.0. The optimum temperature was at 55°C (Fig. 4b).  The 

activity of LcGUS30 was stable in the pH range between 4.5 and 9.0 (Fig. 4c) and was stable 

below 60°C for 30 min (Fig. 4d). 

 

Substrate specificity of the recombinant LcGUS30−The author examined the 

substrate specificity of the recombinant LcGUS30 using various substrates at a fixed 

concentration (0.5 mM) (Table 2). The used substrates were baicalin and wogonoside as 

flavonoid glucuronides, estrone-GlcA as a steroid glucuronide, and pNP-sugars, MU-GlcA, 

and phenolphthalein-GlcA as artificial substrates (Fig. 5). LcGUS30 could hydrolyze only the 

substrates conjugated with glucuronic acid. No activity was detected for pNP-sugars except 

for pNP-GlcA, such as pNP-β-glucoside, pNP-β-xyloside, and pNP-β-L-fucoside, which are 

candidate substrates for the enzyme belonging to GH family 30. This indicated that LcGUS30 

is GUS that has strict glycon specificity. In contrast, LcGUS30 enzyme did not show strict 

substrate specificity toward aglycones. However, among natural substrates, LcGUS30 prefers 

baicalin rather than wogonoside and estrone-GlcA as a substrate.   

To precisely evaluate the substrate specificity toward aglycones, the author 

determined the kinetic parameters for these substrates. LcGUS30 showed the highest catalytic 

efficiency (kcat/Km value) on pNP-GlcA, which is 19-fold higher than that on baicalin. 

Compared with that toward baicalin, the catalytic efficiency toward MU-GlcA is 4-fold higher, 

that toward phenolphthalein-GlcA is almost comparable, and those toward wogonoside and 

estrone-GlcA are three- and four-fold lower, respectively. The difference between those 

toward baicalin and wogonoside is due to kcat values. Interestingly, the Km value toward 

estrone-GlcA was too high to determine, indicating the Km value for estrone-GlcA is more 

than 5 mM. This value is the highest of all of used substrates. Therefore, the difference 

between the catalytic efficiencies toward baicalin and estrone-GlcA is due to the Km value.   
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DISCUSSION 

 

The GUSs from Lactobacillus species are thought to be useful for the construction of 

a safe bioconversion system of prodrugs such as baicalin, because Lactobacillus species are 

generally recognized as safe (GRAS) microorganisms. In this chapter, the author succeeded in 

the identification and cloning of the enzyme converting baicalin to baicalein from L. brevis 

subsp. coagulans, LcGUS30. Surprisingly, the author revealed that LcGUS30 is GUS 

belonging to GH family 30 and has strict glycon specificity. As mentioned above, GUSs are 

classified into GH families 1, 2, and 79, and therefore, the discovery of LcGUS30 is the first 

finding of GUS belonging to GH family 30. So far, two GUSs from Lactobacillus (LgGUS2 

and LbGUS2) have been reported and both of them belong to GH family 2 (21,22). It is noted 

that LcGUS30 is not identical to LgGUS2 and LbGUS2 because LcGUS30 shares low 

sequence homologies with them. In addition, the specific activity of LcGUS30 (27.3 U/mg) 

toward pNP-GlcA is 20-fold higher than that of LbGUS2 (1.28 U/mg, which was corrected 

based on the unit defined in this article) (22), and the physicochemical properties of LcGUS30 

Table 2  
Substrate specificity of the 
recombinant LcGUS30 

 n.d. not determined. 
a Assays were carried out in 100 
mM citrate buffer (pH 5.0) 
including 0.5 mM of each 
substrate. The activity on baicalin 
was taken as 100% 
b Km value is too high to 
determine. Only the kcat/Km value 
was determined at the low 
substrate concentration 
c Not detected 
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differ so much from those of LgGUS2, although the author could not compare with the 

specific activity of LgGUS2, which has not been determined (21).   

Three GUSs have been reported to convert baicalin to baicalein: LbGUS2, SbGUS79, 

and baicalin-β-glucuronidase from S. viscidula Bge, belonging to GH family 79 (SvGUS79). 

Both SbGUS79 and SvGUS79 are highly specific for baicalin (18,19). This is in contrast to 

LcGUS30. The activity of LcGUS30 on baicalin is much lower than SbGUS79 (kcat/Km value  

of 52.8 μM-1s-1) (18) but is similar to the value of SvGUS79 (Specific activity of 9.3 U/mg, 

which was corrected based on the unit defined in this article) (19). A recent study applied the 

recombinant LbGUS2 for the bioconversion of baicalin and wogonoside into their aglycones 

(22). The specific activities of LbGUS2 on baicalin and wogonoside were ca. 0.8 and 1.3 

U/mg, respectively (calculated based on the data when the concentration of baicalin and 

wogonoside was 0.15 and 0.125 mM, respectively (22)). In this chapter, the author 

demonstrated that, in addition to baicalin, LcGUS30 can also convert wogonoside into 

wogonin. The specific activities of LcGUS30 on baicalin and wogonoside were ca. 1.4 and 

0.4 U/mg, respectively (predicted from each kinetic parameter when the concentration of 

baicalin and wogonoside were 0.15 and 0.125 mM). These values were comparable to those 

of LbGUS2. Thus, the activity of 

LcGUS30 on baicalin is comparable to 

those of other enzymes except for 

SbGUS79; in addition, LcGUS30 has the 

ability to convert wogonoside. 

Interestingly, LcGUS30 could act on only 

baicalin contained in BOF, although BOF 

contains many glycosides such as 

paeoniflorin, sennoside A, and geniposide 

in addition to baicalin (data not shown). It 

is noted that the author established an 

expression and purification system of the 

recombinant LcGUS30 in E. coli, which 

delivers high-level expression and simple 

purification (Fig. 2). These results 

indicated that the recombinant LcGUS30 

Figure 5. Structures of the following glucuronides: (a) baicalin, 
(b) wogonoside, (c) estrone-GlcA, (d) pNP-GlcA, (e) MU-GlcA, 
and (f) phenolphthalein-GlcA. GA indicates glucuronic acid. 
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should serve as a powerful tool for the construction of a safe bioconversion system for 

baicalin, wogonin, and traditional herbal medicines including them.  

Despite their beneficial effects such as converting prodrugs, bacterial GUSs from 

human gut microbiota have detrimental effects, notably on the enterohepatic recirculation of 

various compounds such as steroid hormones, which contributes to a delayed elimination of 

them from the body (28,29). EcGUS2 is one of the bacterial GUSs from human gut 

microbiota and is well known to be effective in the hydrolysis of steroid glucuronides.  

EcGUS2 prefers steroid glucuronides, including estriol-3-glucuronide, rather than 

phenolphthalein-GlcA as a substrate (29), and its Km value for the estriol-3-glucuronide is 0.2 

mM (30,31). On the other hand, LcGUS30 prefers baicalin and phenolphthalein-GlcA rather 

than estrone-GlcA as a substrate (Table 2).  Interestingly, its Km value for estrone-GlcA is 

more than 5 mM. This suggested that LcGUS30 might have much less activity on steroid 

glucuronides than EcGUS2 because both estriol and estrone have the same basic structure 

(steroid structure). Previous reports showed that the concentration of human endogenous 

steroid glucuronides in plasma is in in nanomolar order (32), suggesting that their 

concentration in the small intestine may be much lower than the Km value for estrone-GlcA of 

LcGUS30. This suggests that LcGUS30 might not act on human endogenous glucuronides. In 

other words, L. brevis subsp. coagulans in the small intestine might act on only exogenous 

glucuronides but not on human endogenous glucuronides. It is noted that L. brevis subsp. 

coagulans has been reported to help maintain health (23). This suggested that L. brevis subsp. 

coagulans could be useful for enhancing the availability of baicalin and wogonoside as a 

precursor of baicalein and wogonin.   

GH family 30 is now classified into eight subfamilies in the CAZy database (33). 

LcGUS30 belongs to subfamily 3, because the 100%-identical LVIS_2226 is classified into 

subfamily 3. This subfamily currently contains 5 enzymes that have been characterized so far, 

which exhibit β-1,6-glucanase activity, interestingly all from fungi. However, LcGUS30 does 

not share high sequence homologies (less than 31%) with any of these enzymes. LcGUS30 

was found to have 9 close homologs (>62% identity) using the BLAST search (25). Therefore, 

the author constructed a phylogenetic tree (Fig. 6a), and suggested that subfamily 3 can be 

further divided into two groups: β-1,6-glucanase and GUS groups .  

GlcCerase (the N-nonyl-deoxynojirimycin (NND) complex structure, PDB code: 

2v3e (34)) has the highest similarity (26% (118/454) identity) with LcGUS30 among the GH 
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family 30 members whose structures have been determined so far. As shown in Fig. 3, the 

residues important for catalytic and substrate binding, except for the following residues, are 

completely conserved between GlcCerase and LcGUS30, and the author deduced the 

candidate residues that confer the substrate specificity of LcGUS30 based on GlcCerase 

structure. The difference between LcGUS30 and GlcCerase occurs at the residues in close 

proximity to the C6 position of substrate sugar: S345 and N396 in GlcCerase (corresponding 

to T328 and S372 in LcGUS30) form a hydrogen bond with the C6 hydroxyl group of the 

substrate sugar, where the structural difference between β-glucose (hydroxyl group) and β-

glucuronic acid (carboxyl group) occurs. Interestingly, the BLAST search revealed that the 

amino acid sequences, “ERRC(M/L)” and “(S/A)(T/D)GR”, located downstream of T328 and 

upstream of S372 in LcGUS30, respectively, are completely conserved only in the close 

homologs (Fig. 6b). In the GlcCerase structure, the region corresponding to ERRC(M/L) and 

(S/A)(T/D)GR sequence motif of LcGUS30 is located in the loop regions forming a 

hydrophobic patch that accepts C6 methylene group (located downstream of S345) and 

including N396 (interacting with the C6 hydroxyl group), respectively. In addition, as shown 

in Fig. 6c, the comparison with the GlcCerase and EcGUS2 (the glucaro-δ-lactam inhibitor 

(GDL) complex structure, PDB code: 3k4d (35)) structures showed that the active site 

structure is similar with GlcCerase and EcGUS2, and the side chains of S345 and N396 in 

GlcCerase overlap with K568 and R562 in EcGUS2, respectively, both of which interact with 

the C6 carboxyl group of β-glucuronic acid. Therefore, the author proposes that the enzymes 

containing ERRC(M/L) and (S/A)(T/D)GR sequence motifs form a new group having GUS 

activity in subfamily 3, and especially, Arg residues within these motifs might be the 

candidate residues that confer the substrate specificity of this group. In addition, interestingly, 

L. brevis subsp. coagulans was isolated from traditional pickles called “Suguki” of Kyoto, 

Japan, and almost of these species are the bacteria coexisting with plants. Considering that 

glycosidases are often required for the degradation of the sugars to obtain energy, the author 

postulates that this new group might have evolved to be adapted to the glucuronides in plants 

such as flavonoid glucuronides. The presence of this new group in subfamily 3 of GH family 

30 will promote deep understanding of this family. 
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Figure 6. Classification of subfamily 3 in GH family 30. (a) The phylogenetic analysis. The phylogenetic tree was constructed 
using the ClustalW program with a neighbor-joining method (http://clustalw.ddbj.nig.ac.jp/top-j.html). The sequence identities of 
the enzymes with LcGUS30 (shown in bold text) are shown in parenthesis. The characterized GH family 30 members, shown in 
underline, were β-1,6-glucanases from Aspergillus fumigatus (AfNeg1, 28% (121/431) identity), Neurospora crassa IFO6068 
(NcIFO6068Neg1, 30% (122/409) identity), N. crassa OR74A (NcOR74ANeg1, 31% (126/409) identity), Trichoderma 
harzianum (ThBgn16.3, 31% (123/392) identity), and Lentinula edodes (LePus30A, 29% (139/486) identity). The close 
homologs with LcGUS30 were the enzymes from Lactobacillus parabrevis (84% (427/509) identity), Lactobacillus suebicus 
(isolated from apple and pear) (73% (374/510) identity), Lactobacillus kisonensis (isolated from sunki pickles) (72% (366/506) 
identity), Lactobacillus parafarraginis (isolated from shochu residue) (66% (337/508) identity), Lactobacillus zeae (isolated 
from wine) (67% (294/439) identity), Lactobacillus coleohominis (isolated from human sources) (64% (326/510) identity), 
Lactobacillus rhamnosus (isolated from human sources) (66% (337/508) identity), Lactobacillus paracasei (isolated from 
Estonian semi-hard cheese) (65% (332/508) identity), and Bifidobacterium asteroids PRL2011 (isolated from honeybee intestine) 
(62% (313/508) identity). Human GlcCerase was used as an outgroup. Scale bar represents the number of amino acid 
substitutions per site. (b) Partial sequence alignment involving in “ERRC(M/L)” and “(S/A)(T/D)GR” sequence motifs. Black 
boxes indicate the same amino acid residues as LcGUS30. (c) Comparison of the active site structures of GlcCerase (black, the 
N-nonyl-deoxynojirimycin (NND) complex) and EcGUS2 (light gray, the glucaro-δ-lactam inhibitor (GDL) complex) 
(stereoview). The numbers of the residues are shown (parenthesized for EcGUS2). 

http://clustalw.ddbj.nig.ac.jp/top-j.html
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CHAPTER 5 

Biohydrogenation of C20 polyunsaturated fatty acids by anaerobic bacteria 
 

The polyunsaturated fatty acids (PUFAs) include many bioactive lipids that play an 

important role in the maintenance of biological functions in mammals (1,2). The vast majority 

of PUFAs has 2 or more cis double bonds that are separated from each other by a single 

methylene group (known as methylene-interrupted fatty acids). They include two major 

subgroups (the ω3 and ω6 PUFAs) that have different functions (1-3). Arachidonic acid [cis-

5,cis-8,cis-11,cis-14-eicosatetraenoic acid (20:4, ω6), AA], which is the C20 PUFA of ω6 

class and is made from linoleic acid [cis-9,cis-12-octadecadienoic acid (18:2, ω6), LA], is 

involved in many cellular signaling mechanisms, and is also the precursor for prostaglandin 

formation. On the other hand, eicosapentaenoic acid [cis-5,cis-8,cis-11,cis-14,cis-17-

eicosapentaenoic acid (20:5, ω3), EPA], which is a C20 PUFAs of ω3 class and is made from 

α-linolenic acid [cis-9,cis-12,cis-15-octadecatrienoic acid (18:3, ω3)], have opposite effects to 

AA in addition to distinct biological role. Unlike methylene-interrupted fatty acids, rare 

isomers of PUFAs, which have at least two double bonds that are separated by a single 

carbon-carbon bond (known as conjugated fatty acids) (4-7) or 2 or more methylene groups 

[known as non-methylene-interrupted fatty acids (NMIFA)] (8-10), have been found in 

several materials including plant oil. These rare PUFAs have been also reported to show 

interesting physiological effects (9,11-15). Therefore, they have gained considerable attention, 

but natural sources rich in them are limited.   

The partial hydrogenation of PUFAs is the process of converting PUFAs into the more 

saturated fatty acids and can produce NMIFAs from more readily available PUFAs. They can 

be mainly performed by chemical hydrogenation in industry and by microbial 

biohydrogenation in living organisms (16). Chemical partial hydrogenation is widely used to 

convert vegetable oils into foods such as margarine. The partial hydrogenation of vegetable 

oils produces various isomers of octadecenoic acid (18:1), depending on the reaction 

conditions. In contrast, microbial biohydrogenation can selectively produce the specific 

isomers (4-7). Thus, microbial biohydrogenation has several advantages over chemical 

hydrogenation. 

Recently, some studies have found that many anaerobic bacteria, such as Lactobacillus 

species can produce conjugated linoleic acids from LA (4,17-20). Further, Kishino et al. have 
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revealed that lactic acid bacteria produce unique PUFAs from various C18 PUFAs through 

partial biohydrogenation (21-23). Thus, the biohydrogenation of C18 PUFAs has been widely 

studied.  However, as far as the author knows, the biohydrogenation of other fatty acids, 

especially C20 PUFAs, has not been extensively studied so far. 

These situations led the author to consider that anaerobic bacteria can produce novel 

PUFAs from C20 PUFAs through biohydrogenation. In this chapter, the author reports about 

the screening of anaerobic bacteria for the ability to transform C20 PUFAs through 

biohydrogenation. The author found that Clostridium bifermentans JCM 1386 can specifically 

convert AA and EPA into their partially saturated fatty acids with a trans double bond at ω7 

position. The author further found that other C18 and C20 PUFAs were also converted in a 

similar manner. Thus, the author succeeded in the production of various C18 and C20 NMIFAs 

with a trans double bond at ω7 position through the biohydrogenation by C. bifermentans 

JCM 1386, leading to the development of novel potentially bioactive PUFAs. 

 

EXPERIMENTAL PROCEDURES 

 

Chemicals−LA and α-linolenic acid were purchased from Wako Pure Chemical 

(Osaka, Japan). γ-Linolenic acid (cis-6,cis-9,cis-12-18:3), dihomo-γ-linolenic acid [cis-8,cis-

11,cis-14-eicosatrienoic acid (20:3)], AA, EPA, and methyl esters of LA and AA were 

purchased from Sigma (St. Louis, USA). Docosahexaenoic acid [cis-4,cis-7,cis-10,cis-13,cis-

16,cis-19-docosahexaenoic acid (22:6), DHA] was purchased from Cayman Chemical (Mi, 

USA). All other chemicals used were of analytical grade and are commercially available. 

 

Microorganism and cultivation−Anaerobic microorganisms preserved in laboratory 

of Fermentation Physiology and Applied Microbiology (AKU Culture Collection, Division of 

Applied Life Science, Faculty of Agriculture, Kyoto University, Kyoto, Japan) and those 

obtained from other culture collections (JCM, Japan Collection of Microorganisms, Saitama, 

Japan; and ATCC, American Type Culture Collection, VA, USA) were used for this chapter. 

The medium was GAM Broth (pH 7.0) (Nissui Pharmaceutical co., Ltd., Tokyo, Japan) 

supplemented with 0.03% (w/v) LA, AA or EPA. Each strain was inoculated into 15 mL of the 

medium in screw-capped tubes (16.5 × 215 mm) and then incubated in an anaerobic chamber 

(98% nitrogen and 2% hydrogen) at 37°C for 2-3 days. After the cultivation, the culture broth 
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was separated into supernatant and cells by centrifugation (8,000 g, 10 min), and the 

supernatant was used for lipid analysis. 

 

Lipid analysis−Lipids were extracted from the supernatants with chloroform-

methanol according to the procedure of Bligh-Dyer (24), and methylated with 4% methanolic-

HCl at 50°C for 20 min. The resultant fatty acid methyl esters were extracted with n-hexane 

and analyzed by gas-liquid chromatography (GC) using a Shimadzu (Kyoto, Japan) GC-1700 

gas chromatograph equipped with a flame ionization detector and a split injection system and 

fitted with a capillary column (ULBON HR-SS-10, 50 m × 0.25 mm I.D., Shinwa Kako, 

Kyoto, Japan). The column temperature was initially 180°C and was raised to 220°C at a rate 

of 2°C/min and maintained at that temperature for 20 min. The injector and detector were 

operated at 250°C. Helium was used as a carrier gas at 0.97 mL/min. 

 

Isolation, derivatization, and identification of products−For the isolation of the 

newly synthesized fatty acid obtained from the 3-day culture broth of C. bifermentans JCM 

1386 supplemented with 0.03% (w/v) AA (UK1), its methyl esters were purified by high-

performance liquid chromatography (HPLC, monitored at 205 and 233 nm) using a Shimadzu 

LC-VP system fitted with a Cosmosil column 5C18-ARII (20 × 250 mm, Nacalai tesque, 

Kyoto, Japan). The mobile phase was acetonitrile-water (80:20, v/v) at a flow rate of 5.0 

mL/min and the column temperature of 30°C. The fraction containing UK1 was further 

purified by HPLC on Inertsil ODS SQ5-1385 (4.6 × 250 mm, GL Science Inc., CA, USA) 

joined with Capcelpak C18 UG20 (4.6 × 250 mm, Shiseido, Tokyo, Japan). Acetonitrile-water 

(80:20, v/v) was used as the mobile phase at a flow rate of 1.2 mL/min. For the isolation of the 

newly synthesized fatty acid obtained from the 3-day culture broth of C. bifermentans JCM 

1386 supplemented with 0.02% (w/v) EPA (UK2), its methyl esters were purified using a 

same procedure as described for UK1 except that the mobile phase used for the latter step was 

acetonitrile-water (80:20, v/v) at a flow rate of 1.0 mL/min. 

The chemical structures of purified fatty acids were determined by mass 

spectroscopy (MS), proton nuclear magnetic resonance (1H-NMR), 1H-1H-chemical shift 

correlation spectroscopy (COSY), two-dimensional nuclear Overhauser effect spectroscopy 

(NOESY), and 1H clean-total correlation spectroscopy (TOCSY). 
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1H-NMR, 1H-1H COSY, NOESY and TOCSY analyses−All NMR experiments were 

performed on a BrukerBiospin DX-750 (750 MHz for 1H) and chemical shifts were assigned 

relative to the solvent signal (dichloromethane-d2).  

 

Preparation of pyrrolidide fatty acids−Pyrrolidide derivatives were prepared by 

direct treatment of the isolated methyl esters with pyrrolidine-acetic acid (10:1, v/v) in screw-

cap tubes for 1 h at 115°C followed by extraction according to the method of Andersson and 

Holman (25). The organic extract was washed with water and dried over anhydrous Na2SO4, 

and then the solvent was removed by a vacuum in a rotary evaporator.  

 

GC-MS analysis−GC-MS QP5050 (Shimadzu) with a GC-17A gas chromatograph 

was used for mass spectral analysis. The GC separation of the methyl ester and the pyrrolidide 

derivatives was performed on an ULBON HR-1 column (25m × 0.5 mm, Shinwa Kako) at 

300°C. MS was used in the electron impact mode at 70 eV with a source temperature of 

250°C. Split injection was employed with the injector port at 250°C. 

 

MS-MS analysis−MS-MS analyses were performed on the free acids of the fatty 

acids with a JEOL-HX110A/HX110A tandem mass spectrometer. The ionization method was 

fast atom bombardment (FAB), and the acceleration voltage was 3 kV. Glycerol was used for 

the matrix. 

 

RESULTS 

 

Screening of anaerobic bacteria that have the ability to convert PUFAs−The ability 

of anaerobic bacteria to convert PUFAs conversion during cultivation was investigated. First, 

about 100 strains, which belonged to genera of Megasphaera, Bifidobacterium, Lactobacillus, 

Propionibacterium, Clostridium, Bacteroides, Eubacterium, and so on, were tested with LA as 

the substrate. The peaks of the PUFAs were identified by comparison with the retention time 

of the reference standards on GC analysis. Of these bacteria, 5 strains belonging to the genera 

of Clostridium and Propionibacterium were found to have the ability to convert LA to 

vaccenic acid (trans-11-18:1, VA) (Table 1). Figure 1a shows the GC chromatogram of 

methylated fatty acids produced by C. bifermentans JCM 1386. Next, the ability to transform 
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AA and EPA instead of LA was examined for these 5 strains (see Table 1). When C. 

bifermentans JCM 1386 was cultured with AA or EPA, newly generated fatty acids [UK1 

from AA (Fig. 1b) and UK2 from EPA (Fig. 1c)] were detected on the GC chromatogram of 

methylated fatty acids. The same reactions were observed when C. bifermentans JCM 7832 

was cultured with AA or EPA (Table 1). However, C. sporogenes JCM 7849, C. sporogenes 

JCM 7850, and P. acnes JCM 6473 couldn’t convert AA and EPA. These indicated that two C. 

bifermentans strains, JCM 1386 and JCM 7832, could convert AA and EPA into unknown 

fatty acids, UK1 and UK2, respectively. As the concentration of both PUFAs added grew, C. 

bifermentans JCM1386 showed higher activity than C. bifermentans JCM 7832 (data not 

shown). C. bifermentans JCM1386 was used for further analyses.  

 

Table 1 Screening results for the ability of transforming polyunsaturated 
fatty acids 

Cultivations were carried out in GAM medium with 0.03% (w/v) of linoleic 
acid (LA), arachidonic acid (AA) or eicosapentaenoic acid (EPA) for 3 days 
as described in EXPERIMENTAL PROCEDURES. -, not detected. VA, 
vaccenic acid. 

Figure 1. GC chromatograms of methyl esters of fatty 
acids produced by C. bifermentans JCM 1386. 
Cultivations were carried out in GAM medium with 
0.03% (w/v) of linoleic acid (LA) (a), arachidonic acid 
(AA) (b), or eicosapentaenoic acid (EPA) (c) for 3 days. 
The lipid products were extracted from the supernatant 
and methylated as described in EXPERIMENTAL 
PROCEDURES. LA, AA and EPA are converted to 
vaccenic acid (VA), UK1 and UK2, respectively. 
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Identification of the newly 

synthesized fatty acid obtained from 

AA−The mass spectrum of the 

isolated methyl ester of UK1 

produced from AA exhibited a 

molecular weight of m/z 320, 

indicating that UK1 is C20 PUFA 

containing three double bonds. The 

molecular ion peak ([M-Na]+, 343) 

obtained by FAB-MS analysis 

(FAB+) of the methyl ester of UK1 

was fragmented again by MS-MS 

[m/z (FAB+, 8.00kV), 328(1), 314(2), 

300(2), 299(3), 286(3), 285(4), 

272(12), 258(1), 257(2), 232(3), 

218(3), 217(28), 204(33), 190(1), 

189(1), 164(35), 163(12), 150(3), 

149(4), 124(5), 110(13), 109(68), 

96(100), 82(6), and 81(40)]. The m/z 

124, 150, 164, 190, 232, and 258 

were derived from cleavage between single bonds 4-5, 6-7, 7-8, 9-10, 12-13, and 14-15, as 

numbered from the carboxyl group. The m/z 110, 150, 164, 204, 218, and 272 derived from 

the cleavage of single bonds between the α and β positions from the double bonds were 

detected. On the basis of the results of MS analyses, UK1 was identified as the geometrical 

isomers of 5, 8, and 13-20:3.  
1H-NMR analysis also suggested that UK1 is an isomer of 20:3 (see Fig. 2). The 

signal L intensity (5.36 ppm, m, 6H) indicates the existence of three double bonds in UK1. 

The sequence of the protons from the methyl end of the molecule was deduced A, B, E, L, L, 

J, L, L, G, C, F, L, L, H, D, and I or A, B, E, L, L, F, C, G, L, L, J, L, L, H, D, and I based on 

the signal pattern of interaction between adjacent protons observed by 1H-1H COSY analysis 

(see Fig. 2b). The sequence was confirmed as the latter one by the appearance of an 

interaction signal between J and H, but not J and E in TOCSY analysis (see Fig. 2c). 

Figure 2. 1H-NMR analysis of UK1 and structure of UK1 identified. (a) 
Structure of methyl ester of UK1. (b) 1H-1H-Chemical shift correlation 
spectroscopic (COSY) spectrum of the methyl ester of UK1. (c) 1H 
Clean-total correlation spectroscopic (TOCSY) spectrum of the methyl 
ester of UK1. 
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Furthermore, NOESY analysis identified that the geometric configurations of double bounds 

of Δ5 and Δ8 positions are in the cis configuration and Δ13 position is in the trans 

configuration (data not shown). On the basis of the results of the above spectral analyses, 

UK1 was identified as cis5,cis-8,trans-13-20:3 (see Fig. 2a). 

 

Identification of the newly 

synthesized fatty acid obtained 

from EPA−The mass spectrum of 

the isolated methyl ester of UK2 

exhibited a molecular weight of m/z 

318. This result suggested that UK2 

is C20 PUFAs containing four 

double bonds. The molecular ion 

peak ([M+Na]+, 341) obtained by 

FAB-MS analysis (FAB+) of the 

methyl ester of UK2 was 

fragmented again by MS-MS [m/z 

(FAB+, 8.00kV), 326(4), 312(1), 

311(1), 286(2), 272(6), 271(11), 

258(1), 257(1), 232(2), 218(2), 

217(22), 204(18), 190(1), 164(22), 

150(2), 149(7), 124(5), 110(10), 

109(57), 96(100), 82(4), 81(28)]. 

The m/z 124, 150, 164, 190, 232, 

258, 286, and 312 were derived 

from the cleavage of single bonds 4-5, 6-7, 7-8, 9-10, 12-13, 14-15, 16-17, and 18-19 as 

numbered from carboxyl group. The m/z 110, 150, 164, 204, 218, 272, and 326 derived from 

the cleavage of single bonds between the α and β positions from the double bonds were 

detected. On the basis of the results of MS analyses, UK2 was identified as the geometrical 

isomers of 5,8,13,17-20:4. 1H-NMR analysis also suggested that UK2 is an isomer of 20:4 

(Fig. 3). The signals J (5.35 ppm, m, 6H) and K (5.42 ppm, m, 2H) indicate the existence of 

four double bonds in UK2. The sequence of the protons from the methyl end of the molecule 

Figure 3. 1H-NMR analysis of UK2 and structure of UK2 identified. (a) 
Structure of methyl ester of UK2. (b) 1H-1H-Chemical shift correlation 
spectroscopic (COSY) spectrum of the methyl ester of UK2. (c) 1H 
Clean-total correlation spectroscopic (TOCSY) spectrum of the methyl 
ester of UK2. 



 

- 94 - 
 

 
  

 
  

was deduced A, E, J, J, F, E, K, K, D, B, E, J, J, H, J, J, F, C, and G based on the integration of 

COSY and TOCSY analyses (see Fig. 3b,c). NOESY analysis was carried out to identify the 

geometric configurations of double bonds. The interaction signals appeared between F and H, 

H and E, and, F and E, suggesting that the three double bonds of Δ5, Δ8, and Δ17 position are 

all in cis configuration, whereas no interaction signal appeared between D and E, suggesting 

that the double bond of Δ13 position is in the trans configuration (data not shown). On the 

basis of the results of the above spectral analyses, UK2 was identified as cis5,cis-8,trans-

13,cis-17-20:4 (see Fig. 3a). 

 

Effects of AA and EPA concentration in 

the medium on their transformation by C. 

bifermentans JCM 1386−Effects of AA and EPA 

concentration on their transformation by C. 

bifermentans JCM1386 were investigated (see 

Fig. 4). When various concentrations of AA were 

added to the media, the amount of UK1 

production increased with increasing 

concentration of AA up to 0.42 mg/mL, giving a 

yield of 57% (0.24 mg/mL) with 82% purity 

against the added AA (0.42 mg/mL) (see Fig. 4a). 

When various concentrations of EPA were added 

to the medium, the amount of UK2 production 

increased with increasing concentration of EPA 

up to 0.18 mg/mL, giving a yield of 67% (0.12 

mg/mL) with 92% purity against the added EPA 

(0.18 mg/mL) (see Fig. 4b). However, C. 

bifermentans JCM 1386 no longer produced UK2 

when more than 0.24 mg/mL EPA was added.  

 

Figure 4. Effects of fatty acid concentration for medium on 
fatty acids transformation by C. bifermentans JCM 1386. (a) 
Arachidonic acid (AA) and (b) eicosapentaenoic acid 
(EPA). Cultivations were carried out with different 
concentrations of AA or EPA.  
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Figure 5. Transformation of polyunsaturated fatty acids by  
C. bifermentans JCM 1386 
 

Figure 6. GC-MS spectra of pyrrolidide derivatives of the products 
from α-linolenic acid (a), γ-linolenic acid (b), and dihomo-γ-linolenic 
acid (c). The deduced structures are shown above the spectra. 

Substrate specificity of 

polyunsaturated fatty acid 

transformation by C. 

bifermentans JCM 1386−To 

examine the substrate specificity of 

PUFAs transformation during the 

cultivation of C. bifermentans JCM 

1386, free fatty acids of LA, α-

linolenic acid, γ-linolenic acid, 

dihomo-γ-linolenic acid, AA, EPA, 

and DHA, and methyl esters of LA 

and AA were added to the medium 

(see Fig. 5). C. bifermentans JCM 

1386 could convert LA, AA, EPA, 

α-linolenic acid, γ-linolenic acid, 

and dihomo-γ-linolenic acid. 

However, when DHA was added, 

no product was detected. The 

products from α-linolenic acid, γ-

linolenic acid, and dihomo-γ-

linolenic acid were analyzed by 

GC-MS (see Fig. 6). The spectrum 

of pyrrolidide derivative of the 

product from α-linolenic acid 

showed a molecular weight of m/z 

333 and gaps of 26 amu between 

m/z 224 and 250, and between m/z 

278 and 304, indicating that this is a C18 PUFA with double bonds at ω3 and ω7 positions 

(11,15-18:2) (see Fig. 6a). The pyrrolidide derivative of the product from γ-linolenic acid 

showed a molecular weight of m/z 333 and gaps of 26 amu between m/z 154 and 180, and 

between m/z 222 and 248, indicating that the product is a C18 PUFA with double bonds at ω7 

and ω12 positions (6,11-18:2) (Fig. 6b). The pyrrolidide derivative of the product from 
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dihomo-γ-linolenic acid showed a molecular weight of m/z 361 and gaps of 26 amu between 

m/z 182 and 208, and between m/z 250 and 276, indicating that the product is a C20 PUFA 

with double bonds at ω7 and ω12 positions (8,13-20:2) (Fig. 6c). Thus, C. bifermentans JCM 

1386 could eliminate one of the double bonds in each PUFA. Moreover, the methyl esters of 

LA and AA were also converted in a similar manner as their free fatty acids. These indicated 

that C18 and C20 PUFAs and these methyl esters with double bonds at ω6 and ω9 positions are 

converted into corresponding NMIFAs by C. bifermentans JCM 1386 (see Fig. 7). However, 

it was not clear whether the methyl ester transformation involves hydrolysis of methyl esters 

or direct conversion of methyl esters as an initial reaction.  

 

DISCUSSION 

 

The studies on PUFAs conversion by anaerobic bacteria have been done with the 

primary aim to improve the quality of the ruminant products such as milk or meat. In the 

course of these studies, numerous PUFA-transforming bacteria, such as Butyrivibrio 

fibrisolvens (4), Lactobacillus plantarum (20-23), and Bifidobacterium breve (19), have been 

isolated, and their metabolic pathways of C18 PUFAs, such as LA and α-linolenic acid, have 

been revealed. However, the ability to transform C20 and C22 PUFAs has not been studied in 

detail, although there have been several reports that EPA and DHA are hydrogenated in the 

rumen in vivo (26) and disappear during incubations in vitro with mixed ruminal 

microorganisms (27,28).  

In this chapter, the author found that C. bifermentans JCM 1386 could specifically 

convert AA and EPA into cis-5,cis-8,trans-13-20:3 and cis-5,cis-8,trans-13,cis-17-20:4, 

respectively, which are NMIFAs with a trans double bond at ω7 position (see Figs. 4 and 7). 

This is the first report of the isolation of the bacterium transforming C20 PUFAs into 

corresponding NMIFAs. Considering that similar reactions were observed with LA (see Fig. 

1a), this strain can specifically convert two cis double bonds at ω6 and ω9 positions in PUFAs 

into a trans double bond at ω7 position to generate the trans fatty acids regardless of the 

existence of double bonds at other positions. In addition, similar reactions were also observed 

of other C18 and C20 free PUFAs (α-linolenic acid, γ-linolenic acid, and dihomo-γ-linolenic 

acid) or the methyl esters of LA and AA (see Fig. 5). They might be converted into the 

corresponding NMIFAs with a trans double bond at ω7 position. However, C. bifermentans 
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JCM 1386 could not convert DHA, indicating that C22 PUFAs might not be a substrate for 

this strain. Thus, the author succeeded in the production of various C18 and C20 NMIFAs with 

a trans double bond at ω7 position through the biohydrogenation by C. bifermentans JCM 

1386.  

NMIFAs are a class of PUFAs that has received attention because of their unique 

structure and physiological activity, and they have often been found in plant oils. Pinolenic 

acid (cis-5,cis-9,cis-12-18:3) and columbinic acid (trans-5,cis-9,cis-12-18:3) are C18 NMIFAs 

that were found in Pinus koraiensis and Aquilegia hybrida, respectively (8,9). They are 

isomers of γ-linolenic acid and show various effects, such as the reduction of platelet 

aggregation by prostacyclin production, attenuation of the elevation of blood pressure, LDL-

lowering and essential fatty acid activity (9,11,12). Podocarpic acid (cis-5,cis-11,cis-14-20:3) 

is a C20 NMIFA that was found in Platycladus orientalis oil (10). It has been reported to show 

a reduction in the AA concentration in the phosphatidylinositol fraction of rat liver (13), 

which functions in signal transduction, such as in the phospholipase C-signaling pathway 

(13,29). Considering that PUFAs often show an isomer-specific function, novel NMIFAs are 

expected to show novel interesting physiological effects. Interestingly, several natural plant 

oils have a high content of PUFAs with a double bond at ω7 position (30), and the 

biohydrogenation of PUFAs often produce PUFAs with a double bond at ω7 position, such as 

VA (6,7). These observations enable the author to consider that a double bond at ω7 position 

may become a key factor for a biological function. In this context, various C18 and C20 

NMIFAs obtained in this chapter could be worthwhile. It is also noted that these NMIFAs 

were obtained in the high yield (approximately 60%) and purity (> 80%). Therefore, this 

chapter could serve to open up the development of novel methods in the preparation of theses 

rare possibly bioactive PUFAs.  

Lipid metabolism by anaerobic bacteria is an attractive research area from the viewpoint 

of the role of the gut microbiota in relation to health of the host. Interestingly, obesity 

induced by a high-fat diet has been suggested as being associated with alterations of gut 

microbiota composition (31,32). Dietary fats are metabolized by gut microbiota as well as by 

the host. It is noted that the biohydrogenation of fatty acids might function as a 

detoxification mechanism in bacteria, and PUFAs especially are more toxic than saturated 

fatty acids (18,33). This suggests that the ability of the biohydrogenation of PUFAs might 

relate to the survival of gut bacteria when dietary intake of PUFAs is high. In addition, our 



 

- 98 - 
 

 
  

 
  

recent research suggested the possibility that lipid metabolism by gut microbiota affects the 

host’s health by modifying fatty acid composition (23). Therefore, the evidence-based 

studies on the lipids metabolism by gut bacteria, including C. bifermentans (in this chapter) 

and Lactobacillus (21-23,34), should serve to maintain and improve human health. 
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SUMMARY 

 
CHAPTER 1 

 

Infant-gut associated bifidobacteria possess species-specific enzymatic sets to 

assimilate human milk oligosaccharides (HMOs), and lacto-N-biosidase (LNBase) is a key 

enzyme that degrades lacto-N-tetraose (LNT, Galβ1-3GlcNAcβ1-3Galβ1-4Glc), the main 

component of HMOs, to lacto-N-biose I (Galβ1-3GlcNAc) and lactose. LNBase activity in 

Bifidobacterium bifidum and some strains of B. longum subsp. longum (B. longum) have been 

previously identified. Subsequently, a glycoside hydrolase family 20 (GH20) LNBase was 

isolated from B. bifidum; however, the genome of the LNBase+-strain of B. longum contains 

no GH20 LNBase homolog. Here, the author reveals that locus_tags BLLJ_1505 and 

BLLJ_1506 constitute LNBase from B. longum JCM1217. The gene products, designated 

LnbX and LnbY, respectively, showed no sequence similarity to previously characterized 

proteins. The purified enzyme, which consisted of LnbX only, hydrolyzed via a retaining 

mechanism the GlcNAcβ1-3Gal linkage in LNT, lacto-N-fucopentaose I (Fucα1-2Galβ1-

3GlcNAcβ1-3Galβ1-4Glc), and sialyllacto-N-tetraose a (Neu5Acα2-3Galβ1-3GlcNAcβ1-

3Galβ1-4Gal); the latter two are not hydrolyzed by GH20 LNBase. Among the chromogenic 

substrates examined, the enzyme acted on p-nitrophenyl (pNP)-β-lacto-N-bioside I (Galβ1-

3GlcNAcβ-pNP) and GalNAcβ1-3GlcNAcβ-pNP. GalNAcβ1-3GlcNAcβ-linkage has been 

found in O-mannosyl glycans of α-dystroglycan. Therefore, the enzyme may serve as a new 

tool for examining glycan structures. In vitro refolding experiments revealed that LnbY and 

metal ions (Ca2+ and Mg2+) are required for proper folding of LnbX. The LnbX and LnbY 

homologs have been found only in B. bifidum, B. longum, and a few gut microbes, suggesting 

that the proteins have evolved in specialized niches. 

 

CHAPTER 2 

 

Recent studies suggest that α-L-fucosidases of the glycoside hydrolase family 29 can be 

divided into two subfamilies based on substrate specificity and phylogenetic clustering. To 

explore the validity of this classification, the author enzymatically characterized two 

structure-solved α-L-fucosidases representing the respective subfamilies. Differences in 
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substrate specificities are then discussed in relationship to differences in the active-site 

structures between the two enzymes. 

 

CHAPTER 3 

 

α-L-Fucosyl residues attached at the non-reducing ends of glycoconjugates constitute 

histo-blood group antigens Lewis (Le) and ABO, and play fundamental roles in various 

biological processes. Therefore, establishing a method for synthesizing the antigens is 

important for functional glycomics studies. However, regiospecific synthesis of glycosyl 

linkages, especially α-L-fucosyl linkages, is quite difficult to control both by chemists and 

enzymologists. Here, the author generated an α-L-fucosynthase that specifically introduces 

Lea and Lex antigens into the type-1 and type-2 chains, respectively, i.e., the enzyme 

specifically accepts the disaccharide structures (Galβ1-3/4GlcNAc) at the non-reducing ends 

and attaches a Fuc residue via an α-(1,4/3)-linkage to the GlcNAc. X-ray crystallographic 

studies revealed the structural basis of this strict regio- and acceptor-specificity, that includes 

the induced-fit movement of the catalytically important residues, and the difference between 

the active site structures of 1,3-1,4-α-L-fucosidase (EC 3.2.1.111) and α-L-fucosidase (EC 

3.2.1.51) in the glycoside hydrolase family 29. The glycosynthase developed in this chapter 

should serve as a potentially powerful tool to specifically introduce the Lea/x epitopes onto 

labile glycoconjugates including glycoproteins. Mining glycosidases with strict specificity 

may represent the closest approach to the specific synthesis of glycosidic bonds. 

 

CHAPTER 4 

 

Baicalin (baicalein 7-O-β-D-glucuronide) is one of the major flavonoid glucuronides 

found in traditional herbal medicines. Because its aglycone, baicalein, is absorbed more 

quickly and shows more effective properties than baicalin, the conversion of baicalin into 

baicalein by β-glucuronidase (GUS) has drawn the attention of researchers. Recently, the 

author has found that Lactobacillus brevis subsp. coagulans can convert baicalin to baicalein. 

Therefore, the author aimed to identify and characterize the converting enzyme from L. brevis 

subsp. coagulans. First, the author purified this enzyme from the cell-free extracts of L. brevis 

subsp. coagulans and cloned its gene. Surprisingly, this enzyme was found to be a GUS 
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belonging to glycoside hydrolase (GH) family 30 (designated as LcGUS30), and its amino 

acid sequence has little similarity with any GUS belonging to GH families 1, 2, and 79 that 

have been reported so far. The author then established a high-level expression and simple 

purification system of the recombinant LcGUS30 in Escherichia coli. The detailed analysis of 

the substrate specificity revealed that LcGUS30 has strict specificity toward glycon but not 

toward aglycones. Interestingly, LcGUS30 prefers baicalin rather than estrone 3-(β-D-

glucuronide), one of the human endogenous steroid hormones. These results indicated that L. 

brevis subsp. coagulans and LcGUS30 should serve as powerful tools for the construction of a 

safe bioconversion system for baicalin. In addition, the author proposes that this novel type of 

GUS forms a new group in subfamily 3 of GH family 30. 

 

CHAPTER 5 

 

The polyunsaturated fatty acids (PUFAs) include many bioactive lipids. The microbial 

metabolism of C18 PUFAs is known to produce their bioactive isomers, such as conjugated 

fatty acids and hydroxy fatty acids, but there is little information on that of C20 PUFAs. In this 

chapter, the author aimed to obtain anaerobic bacteria for the ability to produce novel PUFA 

from C20 PUFAs. Through the screening of about 100 strains of anaerobic bacteria, 

Clostridium bifermentans JCM 1386 was selected as a strain with the ability to saturate 

PUFAs during anaerobic cultivation. This strain specifically converted arachidonic acid (cis-

5,cis-8,cis-11,cis-14-eicosatetraenoic acid) and eicosapentaenoic acid (cis-5,cis-8,cis-11,cis-

14,cis-17-eicosapentaenoic acid) into cis-5,cis-8,trans-13-eicosatrienoic acid and cis-5,cis-

8,trans-13,cis-17-eicosatetraenoic acid, giving yields of 57% and 67% against the added 

PUFAs, respectively. This is the first report of the isolation of a bacterium transforming C20 

PUFAs into corresponding non-methylene-interrupted fatty acids. The author further 

investigated the substrate specificity of the biohydrogenation by this strain and revealed that it 

can specifically convert two cis double bonds at ω6 and ω9 positions in various C18 and C20 

PUFAs into a trans double bond at ω7 position. This chapter should serve to open up the 

development of novel potentially bioactive PUFAs. 
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