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GENERAL INTRODUCTION

Over 2000 species (1) and approximately 40 trillion cells (2) of gut microbes colonize the
human colon. Recent studies have revealed that gut microbes influence host health and physiology,
and cause, for example, obesity (3), diabetes (4), and autism (5). Several studies have shown that host
interacts with gut microbes. For example, mothers supply human milk oligosaccharides (HMOs) (6,7),
which are the third most abundant solid component in breast milk and are not digestible by humans
(8), to Bifidobacterium species which have beneficial effects on human (9,10). Gut microbes produce
various bioactive metabolites, such as short-chain fatty acid (10), hydroxy fatty acid (11), aromatic
amino acid derivatives (12) from dietary compounds. The physiological effects of gut microbes on the
host are a result of host-gut microbe interactions. Hence, understanding the details of host-gut microbe
interactions is key for controlling host health and developing a good symbiosis with gut microbes.
However, the mechanism involved in host-gut microbe interactions are still unclear. The aim of this
study was to construct a basis for understanding host-gut microbe interactions at the compound level.
The author focused on glycans as the host-derived compounds and polyamines as the gut microbe-

derived compounds in this study.

In CHAPTER 1, the author focused on generating highly

efficient 1,2-a-L-fucosynthase, which is useful for the enzymatic M _on o Gala(cg);g
synthesis of H-antigen structure (Fucal-2Gal, Fig. 1). H-antigens are Hom OH
observed on the non-reducing end of HMOs (7) and glycans of host 0

secreted glycoproteins (13). H-antigen structure promotes the o) (()Xl:
colonization of Bifidobacterium species (14,15) and prevents the HO Fucose
host from pathogen infection (16-18). Hence, H-antigen is an or (Fuc)

important glycan structure responsible for host-gut microbe
Fig. 1. Structure of H-antigen.

interactions. If H-antigen can be efficiently synthesized, it will be

possible to provide useful tools to accelerate the elucidation of host-gut microbe interactions mediated
by H-antigens. However, regio- and stereo-selective synthesis of H-antigen structure is difficult by
chemical synthesis. Therefore, in SECTION I, the author focused on the enzymatic synthesis of H-
antigen and generated a highly functional 1,2-a-L-fucosynthase BbAfcA N423H mutant
(BbAfcAN*?3H) from 1,2-a-L-fucosidase of Bifidobacterium bifidum (BbAfcA) (19). In SECTION II,
the author applied BbAfcAN*?3H for introducing the H-antigen structure on various glycoconjugates
(glycolipid, O- and N-glycans of glycoproteins, and xyloglucan). H-antigen structure has been
observed not only on oligosaccharide and O-glycans but also on glycolipids (20), N-glycans (21), and

plant xyloglucans. Fucosyl ganglioside GM1, a glycolipid containing H-antigen structure, has been

observed on the surface of intestinal epithelial cells in response to gut microbe colonization (20),
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suggesting that fucosyl ganglioside GM1 contributes to the development of symbiosis between the
host and gut microbes in the colon. Fucosyl xyloglucan nonasaccharide is a bioactive plant glycan that
shows inhibition activity against auxin-stimulated stem growth (22). Therefore, the author

enzymatically synthesized these H-antigen containing glycoconjugates using BbAfcAN423H,

In CHAPTER 11, the author focused on the polyamine PN
biosynthesis and transport ability of human gut microbes. Several Putrescine
hundred micromolar to a few millimolar concentrations of Ny PN
polyamines exist in the colonic lumen (23) and these polyamines are Spermidine

derived from gut microbes (24-26). These colonic luminal NN PN

polyamines can affect host health, such as expanding lifespan, Spermine

cognitive improvement (27), amelioration of inflammation (28), and

Fig. 2. Polyamine structures

vascular endothelial function improvement (29). Understanding the e
measured in this study.

polyamine biosynthetic and transport abilities of the human

dominant gut microbes which are the main source of colonic polyamines is important to maintain host
health via the regulation of colonic polyamine levels. Therefore, in SECTION I, the author analyzed
the biosynthetic and transport abilities of the polyamines (putrescine, spermidine, and spermine, Fig.
2) of the human dominant gut microbes that are culturable in Gifu anaerobic medium (30).
Furthermore, the author presumed the presence of novel polyamine biosynthetic and transport proteins
in the human dominant gut microbes based on the results of BlastP analysis combined with polyamine
biosynthetic- and transport abilities. SECTION II focused on the biosynthetic and transport abilities
of the polyamines (putrescine, spermidine, and spermine) of human indigenous Bifidobacterium
species. Bifidobacteria are one of the typical human indigenous bacteria (31-33). Although there are
many reports on the functionality of bifidobacteria as probiotics, the physiological analysis of
bifidobacteria itself has not progressed and, to the best of my knowledge, there is only one report on
the ability of biosynthesis and transport of polyamines (34). Therefore, the author evaluated the ability
of biosynthesis and transport of polyamines (Fig. 2) for 13 species reported as human indigenous
Bifidobacterium species (31-33). Furthermore, the possibility of the existence of novel polyamine
biosynthesis and transport protein(s) was presumed by inferring and collating the analyzed results in
the presence and absence of known polyamine biosynthetic and transport proteins. SECTION III
focused on the putrescine exporter of Escherichia coli, which functions under a neutral pH
environment. The colonic lumen is neutral pH (35). However, putrescine exporter that functions under
a neutral pH environment has not been identified in gut microbes. The author observed putrescine
excretion under a neutral pH environment in E. coli, a model gut microbe. The author performed
genome-wide screening using the Keio collection (36) and discovered SapBCDF as a novel putrescine

exporter in E. coli.
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CHAPTER1

Introduction of H-antigen structures on various glycoconjugates

SECTION I
Generation of highly functional 1,2-a-L-fucosynthase from 1,2-a-L-fucosidase of
Bifidobacterium bifidum

Fucal-2Gal disaccharide structures (H-antigens), which constitute histo-blood group
antigens, are frequently found at the non-reducing ends of sugar chains of glycoconjugates including
glycoproteins, glycolipids, and oligosaccharides (1). They play important roles in various biological
processes and are sometimes used as the markers of embryogenesis and carcinogenesis (2,3). In
humans, the structures are synthesized by fucosyltransferase (FUT) 1 and 2 (4,5). FUT1 is highly
expressed in early erythroid and endothelial cells to synthesize the core of ABO blood group
substances, while FUT?2 is abundantly expressed in secretory organs: trachea, salivary glands, small
intestine, colon, and prostate (6). Interestingly, FUT2 expression is known to be stimulated by the
presence of gut microbes in mouse intestines (7-9). This was initially regarded as a host system to
provide nutritional advantage for certain bacteria possessing 1,2-a-L-fucosidase, by specifically
enabling them to degrade the intestinal glycans (7). However, recent study revealed that Fuc liberated
from the intestinal glycans by such microbes can attenuate the virulence gene expression of
enterohemorrhagic Escherichia coli (10). Pham et al. showed that administration of H-antigen-
containing oligosaccharides to mice that are genetically deficient in intestinal fucosylation confers
resistance to invasion by the opportunistic pathogen Enterococcus faecalis (11). H-antigen structures
present in the gut ecosystem might therefore be important for host health. Moreover, increased risks
of Crohn disease and type-1 diabetes have been reported in FUT2” individuals (non-secretors), in
comparison with secretors (12,13).

H-antigen-containing sugars are supplied into intestines, not only by host individuals, but
also by mothers during breast-feeding. Human milk oligosaccharides (HMOs), the third most abundant
solid component in breast milk, are known to be highly fucosylated, provided that the mothers are
secretors (14-16). HMOs are resistant to human digestive enzymes, and therefore reach the colon (17),
where they are assumed to selectively stimulate the growth of bifidobacteria, microbes that exclusively
possess HMOs-degrading enzymes (18-25). Fucosylated HMOs also serve as decoys for the receptor
of Campylobacter jejuni in the intestine (26). 2'-Fucosyllactose (2'-FL: Fucal-2GalB1-4Glc), one of
the most abundant HMOs, is shown to attenuate the lipopolysaccharide-induced inflammatory
response of intestinal cells by downregulating CD14 expression (27). These results indicate that H-

antigen-containing glycans are important for establishing the harmonious relationship between gut
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microbes and the host, and also for preventing various gut-related disorders. Hence, glycoconjugates
with H-antigens have great potential, not only as research tools, but also as therapeutic agents.

Enzymatic synthesis of H-antigen structure has been demonstrated by several groups using
a-1,2-fucosyltransferases or a-fucosidase (in this case, transfucosylation). Drouillard ef al. succeeded
in constructing a recombinant E. coli strain that produces 2'-FL and lacto-N-fucopentaose IV (LNFP
IV: Fucol-2GalB1-4GIcNAcB1-3Galp1-4Glc, type-2 H-antigen) at gram-per-liter levels, by
introducing several glycosyltransferases including a-1,2-fucosyltransferase from Helicobacter pylori
(28). Gram-scale synthesis of 2'-FL was also accomplished by Baumgértner et al. by using an
engineered E. coli (29). Zhao et al. synthesized 1 g of lacto-N-fucopentaose I (LNFP I: Fucal-2Galf1-
3GlcNAcB1-3Galf1-4Gle, type-1 H-antigen) using one-pot enzyme system involving a-1,2-
fucosyltransferase from Thermosynechococcus elongates and bifunctional fucokinase/GDP-Fuc
pyrophosphorylase, starting from Fuc and lacto-N-tetraose (LNT: GalB1-3GIcNAcB1-3Galp1-4Glc)
(30). Vasiliu et al. employed human FUT2 to introduce a-(1—2)-linked Fuc residue at the non-
reducing end of poly-N-acetyllactosamine (type-2 H-antigen) (31). Glycosyltransferases thus serve as
valuable tools for synthesizing specific oligosaccharide with a defined structure, although they show
strict acceptor specificity and therefore the types of oligosaccharides to be synthesized have been
limited. Osanjo et al. described, using a mutant a-L-fucosidase (retaining enzyme) from Thermotoga
maritima, the transfer of Fuc from pNP-a-L-fucoside to GalB-pNP to form Fucal-2Galp-pNP with
relatively high specificity (32). These results demonstrate the effectiveness of enzyme-based methods
for targeted oligosaccharide synthesis.

Glycosynthase is a mutant glycosidase that is devoid of hydrolysis but is able to transfer
glycosyl residue from a fluorine-activated sugar with opposite anomer; once the glycosidic bond is
formed, the linkage can be free from hydrolysis (33). This methodology, which was developed based
on the finding by Hehre et al. (34), was first applied to retaining glycosidases (35,36), and was recently
extended to inverting enzymes (37-40). Previously Wada et al. succeeded in applying the technology
to inverting 1,2-a-L-fucosidase from Bifidobacterium bifidum JCM1254 (BbAfcA, glycoside
hydrolase family [GH] 95). However, the reaction efficiency was too low for further use of the
generated 1,2-o-L-fucosynthase in oligosaccharide synthesis (40). Nonetheless, the author pursued
further exploration of the synthase because of high activity and specificity of wild-type BbAfcA
(BbAfcAVT) for all H-antigen-containing oligosaccharides and sugar chains of glycoproteins (H type-
1, H type-2, H type-3, and H type-4 chains) (41,42). 1,2-a-L-Fucosidase adopts a unique reaction
mechanism in which asparagine (Asn-423) activated by the neighboring aspartic acid (Asp-766) acts
as a base residue (43,44) (Fig. 1). The attacking water molecule is suitably poised for nucleophilic
attack by being supported by two asparagine residues (Asn-421 and Asn-423 [base]). Asn-421 makes
a hydrogen bond with glutamic acid residue of Glu-566 (acid residue), which allows the side chain of

Glu-566 to be properly oriented towards glycosidic oxygen. In the present study, the author first shows
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a drastic improvement of the synthase reaction efficiency by introducing a series of mutations at the
catalytic residues of BbAfcA. The author then describes the detailed specificity analysis of the
synthase reaction using various mono- and oligosaccharides, and show its capability to efficiently
introduce H-antigen structures onto a glycoprotein. Finally, the author discusses a unique structural
requirement for acceptors of the synthase reaction, which was unraveled from glycosynthase
technology. My results show that this 1,2-a-L-fucosynthase serves as an alternative tool for introducing

H-antigens on a variety of glycoconjugates.

/
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Fig. 1. Structure of the catalytic site of 1,2-o-L-fucosidase from B. bifidum. The catalytic
residues (N421, N423, E566, and D766) and Gal-recognizing residues (H419, E485, W500,
and E566) are shown by cyan sticks with the attacking water molecule depicted by a red
sphere (PDB ID: 2EAC) (44). 2'-FL observed in the crystal structure of ES66A mutant (PDB
ID: 2EAD) is incorporated and shown in yellow. The hydrogen bond network is formed by the
water, N421, N423, E566, and D766. The Gal residue of 2'-FL forms hydrogen bonds with the
side chains of H419, E485, and E566, and is stacked by W500. The image was created by
PyMol.



MATERIALS AND METHODS

Chemicals

Melibiose (Galal-6Glc) and xylobiose (Xylf1-4Xyl) were obtained from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan). 4-B-Galactobiose (GalB1-4Gal), 6-f-galactobiose (GalB1-6Gal),
Lewis a trisaccharide (Le*: GalB1-3(Fucal-4)GIcNAc), Lewis x trisaccharide (Le*: Galp1-4(Fucal-
3)GIcNAc), N-acetyllactosamine (LacNAc: Galpfl-4GlcNAc), 3-fucosyllacose (Galpl-4(Fucal-
3)Glc), LNT, and LNFP I were obtained from Dextra Laboratories (Reading, UK), and Lewis b
tetrasaccharide (Le®: Fucal-2GalB1-3(Fucal-4)GIcNAc) and Lewis y tetrasaccharide (Le¥: Fucal-
2GalB1-4(Fucal-3)GIlcNAc) were acquired from Carbosynth (Compton, UK). 2'-FL and lacto-N-
neotetraose (LNnT: Galp1-4GlcNAcP1-3GalPB1-4Glc) were purchased from Sigma-Aldrich (St. Louis,
MO, USA), and lactodifucotetraose (LDFT: Fucal-2GalB1-4(Fucal-3)Glc) was purchased from
Isosep (Tullinge, Sweden). Galacto-N-biose (GNB: Gal1-3GalNAc), lacto-N-biose I (LNB: Galp1-
3GIcNAc), 3-B-galactobiose (GalB1-3Gal), 3-B-galactosylglucose (GalB1-3Glc), and B-fucosyl
fluoride (B-FucF) were prepared, as described previously (40,45-47). Other reagents of analytical

grade were obtained from various commercial sources.

Construction of 1,2-a-L-fucosidase mutants

QuikChange site-directed mutagenesis method (Stratagene, CA) was used for introducing
amino acid replacements. pET23b-BbafcA, which carries the gene encoding the catalytic domain of
BbAfcA from Bifidobacterium bifidum JCM 1254, was used as the template (42). The primers used are
listed in Table 1. The entire sequence of the catalytic domain of BbafcA was sequenced to ensure that
no base change other than those designed had occurred. The resulting plasmids were used to transform

Escherichia coli BL21 AlacZ (DE3) (48).

Expression and purification of 1,2-a-L-fucosidase mutants

Expression of the recombinant proteins was carried out, as described previously (42). The
enzymes were purified using Ni-nitrilotriacetic acid affinity chromatography according to the
manufacturer’s instruction (QIAGEN, Hilden, Germany), and dialyzed against 10 mM Tris-HCI buffer
(pH 8.0) using Slide-A Lyzer G2 (Thermo Fisher Scientific, Waltham, MA, USA). When necessary,
the proteins were further purified by Mono Q 5/50 GL (0—1 M NaCl in 20 mM Tris-HCI buffer, pH
8.0) (GE Healthcare Life Sciences, Buckinghamshire, UK) column chromatography. The purity of the
proteins was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein

concentration was determined with the theoretical coefficient of 184,165 M"! cm™! at 280 nm.
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Enzyme assay

Hydrolytic activity of 1,2-a-L-fucosidase mutants was measured using 2'-FL as a substrate
(1 mM). The liberated Fuc was quantified by fucose dehydrogenase-linked assay, as described
previously (42). The enzyme concentrations were 0.51 nM for wild-type (WT), 1.0 nM for N421D
mutant, 10.2 nM for N423D mutant, 51 nM for N423Q mutant, and 102 nM for the other mutants.

Fucosynthase activity of various mutants was examined using f-FucF and Lac as the donor
and acceptor substrates, respectively. The reaction was carried out at 30 °C for 30 min in 100 mM
sodium citrate buffer (pH5.0), containing 10 mM substrates and 4 uM enzyme. The reaction products
were analyzed by a high-performance liquid chromatography (HPLC) system (Ultimate 3000, Thermo
Fisher Scientific) equipped with Asahipak NH2P-50 4E column (4.6 x 250 mm, Showa Denko, Tokyo,
Japan). Elution was carried out with 73 % acetonitrile at a flow rate of 1.0 mL/min, and was monitored
using a charged aerosol detector (CAD) (Thermo Fisher Scientific). The amount of synthesized 2'-FL
was determined based on the standard curve prepared from known concentrations of the compound.
Optimal pH of the synthase reaction was determined by testing the enzyme in 100 mM citrate-NaOH
buffer (pH 4.5-6.0), 2-morpholinoethanesulfonic acid buffer (pH 6.0-7.0), and 3-
morpholinopropanesulfonic acid buffer (pH 7.0-8.0). Thermostability was examined by incubating
the enzyme for 30 min at various temperatures in 100 mM citrate-NaOH buffer (pH 5.5 for N423H
mutant and pH 5.0 for N423D/D766N mutant) prior to the assay.

Acceptor specificity of BbAfcAN?H  was examined using various mono- and
oligosaccharides. The reaction was carried out at 30 °C for 30 min in 100 mM citrate-NaOH buffer
(pH 5.5), containing 10 mM B-FucF and 10 mM acceptor, in the presence of 10 uM enzyme. The
reaction was stopped by boiling for 3 min. The reaction mixtures were analyzed by thin-layer
chromatography (TLC) and HPLC-CAD. The reaction efficiency was evaluated by determining the
consumed amounts of acceptors. TLC analysis was carried out using silica gel 60 aluminum sheet
(Merck, NJ). The plate was developed in a solvent system of 1-butanol/acetic acid/water (2/1/1), and
the sugars were visualized by heating the plate after spraying with diphenylamine-aniline-phosphoric
acid reagent (49). HPLC-CAD analysis was carried out using HILICpak VG-50 4E column (4.6 x 250
mm, Showa Denko) at 40 °C. The elution was done with 73 % acetonitrile at a flow rate of 1.0 mL/min.
When xylobiose was used as an acceptor, acetonitrile/methanol/water of 75/20/5 was used as an eluent.

Porcine gastric mucin (PGM) was also used as an acceptor substrate. Prior to the synthase
reaction, the Fuc residues were removed from sugar chains of PGM. The defucosylation was carried
out at 30 °C for 48 h in 50 mM sodium phosphate buffer (pH 6.5) containing 2 mg/mL PGM, 1 mM
dithiothreitol, and 10 uM 1,2-a-L-fucosidase WT (BbAfcAWT). After stopping the reaction by boiling,
the reaction mixture was dialyzed against water and lyophilized to obtain defucosylated PGM.
Fucosylation was carried out at 30 °C for 30 min in the reaction mixture containing 50 mM citrate-

NaOH buffer (pH 5.5), 1 mg/mL defucosylated PGM, 10 mM B-FucF, and 10 uM BbAfcAN*?3H, For
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lectin blotting, the samples were taken from the mixtures, spotted on Immobilon-P membrane
(Millipore, MA) that was pretreated with methanol. The membrane was incubated for 60 min with a
blocking reagent: 2 % (w/v) bovine serum albumin in Tris-buffered saline with 0.05 % (v/v) Tween-20
(TBS-T). Biotin conjugated lectins (UEA-I and PNA, J-Oil Mills, Tokyo, Japan), dissolved in TBS-T
(0.4 pg/mL), and horseradish peroxidase (HRP)-conjugated streptavidin (0.125 pg/mL) were then
added. The membrane was further incubated for 60 min at room temperature. After washing the
membrane with TBS-T, signals were detected using SuperSignal West Pico Chemiluminescent

Substrate (Thermo Fischer Scientific) and LAS-3000 (Fujifilm, Tokyo, Japan).

Purification of the synthesized oligosaccharides

Several synthesized oligosaccharides (see RESULTS) were purified for subsequent
instrumental analyses. The reaction mixtures (total volume of 750-4300 puL) were deionized with
Amberlite MB-3 (Organo, Tokyo, Japan), lyophilized and subjected to HPLC equipped with Sugar-D
column (20 x 250 mm, Nacalai Tesque, Kyoto, Japan). Elution was done under a constant flow (5.0
mL/min) of 72 % acetonitrile at 40 °C, and monitored by refractive index detector (RID-10A,
Shimadzu, Kyoto, Japan). The peak fractions were combined, concentrated, lyophilized, and further
purified by using TSK-gel 80Ts (20 x 250 mm, Tosoh, Tokyo, Japan) column. Elution was carried out
by water at a flow rate of 7.0 mL/min and monitored by RID-10A. The peak fractions were collected,

lyophilized to dryness, and used for the instrumental analyses.

Nuclear magnetic resonance (NMR) spectroscopy

The NMR spectra 1D ("H and '*C) and 2D ("H-'H DQF-COSY, 'H-'H TOCSY, 'H-13C
HSQC and 'H-"*C HMBC) were taken in D>O at 298K using Bruker Avance 800 or Avance 500
spectrometers (Bruker BioSpin, MA, USA) with 2-methyl-2-propanol as an internal standard (1.23
ppm for 'H; 31.3 ppm for 13C). Positions of the glycosyl linkages were assigned by the inter-ring
cross peaks with the anomeric 'H and '*C signals that appeared in the HMBC spectra.

High—performance anion exchange chromatography (HPAEC)

HPAEC with pulsed amperometric detection (PAD) (Thermo Fisher Scientific) analysis
was performed using Carbopac PA1 column (2 x 250 mm, Dionex, Sunnyvale, CA, USA) at 30 °C.
The elution was done with 16 mM NaOH at a flow rate of 0.25 mL/min.

Release of O-glycans from porcine gastric mucin
The O-linked glycans were released by reductive B-elimination, essentially as described
previously (50). In brief, the lyophilized glycoprotein (100 pg) was resuspended in 500 puL of 100 mM

sodium hydroxide containing 1 M sodium borohydride, and the mixture was incubated for 18 h at 45
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°C in a glass tube. The mixture was then neutralized with 10 % (v/v) acetic acid on ice, and desalted
by a Dowex-50W-X8 (H" form, 100-200 mesh, Sigma-Aldrich) column. Oligosaccharide alditols were
collected in the elution with 5 % acetic acid, and lyophilized. Borate was removed as an azeotrope
with methanol, by adding 0.3 mL of 10 % acetic acid in methanol and drying under a nitrogen stream
at 40 °C. This step was repeated five times. The samples were reconstituted in 0.3 mL of 5 % acetic
acid and loaded onto a pre-equilibrated Sep-pak Cis cartridges (Waters, Milford, MA, USA). The
oligosaccharide alditols were recovered in flow-through and in washing with 2 mL of 5 % acetic acid,

and were lyophilized for subsequent permethylation.

Permethylation of oligosaccharides and alditols

Permethylation was performed according to the method of Anumula and Taylor (51), to
improve sensitivity and allow structure determination in MS analysis. The lyophilized
oligosaccharides and O-glycan alditols were reconstituted in 200 uL of anhydrous dimethylsulfoxide
(DMSO). Permethylation was carried out by mixing the sample vigorously for 5 min with 250 pL of
base (sodium hydroxide in DMSO) and 150 pL of iodomethane. After adding 2 mL of 5 % acetic acid
and 2 mL of dichloromethane, the permethylated samples were extracted in the organic phase, which
was then dried under a nitrogen stream at 40 °C. The samples were loaded onto pre-equilibrated Sep-
pak Cis cartridges, washed with water and eluted with 85 % (v/v) acetonitrile. The eluted fractions

were again dried under a nitrogen stream at 40 °C.

Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF
MS) and MALDI-TOF/TOF MS analyses

Molecular masses of the permethylated samples were determined by MALDI-TOF MS in
positive ion mode (Bruker UltrafleXtreme, Bruker Daltonics, MA, USA) with 2,5-dihydroxybenzoic
acid as matrix. MALDI-TOF/TOF MS was also performed to obtain MS/MS spectra of the glycans of
interest. The MS and MS/MS spectra were manually interpreted to deduce glycan structures.
Theoretical masses were calculated using the software GlycoWorkbench 2.0 (52). Semi-quantitative

estimation of relative glycan amounts is calculated based on signal intensity of MS spectra.
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Table 1. 1,2-a-L-Fucosidase mutants used in this study and their hydrolytic activity towards 2'-FL.

Mutant Primer“ or reference Hydrolytic activity (%)” Mutant Primer Hydrolytic activity (%)
N421A¢  Ref. (44) nd’ L cgttccagatcetgggceaacttcgg nd
D acttccacatggatgtgaacctcca 36 M cgttccagatcatgggcaacttcgg nd
E acttccacatggaagtgaacctcca nd N  cgttccagatcaacggcaacttcgg 0.079
G¢ Ref. (40) nd P cgttccagatccegggeaacttegg nd
H acttccacatgcatgtgaacctcca nd Q  cgttccagatccagggcaacttcgg nd
Q acttccacatgcaggtgaaccteca nd R cgttccagatccgtggeaacttcgg nd
S acttccacatgagcgtgaaccteca 0.018 S cgttccagatcageggcaacttcgg nd
T acttccacatgaccgtgaacctcca nd T cgttccagatcaccggceaacttcgg nd
V  acttccacatggtggtgaacctcca nd V  cgttecagatcgtgggcaacttcgg nd
N423A  acatgaacgtggcgctccagatgaa nd W cgttccagatctggggceaacttcgg nd
C¢  acatgaacgtgtgcctccagatgaa nd Y cgttccagatctatggcaacttcgg nd
D¢ Ref. (44) 4.9 N423D/D766E  cgttccagatcgaaccgaacttcgg 0.17
E acatgaacgtggaactccagatgaa nd /D766G  cgttccagatcggeggceaacttcgg nd
G¢ Ref. (40) 0.082 /D766H  cgttccagatccatggcaacttcgg nd
H acatgaacgtgcatctccagatgaa nd /D766N  cgttccagatcaacggcaacttcgg 0.012
Q  acatgaacgtgcagctccagatgaa 0.17 /D766Q  cgttccagatccagggcaacttcgg nd
S acatgaacgtgagcctccagatgaa nd /D766S  cgttccagatcageggeaacttegg 0.026
V  acatgaacgtggtgctccagatgaa nd /D766V  cgttccagatcgtgggcaacttcgg nd
D766A°¢  Ref. (44) 0.064 N423H/D766E  cgttccagatcgaaccgaacttcgg 0.20
C  cgttccagatctgeggeaacttcgg nd /D766G  cgttccagatcggeggceaacttcgg nd
E° Ref. (44) 25 /D766H  cgttccagatccatggcaacttcgg nd
F  cgttccagatctttggcaacttcgg nd /D766N  cgttccagatcaacggcaacttcgg 0.011
G¢ Ref. (40) 0.021 /D766Q  cgttccagatccagggcaacttcgg nd
H cgttccagatccatggcaacttcgg nd /D766S  cgttccagatcageggeaacttegg nd
I cgttccagatcatcggcaacttcgg nd /D766V  cgttccagatcgtgggcaacttcgg nd
K cgttccagatcaaaggcaacttcgg nd

¢ Those primers and their complementary strands were used for mutagenesis. °; Hydrolytic activity of wild-type enzyme was taken as 100 %. ¢; Those mutants

were from Wada et al. (40) and Nagae et al. (44). % not detected. Assays were performed in duplicate and the representative data are shown.



RESULTS

Isolation of an efficient 1,2-a-L-fucosynthase
As mentioned, the catalytic center of 1,2-0-L-fucosidase (BbAfcA) comprises four residues
Asn-421 (N421), Asn-423 (N423), Glu-566 (E566) and Asp-766 (D766) (Fig. 1). ES66 acts as a

general acid residue in hydrolysis, and should ~® Fig. 2. Fucosynthase
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(Table 1). The mutants showed drastically
impaired hydrolytic activity towards 2'-FL,
except for N421D, N423D, and D766E
mutants that retained 36 %, 4.9 %, and 25 %
activity of BbAfcAWT, respectively. Among

and lactose (Lac) were used as the substrates
(Fig. 2A). The synthase activity of the other
mutant N423D was comparable with that of
D766G mutant which was isolated in previous

study (40). None of the N421 mutants

N423H
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Retention time (min)

exhibited synthase activity. The author then
introduced amino acid replacements at D766 position in a N423D background or N423H background,
i.e. N423D/D766E, N423D/D766G, N423D/D766H, N423D/D766N, N423D/D766Q, N423D/D766S,
N423H/D766E, N423H/D766G, N423H/D766H, N423H/D766N, N423H/D766Q, N423H/D766S,
and N423H/D766V double mutants were constructed (Table 1). Hydrolytic activity of these mutants
was also extremely low. D766N substitution in N423D background led to a drastic increase in the
synthase activity, while introduction of any additional replacement at D766 site resulted in a decrease
of the synthase activity in N423H background (Fig. 2B and 2C). Consequently, the author chose
N423H mutant (BbAfcAN*?3H) and N423D/D766N (BbAfc AN423D/D766N)Y mytants for further analysis.
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The BbAfcAN*3H mutant showed the highest activity at pH 5.5, while the BbAfc AN423D/D766N
mutant had the highest activity at pH 5.0. The synthase activity of both mutants was significantly
higher than that of the D766G mutant that was obtained in previous study (40) (Fig. 3A). Regardless
of the enzyme used, the synthase reaction reached a plateau within 30 min, and the proportional
relationship between the product amounts (2'-FL) and the enzyme concentrations was observed only
at the initial stage of the reaction (< 3 min) (Fig. 3A). This is due to the short half-life (20 min) of -
FucF in an aqueous solution at 30 °C (22). The yield against the added B-FucF and Lac (actual
yield/theoretical yield) was slightly higher for BbAfcAN*H (88100 %) than that for
BbAfcAN423D/DT66N (8394 %) at any substrate concentration. The synthase reaction catalyzed by
BbAfcAN423DIDT6N appeared to be more sensitive to high concentration of acceptor (Lac), compared
with the one catalyzed by BbAfcAN*?3H (Fig. 3B). The yield decreased to 60 % for BhAfc AN423D/D766N,
while it remained 80 % for N423H mutant in the presence of 100 mM Lac. BbAfcAN?3H retained 90 %
activity after 30 min incubation at 55 °C, whereas BbAfcAN423P/D766N gt activity when incubated at
40 °C for 30 min (Fig. 4). The author therefore selected the BbAfcAN*?3H for further characterization

since it was the most efficient 1,2-0-L-fucosynthase.
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Fig. 3. Time course (A) and efficiency (B) of the fucosynthase reaction catalyzed by BhAfcANZ3H BhAfc ANZ3DDTON and D766G mutants.
(A) The reaction (50 pL) was carried out at 30 °C in the presence of 10 mM B-FucF, and Lac, and the samples were taken at the
indicated times. The enzyme concentrations were varied as indicated.

(DB) The reaction was carried out at 30 °C for 30 min in 100 mM sodium citrate buffer (pH 5.5 for BbAfcAN?3H (gray bars) or pH5.0
for BbAfc ANZDDTON (white bars)) containing various concentrations of the substrates in the presence of 10 uM enzymes. The concentrations of p-
FucF (left) and Lac (right) were varied. The reaction efficiency (%) was deduced by dividing the actual yield with the theoretical yield of the

reaction. Assays were repeated at least twice with essentially the same results, and the data for a representative experiment are shown.
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Acceptor specificity of BbAfcA "

The author examined the acceptor specificity of the BbAfcAN*?3H using various mono- and

Fig. 4. Thermostability of BbAfcAN?3 and BbAfc AN#23D/DT6N,

Each variant was incubated for 30 min at the indicated temperatures
in 10 mM Tris-HCI buffer (pH 8.0). After the incubation, the fucosynthase reaction
was performed. The reaction (25 pL) was carried out at 30 °C in the presence of 2
UM variant, 10 mM B-FucF, and Lac for 15 min in 100 mM sodium citrate buffer
(pH 5.5 for BbAfcAN?M [gray circles] or pHS5.0 for BhAfcAN3DDTON [white
circles]). * The value obtained at 4 °C as 100 %.

oligosaccharides at 10 mM, listed in Table 2. B-FucF was used at the same concentration. The activity
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Fig. 5. Acceptor specif icity of 1,2-a-L-fucosynthase BbAfcAN?3H towards monosaccharides.
The reactions were carried out at 30 °C for 30 min in 100 mM sodium citrate
buffer (pH5.5) containing B-FucF (10 mM), various monosaccharides (10 mM), and 10 uM
enzyme. The mixtures were analyzed by TLC (inset) and HPAEC-PAD. The chromatograms o
btained for (A) Gal, (B) L-Ara, (C) Glc, and (D) Xyl as acceptors are shown. The peaks of Fuc,
acceptor, and product (P) are indicated by arrowheads. Assays were repeated at least twice
with essentially the same results, and the data for a representative experiment are shown. See
also Table 2.
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consumed in the synthase reaction (Table 2). Regio-specificity of these synthase reactions is described

in later sections. Neither of L-Fuc, Fru, GalN, GalNAc, GlcN, GlcNAc, nor Man was used as an

acceptor (Table 2).

3-B-Galactobiose, Lac, and 6-
B-galactobiose were most effectively
(>85 %) fucosylated among the tested
(Table 2). Melibiose,
(GNB), 3-B-
lacto-N-biose 1
(LNB), 4-p-galactobiose, lactulose, and

disaccharides
galacto-N-biose

galactosylglucose,

N-acetyllactosamine (LacNAc) were
also effectively recognized by the
enzyme as acceptors, with 45 % to 79 %
substrates consumption in the reactions
(Table 2, Fig. 6A, 6B and 6C). As for the
di-glucosides, maltose, isomaltose,
cellobiose, and gentiobiose served as
poor substrates (2.6 % to 22 % being
consumed), while trehalose,
laminaribiose and sucrose were not
utilized in the reactions. Addition of
xylobiose in the reaction resulted in
33 % of its consumption, along with
appearance of a new peak at the
retention time of 9.5 min (Table 2, Fig.

6D). The chemical structure of the
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Fig. 6. Acceptor specificity of 1,2-a-L-fucosynthase BbAfcAN?H  towards
disaccharides.

The reactions were carried out as described in Figure 3 legend,
except for disaccharides being included. The reaction products were analyzed by
TLC (inset) and HPLC-CAD, and the chromatograms obtained for (A) LNB, (B)
LacNAc, (C) GNB, and (D) xylobiose as acceptors are shown. Note that elution
conditions were different between (A-C) and (D) (see MATERIALS AND
METHODS). The peaks of acceptor and product (P) are indicated by arrowheads.
Assays were repeated at least three times with essentially the same results, and the
data for a representative experiment are shown. See also Table 2.

fucosylated xylobiose was determined by instrumental analyses, which is described later.
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3-Fucosyllactose (3-FL) was found to be a good acceptor for the synthase reaction, as 82 %
of the substrate was consumed (Table 2). A peak that shows the same retention time as that of standard
lactodifucotetraose (LDFT: Fucal-2GalB1-4(Fucal-3)Glc) appeared in the high-performance liquid
chromatography with a charged aerosol detection (HPLC-CAD) analysis (Fig. 7A). The BbAfcAN423H
appeared to produce LeP and Le tetrasaccharides from Le?® and Le* trisaccharides with yields of 43 %
and 62 %, respectively (Table 2, Fig. 7B and 7C). A peak corresponding to LNFP I appeared when
LNT was used as the acceptor (Fig. 8A). The reaction efficiency was 75 % (Table 2). Use of LNuT as
the acceptor resulted in 59 % of the substrate consumption, and a peak with a retention time of 15 min
appeared in the HPLC-CAD analysis (Table 2 and Fig. 8B). The structures of these products are

described later.
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Table 2. Acceptor specificity of 1,2-a-L-fucosynthase BbAfcAN+23H,

0T

Acceptor Product .
- Yield® (%)
Name Structure Deduced? or determined® structure
Monosaccharides
L-Arabinose Fucal-2Ara” 48
L-Fucose 0
Fructose 0
Galactose Fucal-2Gal“ 83
Galactosamine 0
N-Acetylgalactosamine 0
Glucose Fucal-3Glc? 8.4
Glucosamine 0
N-Acetylglucosamine 0
Mannose 0
L-Rhamnose Fucal-4Rha” 23
Xylose Fucal-3Xyl* 7.2
Disaccharides
Trehalose Glcal-1aGlc 0
Sucrose Glcal-2pFru 0
Maltose Glcal-4Glc Glcal-4(Fucal-3)Glc? 2.6
Isomaltose Glcal-6Glc Glcal-6(Fucal-3)Glc? 22
Laminaribiose Glcp1-3Gle 0
Cellobiose Glcp1-4Glc Glcp1-4(Fucal-3)Glc? 5.6
Gentiobiose Glcp1-6Gle Glcp1-6(Fucal-3)Glc” 22
Melibiose Galal-6Glc Fucal-2Galal-6Glc” 45
3-B-Galactobiose Galp1-3Gal Fucal-2Galp1-3Gal” 86
Galacto-N-biose GalB1-3GalNAc Fucal-2Galp1-3GalNAc? 57
3-B-Galactosylglucose GalB1-3Glc Fucal-2GalB1-3Glc? 79




1T

Table 2. Continued.

Acceptor Product
- Yield® (%)
Name Structure Deduced® or determined” structure

Lacto-N-biose I Galp1-3GIcNAc Fucal-2GalpB1-3GIlcNAc” 68
4-B-Galactobiose Galp1-4Gal Fucal-2Galp1-4Gal® 63
Lactulose Galp1-4Fru Fucal-2Galp1-4Fru® 72
Lactose GalB1-4Glc Fucal-2Galp1-4Glc? 86
N-Acetyllactosamine GalB1-4GIcNAc Fucal-2GalB1-4GIlcNAc” 67
6-B-Galactobiose Galp1-6Gal Fucal-2 Galp1-6Gal® 85
Xylobiose Xylp1-4Xyl Xylp1-4(Fucal-3)Xyl? 33
Tri-, and tetrasaccharides

3-FL Galp1-4(Fucal-3)Glc Fucal-2Galp1-4(Fucal-3)Glc? 82
Lewis a trisaccharide Galp1-3(Fucal-4)GIcNAc Fucal-2Galp1-3(Fucal-4)GIcNAc 43
Lewis x trisaccharide Galp1-4(Fucal-3)GIcNAc Fucal-2Galp1-4(Fucal-3)GIcNAc 62
LNT GalB1-3GlcNAcB1-3Galp1-4Glc Fucal-2Galp1-3GlcNAcB1-3GalB1-4Glc? 75
LNnT GalB1-4GlcNAcB1-3GalB1-4Glc Fucal-2Galp1-4GlcNAcB1-3GalB1-4Glc? 59

“; The linkages were deduced based on Fig. 17 and/or HPLC profile (Figs. 7 and 8).
b: The structures were determined by NMR and MS analysis.

¢ Yield was deduced from the consumed amount of the acceptor.

Assays were performed in duplicate or in triplicate and the data for a representative experiment are shown.



Instrumental analyses of the synthesized oligosaccharides

To determine the acceptor specificity of the synthase reaction, the author purified the
synthesized oligosaccharides by preparative HPLC from the reaction mixtures that contained GNB,
xylobiose, LNT, and LN#T as acceptors. The purified products were then analyzed by MALDI-TOF
MS (Fig. 9) and NMR (Figs. 10-13). Table 3 shows the signals in 1D and 2D NMR spectra obtained
for the products synthesized from B-FucF and xylobiose. Fuc was found to be introduced at O3 position
of the reducing-end Xyl residue of xylobiose to form 3-fucosylxylobiose (Xylp1-4(Fucal-3)Xyl). The
molecular ion peak corresponding to 3-fucosylxylobiose ([M+Na]*, calculated, 563.2; observed,
563.3) was detected in MALDI-TOF MS analysis after permethylation. When GNB, LNT, and LN#T
were used as acceptors, Fuc was found to be attached with the non-reducing Gal residue via a-(1—2)-
linkage to form 2'-fucosyl GNB (H type-3 and 4 chains), LNFP I (Fuca1-2GalB1-3GlcNAcB1-3Galp1-
4Glc, H type-1 chain), and Lacto-N-fucopentaose IV (LNFP IV: Fucal-2GalB1-4GlcNAcP1-3GalP1-
4Glc, H type-2 chain), respectively. GalNAc residue in 2'-fucosyl GNB was present in both pyranose
and furanose forms (53). Molecular ion peaks of the sodium adducts of 2'-fucosyl GNB (calculated,
692.3; observed, 692.4), LNFP I (calculated, 1100.5; observed, 1100.7), and LNFP IV (calculated,
1100.5; observed, 1100.7) were detected in MALDI-TOF MS analysis, confirming one Fuc residue
being attached to each acceptor (Fig. 8). The amounts of the purified products and their recovery rates
were 11.4 mg and 50 %mol for 2'-fucosyl GNB, 0.4 mg and 4 %mol for 3-fucosylxylobiose, 2.0 mg
and 30 %mol for LNFP I, and 2.7 mg and 41 %mol for LNFP IV.
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Fig. 10. NMR spectra of the purified trisaccharide product from GNB and B-FucF.

(A) 'H-NMR

(B) BC-NMR

(C) DQF-COSY
(D) HMBC

(E) HSQC

(F) Enlarged HSQC

The spectra were measured in D,0 using 2-methyl-2-propanol (+-BuOH) as the internal standard.
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Table 3. 'H- and 3C-NMR data obtained for the product synthesized from B-FucF and xylobiose by BbAfcAN+23H,

a-anomer B-anomer
lH 13C lH 13C
Residue Position 6 (ppm) Pattern J (Hz) o (ppm) o (ppm) Pattern J (Hz) O (ppm)
1 5.14 d 3.4 (J12) 93.9 4.60 d 7.8 (J1.2) 98.1
2 3.72 dd 3.4 (J12), 8.6 (J2.3) 73.4 3.44 dd 7.9 (J12), 8.9 (J2,3) 76.4
Xyl 3 3.85 m 78.2 3.66 t 9.1 (J23, J3.4) 80.6
(reducing end) 4 3.83 m 75.2 3.84 m 75.1
Sax 3.85 m 61.2 3.38 dd 10.5 (Ja5eq), 11.7 (J5ax,5¢q) 64.4
Seq 3.85 m 4.08 dd 5.3 (Ja5eq), 11.9 (Jsax,5eq)
1 4.44 d 7.8 (J1.2) 103.0 4.44 d 7.8 (J1.2) 102.9
Xyl 2 3.20 dd 8.0 (J12), 9.4 (J2.3) 74.8 3.18 dd 8.0 (J1,2), 9.4 (J2,3) 74.9
(non-reducing 3 3.41 t 9.3 (J2,3, J3,4) 77.3 3.40 t 9.3 (J2,3, J3,4) 77.4
end) 4 3.56 m 71.0 3.56 m 41.0
Sax 3.27 t 11.2 (Ja,5ax, J5ax,5¢q) 66.8 3.26 t 11.2 (Ja,5ax, J5ax,5¢q) 66.8
Seq 3.91 m 3.91 m
1 5.20 d 39 (1) 101.0 5.26 d 4.0 (J1.2) 101.0
2 3.76 m 70.0 3.77 m 70.0
Fuc 3 3.89 m 71.1 3.89 m 71.1
4 3.77 m 73.6 3.77 m 73.6
5 4.48 q 6.7 (J5.6) 68.3 4.53 q 6.6 (Js,6) 68.3
6 1.18 d 6.6 (Js.6) 17.1 1.17 d 6.6 (J5.6) 17.1

The spectra were obtained in D>O at 298K with +~BuOH as an internal standard using Bruker Avance800 (for 'H) and Avance500 (for *C). See also

Fig. 11.
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Fig. 12. 'H-NMR analysis of standard LNFP I (upper panel) and the purified pentasaccharide product from LNT and B-FucF
(lower panel).
The spectra was measured in D,0 using -BuOH as the internal standard.
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Fig. 13. NMR spectra of the purified pentasaccharide
product from LN»T and B-FucF.

(A) 'H-NMR

(B) *C-NMR

(C) DQF-COSY

(D) TOCSY

(E) HSQC

(F) HMBC

The spectra was measured in D,O using ~-BuOH as the
internal standard.
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Glycoprotein as an acceptor substrate

The author examined whether the 1,2-a-L-fucosynthase acts on glycan chains of
glycoproteins. Porcine gastric mucin (PGM) was used for this purpose, as this glycoprotein is known
to naturally possess H-antigen structures at the non-reducing ends of its O-linked glycans. Fig. 14
shows the results of lectin blotting using UEA-I and PNA for detecting H- (left) and T-antigens (right),
respectively. Treatment of PGM with BbAfcAWVT resulted in loss of signals for H-antigens (lanes 1 and
2), and unmasked T-antigen structures, which were otherwise less detectable, appeared instead (lanes
5 and 6). Incubation of defucosylated PGM with B-FucF in the presence of BbAfcAN*?3H rendered the
glycoprotein UEA-I-positive (lane 3), while this did not occur in the absence of the enzyme (lane 4).
The products were also stained by PNA although the signal intensity was slightly weaker than that
obtained for the substrate (defucosylated PGM) and the control reaction without the enzyme (lanes 6,

7 and 8).

BbARAYT  —  + 4+ + -+ + +
BbAfcAN423H = R + e - — + —
BFuF — — + + - - + +
1.0 » . . . .
@ 0.5 ¥ Y . -,
=
o
o025 “
0.125
UEA-I PNA

Fig. 14. 1,2-a-L-Fucosynthase activity towards glycoproteins. Porcine gastric mucin (PGM) was used for examining its availability as an acceptor
substrate.

Lectin blotting of non-treated PGM (lane 1 and 5), 1,2-o-L-fucosidase WT (BbAfcAVT)-treated PGM (lane 2 and 6), defucosylated

PGM incubated with BhAfcAN*>*" and B-FucF (lane 3 and 7), and defucosylated PGM incubated with B-FucF in the absence of enzyme (lane 4

and 8). The samples were spotted on PVDF membrane in varying amounts (0.125 to 1.0 pg), and the membrane was blotted with UEA-I and PNA

for detecting H- and T-antigens, respectively. The reactions and lectin-blotting were repeated twice with essentially the same results and the data

for a representative experiment are shown.

O-Glycans were then released from the proteins, permethylated, and subjected to MALDI-
TOF MS (Fig. 15A) and MALDI-TOF/TOF MS (Fig. 15B) analysis. Each of O-glycan structures was
assigned, based on the diagnostic fragment ions in MS/MS spectra, two examples being shown in Fig.
15B. Relative contents of the selected peaks were expressed in terms of percentage of the total signal
intensity detected for each of the samples (permethylated alditols released from PGM, BbAfcAVT-
treated PGM, or BbAfcAVT/BbAfcAN**3H-treated PGM), and compared (Fig. 16). Treatment of PGM
with BbAfcAWT significantly decreased the relative content of the glycan chain with m/z of 708.4
(probably, Fucal-2Galf1-3GalNAc-itol), and increased the relative content of the glycan chain with

m/z of 534.3 (GalB1-3GalNAc-itol, white bars versus light gray bars in Fig. 16A). After the synthase
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reaction, the relative content of deoxyhexose-containing glycan (m/z of 708.4) recovered to a level
comparable with that of non-treated PGM (white bars vs. dark gray bars). Likewise, the relative
contents of the glycan chains with m/z of 1157.7 (dHex1Hex2HexNAc2-itol) and 1331.8
(dHex2Hex2HexNAc2-itol) decreased significantly on treating PGM with BbAfcAWVT, with a
concomitant increase in the contents of deoxyhexose-free glycan with m/z of 983.6 (Hex2HexNAc-
itol) (Fig. 16B). After the synthase reaction, the relative content of Hex2HexNAc2-itol signal (m/z
983.6) decreased, while the contents of deoxyhexose-containing glycans with m/z of 1157.7 and
1331.8 increased. The same tendency was observed between the glycan chains with m/z of 1228.7
(Hex2HexNAc3-itol), 1402.8 (dHex1Hex2HexNAc3-itol), and 1576.9 (dHex2Hex2HexNAc3-itol)
(Fig. 16C) and between m/z of 2127.2 (Hex4HexNAc5-itol) and 2475.4 (dHex2Hex4HexNAc5-itol)
(Figure 16E). In contrast, the content of the glycan chain with m/z of 1269.8, which should possess
HexNAc residues at the non-reducing ends and lack dHex residue (probably GlcNAcB1-3(GIcNAcB1-
3GalB1-3/4GIcNAcB1-6)GalNAc-itol) (54), was not influenced by the treatment with BbAfcAWVT or
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Fig. 15. 1,2-a-L-Fucosynthase activity towards glycoproteins. Porcine gastric mucin (PGM) was used for examining its availability as an acceptor
substrate.

(A) MALDI-TOF MS analysis of permethylated O-glycan alditols. O-Glycans were released by reductive B-elimination from non-treated PGM
(upper panel), BbAfcAV -treated PGM (middle panel) or BbAfcAVT/ BbAfc AN treated PGM (lower panel). Intensity of the selected peaks was
compared between the samples as shown in Fig. 16.

(B) Representatives of MALDI-TOF/TOF MS spectra of MS peaks detected in the sample released from BhbAfcAVT/BbA fcAN*31-treated PGM.
Glycan structures of m/z 1158 (left panel) and m/z 1332 (right panel) were deduced from the patterns of diagnostic MS/MS fragment ions, and were
drawn by cartoons with the symbols as follows: yellow square, GalNAc; yellow circle, Gal; blue square, GlcNAc; red triangle, L-Fuc.
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BbAfcAN?3H enzyme (Fig. 16D).
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Fig. 16. Comparison of the relative contents of the selected glycans between the non-treated PGM (white bars), BbAfcAY -treated PGM (light
gray bars), and BbAfcAVT/BbAfc AN treated (dark gray bars) PGM.

The relative contents of glycan alditols were estimated by dividing each of the signal intensity with the total signal intensity of the
respective samples, and were expressed in terms of percentage (%). Sugar composition was deduced based on the precursor ion mass as a sodium
adduct in MS spectra and the diagnostic fragment ions in MS/MS spectra. See also the legend of Figure 15.

“: not detected.
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DISCUSSION

Acceptor specificity

In the previous study on AfcA D766G synthase, Wada et al. only used Lac as an acceptor to
demonstrate its synthetic ability and regio-specificity (40). This is primarily due to the very low
conversion ratio of the synthase (less than 6 % against added B-FucF), which rendered product
purification laborious. In the present study, by virtue of the high catalytic efficiency of the
BbAfcAN?3H | the author succeeded in examining its acceptor specificity, i.e. (+) subsite structure, in
more detail. The results revealed a unique feature of this enzyme. In addition to monosaccharide Gal
and Gal-containing oligosaccharides at the non-reducing ends, the synthase recognized
monosaccharides L-Ara, Glc, L-Rha, and Xyl and disaccharides maltose, isomaltose, cellobiose,
gentiobiose, and xylobiose as acceptors. The ability of the synthase to recognize L-Ara was expected,
because O4 of the sugar adopts an axial conformation in the “C; pyranose form (53) (Fig. 17A and
17B). The synthesized product therefore should be Fucal-2Ara. The lower yield than Gal could result
from the lack of C6-hydroxymethyl group that otherwise participates in a stacking interaction with
W500 of AfcA (44) (Fig. 1). The capability of the synthase to recognize L-Rha was also not surprising
because its C2- (axial), C3- (equatorial), C4 (equatorial)-hydroxyl groups, and endocyclic oxygen
overlap with C4-, C3-, C2-OHs, and endocyclic oxygen of Gal, respectively, when the ;C* ring of the
sugar is inverted (Fig. 17C). It is therefore likely that the product is Fucal-4Rha.

The finding that this synthase accepts gluco-series sugars was unexpected. The author then
isolated the product synthesized from B-FucF and xylobiose, and identified it as 3-fucosylxylobiose
(Xylp1-4(Fucal-3)Xyl). The results strongly suggest that the synthase can recognize the a-anomeric
conformation of Xyl or Glc as an acceptor (Fig. 17D and 17E). The Ol (axial), O2 (equatorial), and
03 (equatorial) of the reducing-end Xyl residue of a-anomer of xylobiose structurally corresponds to
04 (axial), O3 (equatorial), and O2 (equatorial) of Gal. AfcA recognizes Gal at subsite (+1) by four
hydrogen bonds with 02/03/04 atoms and by a stacking interaction with C6 hydroxymethyl group of
the sugar, and its catalytic pocket appears to widely open towards the reducing end, although the
catalytic pocket has (+2) subsite (44) (Fig. 1). Consequently, at the (+) subsite, the synthase accepted
oligosaccharide carrying a-Glc at reducing end, despite the Glc being linked with an additional Glc
via o/B-linkages at O4 and O6 positions to form maltose/cellobiose or isomaltose/gentiobiose (Fig.
17F-171). Diglucosides with (1—3)-linkage such as laminaribiose did not serve as an acceptor because
the O3 position of the reducing-end Glc is occupied. The synthase failed to recognize a-GalNAc and
a-GleNAc, although its C3 hydroxyl group is equatorial. Taken together, the structural requirement
for acceptors by 1,2-a-L-fucosynthase was assumed to be a six-membered ring with chair
conformation carrying one axial OH continued with two consecutive equatorial OHs (Fig. 17K). This

finding agrees with the mode of Gal recognition by BbAfcA in the crystal structure as mentioned above.
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The results also provide a rationale behind the minor hydrolytic activity of BbAfcA on a-(1—3)-
fucosyl linkage in 3-FL (Galp1-4(Fucal-3)Glc) and lacto-N-fucopentaose V (Galf1-3GlcNAcp1-
3GalB1-4(Fucal-3)Gle), but not in lacto-N-fucopentaose 111 (Galp1-4(Fucal-3)GlcNAcB1-3GalP1-
4Glc) (Fig. 17]) (42). Interestingly, in Lac, the C6 hydroxymethyl group of Gal residue is present in
close proximity to C3 OH of Glc residue, which should hinder the enzyme access to 3-FL. The
significant difference observed in the synthase activity between cellobiose (5.6 %) and xylobiose
(33 %) as acceptors may also result from this steric perturbation caused by the bulky hydroxymethyl
group extended from the non-reducing end sugar.

The synthase appeared to specifically introduce Fuc residues into the non-reducing end Gal
residues via a-(1—2)-linkages when GNB, LNT, and LN#T were used as acceptors. The product purity
was estimated to be more than 95 %, from NMR spectroscopy. The author did not determine the
chemical structures of the other products synthesized from Gal-containing sugars, but they could have
terminal H-antigen structures. Some of the products eluted at the same retention times as those of the
expected authentic compounds in HPLC analysis (e.g. LDFT and Le®”) (Fig. 7). The synthase reaction
thus essentially occurred only at the non-reducing end Gal even though the saccharides used bear Glc
or Gal residue at the reducing-end, which also fulfills the structural requirement for this synthase as
shown in Fig. 17K. No peaks indicating the presence of by-products were detected in the HPLC profile
for the reaction mixtures containing melibiose, 3-B-galactobiose, 3-B-galactosylglucose, 4-f-
galactobiose, and 6-B-galactobiose as acceptors (data not shown).

The ability of the synthase to introduce Fucal-2Gal linkages into intact glycoprotein is also
worth mentioning. The abundance of H-antigen structures on the sugar chains was apparently
comparable between non-treated PGM and BbAfcAWVT/BbAfcAN*?H-treated (defucosylated, then
fucosylated) PGM, as revealed by MS analysis and lectin blotting using UEA-I (Figs. 14 and 15).
Detection of T-antigen by PNA for the BbAfcAVT/BbAfcAN*?3H-treated PGM, but not for untreated
PGM, probably resulted from denaturation of the glycoprotein by repeated boiling during sample
preparation in the presence of a reducing agent (dithiothreitol). The lectin thus might become
accessible to sugar chains more easily in the case of BbAfcAVT/BbAfcAN**3H-treated PGM. The
efficient action of the synthase on PGM, a large-sized and densely glycosylated protein, strongly
suggests its use as a powerful tool to introduce H-antigen into apparently all glycoconjugates,

including glycolipids and possibly sugar chains of intact cell surfaces.

Generation of glycosynthase from inverting enzymes

In 1979, Hehre et al. found that inverting f-amylase hydrolyzes B-maltosyl fluoride into -
maltose and hydrogen fluoride in two steps; transfer of maltose from f-maltosyl fluoride to a second
molecule to yield B-maltotetraosyl fluoride and hydrogen fluoride, then rapid hydrolysis to form [3-

maltose and B-maltosyl fluoride (34). The reaction, later named Hehre-resynthesis hydrolysis, is a
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prerequisite to convert inverting GHs into glycosynthases (37,40). Accordingly, efficient synthase
mutants would be obtained if the introduced amino acid replacement decreases hydrolytic activity
while retaining fluorine ion-releasing activity from donor substrates (37,55). In the case of typical
inverting GHs that utilize a pair of carboxylic residues as acid and base catalysts and a non-acidic
residue as an attacking water-holder, such conversion can occur simply by replacing the water holder
with a neutral residue while a base residue remains intact. Examples include GH8 reducing-end
xylose-releasing exo-oligoxylanase (37) and GH19 chitinase (56). However, several inverting GHs
adopt non-canonical reaction mechanisms (38,57), which lack a generalized strategy to convert them
to glycosynthases (37,40). 1,2-a-L-Fucosidase used in this study adopts a unique reaction mechanism
as mentioned (Fig. 1). Among the fifty-one BbAfcA mutants examined, two mutants BbAfcAN*>3H and
BbAfc AN423D/DT6N "hoth containing a base replacement, showed high synthase activity, while the water
holder mutants (N421 mutants) showed no activity. Loss of hydrolytic activity of these mutants was
expected, but the retention of fluorine-releasing activity by the two mutants (BbAfcAN*>3H and
BbAfcAN423D/DT66N) g ynclear. Protonated imidazole or protonated carboxylic acid at residue 423
might be important during the catalytic cycle. Amino acid replacement at residue 421 might cause
dislocation of the side-chain of E566 due to the loss of a hydrogen-bond between them. Creation of
efficient glycosynthases from inverting GHs with atypical reaction mechanisms thus likely requires
an empirical approach.

Due to the instability of B-FucF in water at 30 °C, the author did not determine the kinetic
parameters of the 1,2-a-L-fucosynthase reaction. However, assuming that the reaction catalyzed by
BbAfcAN*?3H proceeded linearly during the first three minutes (Fig. 3A), the specific activity of the
mutant for H-antigen synthesis is estimated to be 5 s™!. This value is considerably higher than those of
a-1,2-fucosyltransferases (1-20 min') and thus exceeds the H-antigen introducing activity of
currently available enzymes (28,30). Periodic feeding of B-FucF or conducting the reaction at a low
temperature (< 4 °C) is necessary to scale up the synthesis of the H-antigen-containing glycans by 1,2-

a-L-fucosynthase.
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Fig. 17. Structural representation demonstrating substrate specificity of 1,2-a-L-fucosidase/fucosynthase reaction.
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SUMMARY

Fucal-2Gal linkages, or H-antigens, constitute histo-blood group antigens and are
involved in various physiological processes. In addition, recent studies have shown that the H-
antigen-containing glycans play an important role, not only in establishing harmonious relationship
between gut microbes and the host, but also in preventing gut dysbiosis-related diseases. Therefore,
development of an efficient method for introducing Fuc residue at Gal residue at the non-reducing
end of glycans via a-(1—2) linkage is desired for research as well as medicinal purposes. In this
study, the author succeeded in derivatizing inverting 1,2-a-L-fucosidase (BbAfcA) into a highly
functional 1,2-a-L-fucosynthase (BbAfcAN*>3H). The synthase specifically synthesized H type 1-,
type 2-, type 3- and type 4-chain containing oligosaccharides with yields of 5775 % based on
acceptor depletion. The synthase was also able to specifically introduce Fuc residues into Lewis a/x
antigens to produce Lewis b/y antigens, with yields of 43 % and 62 %, respectively. In addition, the
enzyme efficiently introduced H-antigens into sugar chains of porcine gastric mucins, as revealed by
lectin blotting and mass spectroscopy analysis of the sugars. Detailed acceptor specificity analysis
using various mono- and oligosaccharides unraveled unique substrate recognition feature of this
synthase at the subsite (+1), which can be explained by previous x-ray crystallographic study of
BbAfcA by Nagae et al. (J Biol Chem 282, 18497-18509). These results show that the synthase
developed in this study could serve as an alternative to other H-antigen synthesis methods involving

a-1,2-fucosyltransferases and retaining a-fucosidase.
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SECTION II
Introduction of H-antigen structures on various glycoconjugates

using highly functional 1,2-0-L-fucosynthase

H-antigens have been known as key structures in providing beneficial effects, such as
prevention of pathogenic infection and for the establishment of symbiosis between host and gut
microbiota as prebiotics (1-5). For instance, mothers supply babies with 2'-fucosyllactose (2'-FL) as
well as other fucosylated human milk oligosaccharides (HMOs) in their breast milk (6,7). It is also
known that in higher plants, al,2-fucosylation regulates seedling growth (8,9). Thus, introduction of
fucosyl residue into various compounds is of particular interest not only because of their prebiotic and
pharmaceutical benefits but also because it can aid in elucidating the molecular mechanisms
underlying fucosylation-mediated cellular responses observed in various organisms.

In SECTION I of CHAPTER I, the author developed a highly functional 1,2-a-L-
fucosynthase (BbAfcAN*?3H), synthesizing 2'-FL with a considerably higher yield (88 % yield against
B-fucosyl fluoride [B-FucF]). The BbAfcAN*>3H had a broad acceptor specificity and could transfer
fucosyl residues onto various oligosaccharides and O-glycans in mucin glycoproteins (Table 2 and Fig.
16 in SECTION I of CHAPTER 1). This 1,2-0-L-fucosynthase made it more feasible to introduce H-
antigens onto various glycoconjugates, which were conventionally difficult to obtain from biological
samples.

In this SECTION, the author explored additional application for the BbAfcAN*23H with
acceptor molecules, other than those described in SECTION I of CHAPTER 1. The BbAfc AN23H could
synthesize a wide range of glycoconjugates, including a1,2- L-fucosylated N- and O-glycans of fetuin
glycoprotein, fucosyl GM1 glycolipid, and fucosyl xyloglucan nonasaccharide. These results
demonstrated extensive robustness and broader application of this fucosynthase-based technique in

functional glycomics.
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MATERIALS AND METHODS

Chemicals

Fetuin, asialofetuin, and ganglioside GM 1 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Peptide:N-glycanase F (PNGase F) and sialidase obtained from Vibrio cholerae were purchased
from Roche (Mannheim, Germany). Xyloglucan nonasaccharide (XLLG) was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Pyridylaminated (PA-) sugar chains (asialo bi- and tri-
antennary complex-type N-glycan) were purchased from TaKaRa Bio Inc. (Kusatsu, Japan). B-FucF
was prepared as previously described (10). Recombinant 1,3-1,4-a-L-fucosidase obtained from
Bacteroides thetaiotaomicron VPI-5482 (BT 2970) was expressed and purified as described
previously (11). Recombinant 1,2-a-L-fucosidase wild-type (BbAfcAWYT) and 1,2-a-L-fucosynthase
BbAfcAN?3H were prepared as described previously (SECTION I of CHAPTER 1).

Fucosynthase reaction with ganglioside GM1 and analysis of the reaction product

Ganglioside GM1 (50 pg) was reconstituted in 2 pL of dimethylsulfoxide (DMSO). The
fucosynthase reaction was performed as follows: 50 pL of 100 mM sodium citrate buffer (pH 5.5)
containing 1 mg/mL ganglioside GM1, 10 mM B-FucF, and 10 uM BbAfcAN*?3H was incubated at
30 °C for 60 min. The reaction mixture was analyzed by thin-layer chromatography (TLC) using silica
gel 60 aluminum sheet (Merck, Darmstadt, Germany). The TLC plate was developed with a solvent
system of chloroform-methanol-0.2 % calcium chloride (60/35/8, v/v/v). The gangliosides were
visualized by heating the plate after spraying diphenylamine-aniline-phosphoric acid reagent (13). For
mass spectrometry (MS) analysis, the gangliosides were purified by using a Sep-Pak Cig cartridge
column (Waters, Milford, MA, USA) as follows: the enzyme was removed by acetone precipitation,
and the supernatant was evaporated by centrifugal concentration to dryness and reconstituted in 50 %
methanol. The samples were loaded onto the Sep-Pak Ci3 column pre-equilibrated with distilled water.
Bound materials, including the gangliosides, were eluted by chloroform-methanol (2:1, v/v) solution,
dried under a nitrogen stream, and subjected to matrix-assisted laser desorption/ionization-time of

flight MS (MALDI-TOF/MS) analysis as described below.

Fucosynthase reaction with XLLG and analysis of the reaction product

The reaction was carried out as follows: 100 puL of 100 mM sodium citrate buffer (pH 5.5)
containing 10 mM or 2 mM XLLG, 10 mM B-FucF, and 10 uM BbAfcAN*?3H was incubated at 30 °C
for 30 min. The reaction mixture was analyzed by high-performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) (Thermo Fisher Scientific, Waltham, MA, USA).
CarboPac PA1 column (2 x 250 mm, Dionex, Sunnyvale, CA, USA) was used at 30 °C, and the elution

was carried out in 125 mM sodium hydroxide with a linear gradient of 0—-330 mM sodium acetate for
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20 min at a flow rate of 0.25 mL/min.

Fucosylation of glycoprotein

Prior to the fucosynthase reaction, the residual sialic acid residues of asialofetuin samples were
removed by treatment with sialidase obtained from Vibrio cholerae. Fucosynthase reaction was then
carried out as follows: 250 puL of 100 mM sodium citrate buffer (pH 5.5) with 1 mg/mL glycoprotein,
10 mM B-FucF, and 10 uM BbAfcAN*>3H was incubated at 30 °C for 60 min. Reaction was stopped by
boiling, and the reaction mixture was dialyzed against 10 mM Tris-HCI buffer (pH 8.0) and then

subjected to glycan analyses, as described below.

Fucosynthase reaction with PA-sugar chains and analysis of the reaction product

The reaction was carried out as follows: 60 puL of 100 mM sodium citrate buffer (pH 5.5)
containing 2 pM PA-sugar chains, 100 uM B-FucF, and 10 pM BbAfcAN?3H was incubated at 30 °C
for 60 min. The reaction mixture was analyzed by high-performance liquid chromatography (HPLC).
The HPLC was carried out using Waters €2695 separation module with TSKgel amide-80 column (4.6
x 250 mm; Tosoh, Tokyo, Japan) at 40 °C. The elution was carried out with solvent A (acetonitrile/500
mM acetic acid-triethylamine containing 10 % acetonitrile (pH7.3) = 75/15) and solvent B
(acetonitrile/500 mM acetic acid-triethylamine containing 10 % acetonitrile (pH7.3) = 40/50) by a
following gradient program: the solvent B was linearly increasing from 0 % to 100 % in 100 min and
kept at 100 % for 20 min at a flow rate of 1 mL/min. The eluate was monitored by fluorescence of
excitation at 310 nm and emission at 380 nm using a Waters 2475 Multi-wavelength Fluorescence

Detector.

Lectin blot

For lectin blotting, asialofetuin samples (2 pg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto Immobilon-P membrane
(Millipore, MA). The membrane was incubated for 60 min with blocking reagent; 2% (w/v) bovine
serum albumin in Tris-buffered saline containing 0.05 % (v/v) Tween-20 (TBS-T). The membrane was
then incubated with biotin-conjugated lectins, Ulex europaeus agglutinin I (UEA-I; J-Oil Mills, Tokyo,
Japan) or Peanut agglutinin (PNA; J-Oil Mills) (0.4 pg/mL) and horseradish peroxidase-conjugated
streptavidin (0.125 pg/mL) in blocking reagent for 60 min. The membrane was washed with TBS-T
and the signals were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo

Fisher Scientific) and Luminescent Image Analyzer LAS-3000 (Fujifilm, Tokyo, Japan).
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Release and separation of N-glycan from glycoproteins

N-Glycans were released from glycoproteins by PNGase F. To maximize the efficiency of
PNGase F treatment, the protein was digested to glycopeptides by trypsin in advance. The protein
sample was lyophilized, reconstituted in 200 pL of 100 mM Tris-HCI buffer (pH 8.2) containing 10
mM CaCl,, and then incubated with 5 pL of 20 mg/mL trypsin at 37 °C for 15.5 h. After incubation,
the sample was centrifuged at 15,000 rpm, 4 °C, for 10 min, and the supernatant was collected.
Residual pellet was resuspended in water, centrifuged again, and the supernatant was collected. Both
the supernatants were combined and dried by centrifugal concentration. The dried tryptic peptide was
reconstituted in 300 puL of 5 % (v/v) acetic acid, loaded onto a Sep-Pak Cis cartridge column pre-
equilibrated with 5 % acetic acid, and followed by washing with 5 % acetic acid. Bound materials
containing glycopeptides were eluted in 20 % iso-propanol in 5 % acetic acid and 40 % iso-propanol
in 5 % acetic acid. To release N-glycans from glycopeptides, the eluate was dried by a centrifugal
concentrator and reconstituted in 27 puL of distilled water and 20 pL of 100 mM sodium phosphate
buffer (pH 7.5), and then 3 pL of PNGase F was added. The solution was incubated at 37 °C for 16 h
and then dried. The sample was dissolved in 300 uL of 5 % acetic acid, and loaded on a pre-equilibrated
Sep-Pak Cig column. N-glycans released from glycopeptides were collected in a wash fraction with
5 % acetic acid, and then lyophilized and subjected to glycan permethylation, followed by MS analysis.
Glycan permethylation was performed as described in SECTION I of CHAPTER 1.

Preparation of O-glycan samples

Following the separation of N-glycan released from glycoproteins on Sep-Pak Cis cartridge
columns as described above, the residual glycopeptides containing O-glycans were collected by
elution with 20 % and 40 % iso-propanol/5 % acetic acid solutions, and they were used for a
subsequent O-glycan analysis. To release the O-glycan from glycopeptides, reductive B-elimination
was performed. Glycopeptides (80—100 pg) were reconstituted in 500 pL of 100 mM sodium
hydroxide containing 1 M sodium borohydride, and the mixture was incubated at 45 °C for 18 h. After
incubation, the mixtures were placed on ice and then 10 % (v/v) acetic acid was added to neutralize
the reaction mixtures. The samples then underwent desalting on a Dowex-50W-X8 (H* form, 100-200
m, Sigma-Aldrich) column and the pass-through and wash fractions with 5 % acetic acid were
collected and lyophilized. Residual borate was removed as an azeotrope with methanol by 0.3 mL of
10 % acetic acid in methanol, and dried under a nitrogen stream at 40 °C. To remove borate completely,
this step was repeated five times. The released oligosaccharide alditols were dissolved in 0.3 mL of
5 % acetic acid, and purified by a Sep-Pak Cg cartridge column. The flow-through fraction containing
the released oligosaccharide alditols was lyophilized and subjected to glycan permethylation, followed

by MS analysis.
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MALDI-TOF MS analysis

Molecular masses of glycan samples were analyzed by the UltrafleXtreme instrumentation for
MALDI-TOF MS (Bruker Daltonics, Billerica, MA, USA) in the positive ion mode for permethylated
glycans, and in the negative ion mode for ganglioside GM1 and its derivatives. 2,5-Dihydroxybenzoic
acid was used as a matrix. MALDI-TOF/TOF MS was also performed to obtain MS/MS spectra of the
glycan precursor ion peaks of interest. Theoretical masses were calculated using the software

GlycoWorkbench 2.0 (14).

Determination of glycosidic linkage of fucosynthase reaction products

Positional assignment of the glycosidic linkages of the fucosyl residues introduced by the
fucosynthase reaction were performed by treatments with regio-specific enzymes, e.g. 1,2-0-L-
fucosidase (BbAfcAVT) and 1,3-1,4-a-L-fucosidase (BT 2970). 1,2-0-L-Fucosidase treatment was
performed at 37 °C in 150 pL of 100 mM sodium phosphate buffer (pH 6.5) containing 1 pM
BbAfcAVT, and 0.5 mg/mL fucosynthase-products as substrates. BT2970 treatment was performed at
37 °C in 150 pL of 100 mM 2-morpholinoethanesulfonic acid (MES) buffer containing 1.8 uM
BT 2970, and 0.5 mg/ml fucosynthase-products as substrates. After the treatments, the samples were
analyzed by MALDI-TOF MS and MALDI-TOF/TOF MS, as described earlier.
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RESULTS AND DISCUSSION

Fucosylation of N- and O-glycans on asialofetuin

To examine whether BbAfcAN*?3H can add fucosyl residues onto N-glycans in glycoproteins,
the author first tested fucosylation of N-glycans on a model glycoprotein, asialofetuin, obtained from
fetal bovine serum. Fetuin is a 48-kDa a-globulin protein with three complex-type N-glycans and three
O-glycans on its polypeptide (15). After the sialidase treatment and fucosynthase reaction, lectin blot
analyses were performed using the two lectins: UEA-I (lanes 1-4) and PNA (lanes 5-8) to detect Fuc
residue and GalB1-3GalNAc structure of O-glycans, respectively (Fig. 1). The UEA-I signal was
detected only after treatment with BbAfcAN*>*H (lane 3), and the signal was almost eliminated
following PNGase F-treatment (lane 4). These results indicated that fucosyl residues were
predominantly attached on N-glycans of asialofetuin. Meanwhile, PNA signal intensities appeared to
be slightly decreased on BbAfcAN*3H treatment (compared between lanes 5—-6 and 7-8), probably due
to capping by fucosylation of Galp1-3GalNAc structure. Although UEA-I signal was not detected for
the reaction product treated with PNGase-F (lane 4), these results implied that BbAfcAN*?3H also added

fucose onto the O-glycans of asialofetuin.
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Fig. 1. Lectin blot analysis of the BbAfcAN>*! _treated asialofetuin.
Aisalofetuin was treated with BbAfcAN?3H and PNGase F (PNG-F), followed by lectin blot analysis
with UEA-I (lanes 1-4) and PNA (lanes 5-8) lectins.

Subsequent MALDI-TOF MS analyses of the released glycans confirmed the observations
of the lectin blots. The MS spectrum of the permethylated N-glycans from non-treated asialofetuin
(Fig. 2A) showed that the protein was modified by a tri-antennary complex-type (m/z 2520.4) as a
major N-glycan species, followed by a bi-antennary complex-type (m/z 2071.2), and sialidase-resistant
monosialo-tri-antennary complex-type (m/z 2881.6). On the other hand, the MS spectrum of
BbAfcAN*3H_treated asialofetuin indicated a significant increase in a glycan ion signal at m/z 2694.5
and the appearance of signals at m/z 2245.2, m/z 2868.1 and m/z 3055.6 (Fig. 2B). The masses of these
increased peaks corresponded to those with mono- (174 mass increase) or di- (348 mass increase)
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deoxyhexose(s) of the original peaks at m/z 2071.2, m/z 2520.4 and m/z 2881.6, and indeed, the
MS/MS spectrum of the peak at m/z 2694 exhibited a fragmentation pattern corresponding to
monofucosylated tri-antennary complex-type N-glycan (Fig. 2E). Furthermore, the fragment ions at
m/z 433 and m/z 2284 indicated the presence of a terminal deoxyhexose-hexose moiety, suggesting
fucosylation on the Gal residues. Treatments with linkage-specific a-L-fucosidases (Figs. 2C and 2D)
revealed that those fucosyl residues were, as expected, introduced by a-(1—2) linkage, but not by a-
(1—3/4) linkage. Taken together, the BbAfcAN*?3H could synthesize Fucal-2Gal structures on N-
glycans of glycoproteins.
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The efficiencies of the introduction of fucose onto the asialo-bi-antennary, asialo-, and
monosialo-tri-antennary complex-type N-glycans on asialofetuin were calculated to be 9 %, 26 %, and
20 %, respectively, based on the MS signal ion intensities. Occurrence of fucosylation seemed to be
varied among the glycan species. Therefore, the author examined the specificity of the synthase for
PA-labeled bi-, and tri-antennary complex-type N-glycans. Normal-phase HPLC analysis of the
BbAfcAN*?3H_treated PA-sugar chains showed newly generated two and three peaks in bi-, and tri-
antennary, respectively, in addition to the original PA-sugar chains (Fig. 3A and 3B), indicating the
addition of one to three fucose. The fucosylation efficiency reached 80 % and 81 % in bi- and tri-
antennary complex-type N-glycans, respectively, based on the consumption of the substrates. These
results indicated that BbAfcAN*>3H used the free bi-, and tri-antennary complex-type N-glycans at a
similar rate as the acceptor. Therefore, the varied occurrence of fucosylation on asialofetuin was
possibly due to the difference in the accessibility of the enzyme to the each glycan species. The

presence of H-antigens on N-glycans has been demonstrated in human von Willebrand factor (16).
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Fig. 3. Fucosynthase reaction using PA-sugar chains as acceptors.

The reaction was carried out for PA-sugar chains of asialo-bi-antennary (A) and asialo-tri-antennary
(B) complex-type N-glycans with (+) and without (=) BhAfcAN*?3H (N423H). HPLC analyses of the reaction
products were performed as described in materials and methods. The part of chromatograms is shown. The peaks
of substrate (S) and products (P) are indicated by arrowheads.

Fucosylation of O-glycans on asialofetuin was also evidenced by MALDI-TOF MS
analysis. After the treatment of BhAfcAN*?3H some new signals corresponding to the masses of
fucosylated O-glycan alditols (sodium adducts) were observed, i.e., m/z 708.5 for Fuc;Gal;GalNAc-
itol, and m/z 1157.7 for Fuc1Gal,GlcNAcGalNAc-itol (Figs. 2F and 2G). This result may explain the
slight decrease in PNA signals in the lectin blot data.
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BbAfcAN*" qdds fucose onto sialylated N-glycan

In the MS/MS spectrum of a signal at m/z 3055.6 found in BbAfcAN*?*H-treated asialofetuin
N-glycans, a fragment peak at m/z 1022 [M + Na]" corresponding to the mass of
NeuAcidHex;Hex;HexNAc; was observed. This fact allowed us to assume that this synthase could
add Fuc residues onto sialylated N-glycans. To verify this possibility, the author carried out
fucosynthase reaction with fetuin as an acceptor. As shown in Fig. 4A, fully sialylated complex-type
N-glycans; disialo-biantennary (m/z 2793.4) and trisialo- (m/z 3603.8), and tetrasialo- (m/z 3966.0)
triantennary, were detected as major glycans in a control fetuin sample. In BbAfcAN*?3H-treated fetuin
sample (Fig. 4B), there were peaks corresponding to the fully sialylated N-glycans with
monofucosylation (m/z 2967.5, m/z 3778.9 and 4140.1, respectively). These peaks disappeared upon
treatment with BAbAfcAWT, but not on treatment with BT 2970, confirming that a1,2-fucosyl residues
were introduced (Figs. 4C and 4D). These results demonstrated that a1,2-fucosylation occurred on the
sialylated branches of N-glycans. The MS-based fucosylation efficiency for disialo-biantennary,
disialo-, trisialo- and tetrasialo-triantennary complex-type N-glycans were 12 %, 11 %, 15 %, and
11 %, respectively. It should be noted that in the BAAfcA crystal structure complexed with 2'-FL, O6
of the Gal residue is exposed to the solvent (12). Accordingly, BbAfcA has a sufficient space to

accommodate NeuAca2-6Gal structures present at the non-reducing ends of N-glycans.
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Fig. 4. MALDI-TOF MS spectra of permethylated N-glycans released from enzyme-treated fetuin.

Complete MS profiles of N-glycans that were released by PNGase F from fetuin samples treated with
no enzyme (A), fucosynthase BbALcN*3H (B), BbATc AN followed by a 1,2-a-L-fucosidase BbAfcA wild-type
(BbAfcAVT) (C), and BbATcAN?H followed by 1,3-1,4-0-L-fucosidase (BT 2970) (D). Estimated N-glycan
structures based on their mass values were depicted as described in Fig. 2.
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Synthesis of fucosyl GM1 glycolipid

The author next examined whether this fucosynthase was able to transfer Fuc residues on to
glycolipids. GM1 ganglioside (Fig. 5A) was chosen, since fucosyl GM1 was shown to be expressed
in the mammalian digestive tract during the weaning period (17) and was also reported as a potential
marker of small-cell lung cancer and hepatocellular carcinoma (18). Fucosynthase reaction was
performed with GM1 obtained from bovine brain, and the reaction mixture was resolved by TLC
analysis. A new spot of the product was observed beneath the GM1 spot (Fig. 5B). Further MS analysis
revealed that in addition to GM1 peaks at m/z 1544.7 and m/z 1572.8, new peaks at m/z 1690.8 and
m/z 1718.8 appeared, masses of which are estimated to be that of monofucosylated GM1 gangliosides
(Figs. 5C and 5D). These peaks were eliminated on treatment with BbAfcAWT, confirming al,2-
fucosylation on GM1 ganglioside (Fig. 5E).
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Fucosylation of plant-derived xyloglucan oligosaccharide

Xyloglucan is a major constituent of hemicellulosic polysaccharide in cell walls of higher
plants. XLLG has a f-(1—4) linked glucosyl backbone (B-1,4-glucan) with side chains of a-linked
Xyl and GalP1-2Xyl residues, which are attached to the C-6 position of Glc (Fig. 6A). Fucosyl XLLGs
are present in plants and exhibit inhibiting activity for auxin-stimulated growth (19). To examine the
ability of the fucosynthase to synthesize the fucosyl XLLGs, the fucosylation reaction was carried out
with 10 mM XLLG and the reaction mixtures were analyzed by HPAEC-PAD. The product peaks were
observed in the BbAfcAN*?3H-treated sample (Fig. 6C). The reaction efficiency was 57% against
XLLG in this condition. MS analysis of the permethylated reaction products of the reaction with 2
mM XLLG revealed that mono- (m/z 1948.2), di- (m/z 2122.3), and tri-fucosyl XLLG (m/z 2296.0)
were generated by BbAfcAN?H treatment, although the signal intensity suggested that tri-fucosyl
XLLG was a very minor product (Fig. 6D). Fucosylation most likely occurs at C-2 position of Gal,
and could also possibly occur at the C-3 position of the reducing-end glucose in a-anomer, as
demonstrated in Fig. 16E in SECTION I of CHAPTER 1. The fragmentation by MS/MS analysis of
these fucosylated XLLGs identified fragment ion peaks corresponding to m/z 1175, the presence of
which proved that the third fucosyl residue could be added onto the Glc residue at the reducing end to
synthesize a tri-fucosylated structure as shown in Fig. 6B. However, the addition of Fuc to the
reducing-end Glc of XLLG was observed only when the B-FucF (donor) concentration exceeded that
of XLLG (acceptor) considerably. Collectively, these results indicate that BbAfcAN*>3H is useful for

the production of fucosylated xyloglucan oligosaccharide.
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Fig. 6. Synthesis of fucosyl
xyloglucan nonasaccharide
(XLLG) fucosynthase
reaction.

by

(A) The structure of XLLG.

(B) An estimated structure of
tri-fucosyl XLLG synthesized by
fucosynthase reaction.

(C) HPAEC-PAD analysis of
fucosynthase reaction product.
The reaction was carried out
with 10 mM XLLG as acceptor.
The peaks of Fuc, XLLG, and
product (P) are indicated by

arrowheads.  Asterisks  (*)
indicate unidentified peaks.
D) MALDI-TOF MS

analysis of permethylated XLLG
(upper panel) and fucosynthase
reaction product with 2 mM
XLLG as acceptor (lower panel).
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SUMMARY

In SECTION I of CHAPTER I, the author generated a highly functional 1,2-a-L-
fucosynthase (BbAfcA N423H) by protein engineering of 1,2-a-L-fucosidase from Bifidobacterium
bifidum JCM 1254. This synthase could specifically introduce H-antigens (Fucal-2Gal) into the non-
reducing ends of oligosaccharides and in O-linked glycans in mucin glycoprotein. In this SECTION,
the author showed an extended application of the BbAfcAN*?3H by demonstrating its ability to insert
Fuc residues into N- and O-glycans in fetuin glycoproteins, GM1 ganglioside, and a plant-derived
xyloglucan nonasaccharide. This application study broadens the feasibility of this novel H-antigen

synthesis technique in functional glycomics.
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CHAPTER 11

Analysis of polyamine biosynthetic and transport ability of human gut microbes

SECTION I
Analysis of polyamine biosynthetic and transport ability
of the dominant human gut microbes
and prediction of the presence of novel polyamine biosynthetic and transport

proteins

Polyamines (putrescine [Put], spermidine [Spd], spermine [Spm]) are aliphatic amines
possessing two or more amino groups. They are widely distributed in eukaryotic (1) and prokaryotic
cells (2). In the mammalian colonic lumen, polyamines are present at millimolar concentrations (3),
and it was previously reported that these polyamines are derived from gut microbes (4-6). Polyamines
in the colonic lumen are transferred into the bloodstream via the colonic mucosa (7), after which they
have various effects on the body. For example, high concentrations of polyamines are found in cancer
cells because of their role in cell proliferation. The possibility of treating cancer by reducing gut
microbial polyamine levels via administration of antibiotics is being investigated (8). However,
polyamines in the intestinal tract have various beneficial effects on mammalian health, such as
increased longevity (7,9), recovery of injured mucosa (10), and favorable effects on cognitive function
(7). As intestinal polyamines are derived from gut microbes, colonic luminal polyamine concentration
is determined by microbial polyamine metabolism. The known pathways for microbial polyamine
biosynthesis and transport are summarized in Fig.1 (11-14). Kibe et al. reported that even though Put
increased in the colonic lumen, the abundance of known Put biosynthetic genes (speB, adi, and ncpah;
Fig. 1) were unchanged in mice gut microbiota (7). These results suggest that in addition to the
previously described polyamine biosynthetic pathway (Fig.1), there is a novel gene or set of genes
facilitating Put biosynthesis in the gut microbes. Therefore, identification of new genes for polyamine
biosynthesis and transport is indispensable for optimization of polyamine concentrations in human
colonic lumen, enabled by regulation of genes facilitating polyamine metabolism in gut microbes.

A “human gut microbial gene catalog” ranking the dominant microbial species/genera in the
human gut has been described (15). Recently, Gotoh et al. reported that Gifu anaerobic medium
(GAM) was useful for the cultivation of 32 species of dominant human gut microbes and for
comparison of their metabolite profiles (16). The polyamine concentration in stationary phases of
Alistipes (17), Bacteroides (17,18) and Parabacteroides (17) species, which are members of human
gut microbes, have been previously reported. However, in some microbes, the polyamine profile in

cells and in culture supernatants differ based on their growth phase (19,20): cellular polyamine
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concentration is higher in growing phase than that in stationary phase, probably because polyamines
are important for cell proliferation. Therefore, the measurement of polyamine concentrations in the
cell and culture supernatant in different growth phases is necessary for a better insight into microbial
polyamine biosynthetic and transport activity. Furthermore, polyamine biosynthesis and transport
should be analyzed in dominant human gut microbial species other than those belonging to the
Alistipes, Bacteroides and Parabacteroides genera (Table 1) for a comprehensive understanding of

polyamine homeostasis in the human intestinal lumen.
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Fig. 1. Polyamine biosynthetic and transport pathways in microbes.

Polyamine biosynthetic and transport pathways previously described in microbes are integrated and illustrated. Gray squares
indicate transporters (importer, antiporter, and exporter) that were previously reported in Escherichia coli or Enterococcus faecalis. Black squares
with white letters show abbreviated names of enzymes experimentally identified in E. coli, En. faecalis, B. thetaiotaomicron, Thermus
thermophilus, Vibrio cholerae, or Pseudomonas aeruginosa. The abbreviations used are as follows: AAT, agmatine aminopropyltransferase (21);
ADC, arginine decarboxylase (22,23); ADI, agmatine deiminase (24); AdoMetDC, S-adenosylmethionine decarboxylase (25); AGM, agmatine;
AguD, putrescine-agmatine antiporter (26); APAGM, aminopropylagmatine; APAUH, aminopropylagmatine ureohydrolase (21); ARG, arginine;
ASA, aspartate-p-semialdehyde; AUH, agmatine ureohydrolase (27); CASDC, carboxyspermidine decarboxylase (19,20,28); CASDH,
carboxyspermidine dehydrogenase (19,28); CSPD, carboxyspermidine; dcSAM, decarboxylated S-adenosylmethionine; MdtJI, spermidine
exporter (29); MTA, 5'-deoxy-5-methylthioadenosine; NCP, N-carbamoylputrescine; NCPAH, N-carbamoylputrescine amidohydrolase (30);
ODC, ornithine decarboxylase (31,32); ORN, ornithine; PCT, putrescine carbamoyltransferase (24); PlaP, low-affinity putrescine importer (33);
PotABCD, ATP-binding cassette type spermidine preferential importer (34); PotE, putrescine-ornithine antiporter (35,36); PotFGHI, ATP-binding
cassette type putrescine specific importer (37); PUT, putrescine; PuuP, high-affinity putrescine importer (38); SAM, S-adenosylmethionine;
SapBCDF, putrescine exporter (see SECTION III of CHAPTER 1I); SPD, spermidine; SPDSyn, spermidine synthase (39).

In the present study, the author measured polyamine concentration in the cell and culture

supernatants of 32 species of dominant human gut microbes cultured in GAM at different growth
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phases. Furthermore, by using in silico analysis, the author estimated the possibility of gut microbes

harboring the novel polyamine biosynthetic and transport proteins.
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MATERIALS AND METHODS

Materials

GAM bouillon, putrescine dihydrochloride, spermidine trihydrochloride, and spermine
tetrahydrochloride were purchased from Nissui pharmaceuticals (Tokyo, Japan), Wako Pure
Chemicals (Osaka, Japan), Nacalai Tesque (Kyoto, Japan), and MP Biomedicals (Solon, OH),

respectively.

Strains and growth conditions

Microbial strains were obtained from the Japan Collection of Microorganisms (JCM), the
American Type Culture Collection (ATCC), and the German Collection of Microorganisms and
Cultures (DSMZ). Microbial strains used in this study are listed in Table 1. The conditions used for

their cultivation have been previously described (16).

Analysis of polyamine concentrations in cells and culture supernatants

Polyamine concentrations were measured by high-performance liquid chromatography
(HPLC); the analytical conditions were the same as those described previously (20). For analyzing the
relationship between the growth stages and polyamine concentrations in cells and culture supernatants,
cultures in growing and stationary phases were obtained at an indicated time (Fig. 2). Culture
supernatants and cells for the quantification of polyamines were obtained in the previous report (16).
Samples for measuring polyamine concentrations in cells and in culture supernatants by HPLC were
prepared as described previously (20). To minimize the effect of residual polyamines in GAM in the
cell pellet, culture supernatants were completely removed from the cell pellets, resulting in some cells
being discarded. Therefore, intracellular polyamine levels were normalized to the amount of cellular

protein and expressed as nmol/mg protein.

Search of occurrence of genes by BLAST analysis

Protein BLAST (BlastP) analysis (40) was performed against proteomes of all gut microbial
species. Proteins whose functions were demonstrated by experimentation were used as query proteins
for BlastP analysis; these query proteins are listed in Table 2. Proteins with more than 100-, 300-, and

500-bit scores were extracted.

Statistics
Values are indicated as mean =+ standard deviation (SD). The significant differences were

analyzed by using SPSS® software version 21 (IBM, Armonk, NY).

60



Table 1. Microbial strains used in this study.

Dominance rank? Strain Name Strain number Genus
1 Bacteroides uniformis JCM 5828T Bacteroides
6  Bacteroides caccae JCM 9498T Bacteroides
8  Bacteroides thetaiotaomicron JCM 58277 Bacteroides
17  Bacteroides vulgatus JCM 58267 Bacteroides
23 Bacteroides ovatus JCM 5824T Bacteroides
27  Bacteroides xylanisolvens JCM 15633T Bacteroides
32 Bacteroides dorei JCM 134717 Bacteroides
39  Bacteroides stercoris JCM 94967 Bacteroides
44 Bacteroides finegoldii JCM 133457 Bacteroides
51  Bacteroides intestinalis JCM 132657 Bacteroides
52 Bacteroides fragilis JCM 110197 Bacteroides
3 Parabacteroides merdae JCM 94977 Parabacteroides
21 Parabacteroides distasonis JCM 5825T Parabacteroides
45 Parabacteroides johnsonii JCM 134067 Parabacteroides
4 Dorea longicatena DSM 138147 Dorea
16  Dorea formicigenerans ATCC 277557 Dorea
10 Ruminococcus torques ATCC 277567 Blautia
33 Ruminococcus obeum DSM 25238T Blautia
50  Ruminococcus gnavus ATCC 291497 Blautia
56  Blautia hansenii JCM 146557 Blautia
18  Roseburia intestinalis DSM 146107 Roseburia
28  Coprococcus comes ATCC 277587 Coprococcus
47  Clostridium nexile ATCC 277577 Clostridium
53 Clostridium asparagiforme DSM 159817 Clostridium
55  Clostridium scindens JCM 65677 Clostridium
14 Ruminococcus lactaris ATCC 291767 Ruminococcus
20  Eubacterium siraeum ATCC 290667 Ruminiclostridium
49 Anaerotruncus colihominis JCM 15631 Anaerotruncus
31  Eubacterium ventriosum ATCC 275607 Eubacterium
35  Pseudoflavonifiractor capillosus ATCC 297997 Pseudoflavonifractor
54 Enterococcus faecalis ATCC 700802 Enterococcus
15 Collinsella aerofaciens JCM 7790 Collinsella

“The dominance rank indicates the order of occupancy in the human gut (15).
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Table 2. Query proteins used for BlastP analysis.

Protein

Description Genbank no. Reference
name

Query proteins involved in polyamine biosynthesis

AAT Agmatine aminopropyltransferase YP_144090 21
ADC ..

(AdiA) Arginine decarboxylase NP_418541 (23)
ADI . .

(AguA) Agmatine deiminase NP_814483 (24)
PCT Putrescine carbamoyltransferase EOT48407 24)
(AguB) Y

APAUH Aminopropylagmatine ureohydrolase YP_144395 21
CASDC Carboxyspermidine decarboxylase NP_809587 (20)
CASDH Carboxyspermidine dehydrogenase ‘WP_000025713 (28)
NCPAH N-Carbamoylputrescine amidohydrolase NP_248984 (30)
ADC ..

(SpeA) Arginine decarboxylase NP_417413 (22)
AUH .

(SpeB) Agmatine ureohydrolase NP_417412 27)
OoDC s

(SpeC) Ornithine decarboxylase NP_417440 (32)
AdoMetDC S-Adenosylmethionine decarboxylase NP_414662 (25)
(SpeD)

SPDsyn .

(SpeE) Spermidine synthase NP_414663 39)
OoDC s

(SpeF) Ornithine decarboxylase NP_415220 31)

Query proteins involved in polyamine transport

AguD Agmatine/putrescine antiporter NP_814482 (26)
Mdtl Membrane subunit of spermidine efflux transporter MdtJI NP_416116 (29)
MdtJ Membrane subunit of spermidine efflux transporter MdtJI NP_416117 (29)
PlaP Putrescine/H" symporter NP_416518 (33)
PotA ATP-binding protein of spermidine ATP-binding cassette transporter PotABCD NP_415644 (34)
PotB Permease of spermidine ATP-binding cassette transporter PotABCD NP_415643 (34)
PotC Permease of spermidine ATP-binding cassette transporter PotABCD NP_415642 (34)
PotD Substrate-binding protein of spermidine ATP-binding cassette transporter PotABCD NP_415641 (34)
PotE Ornithine-putrescine antiporter ALI41513 (35)
PotF Substrate-binding protein of putrescine ATP-binding cassette transporter PotFGHI NP_415375 (37)
PotG ATP-binding protein of putrescine ATP-binding cassette transporter PotFGHI NP_415376 (37)
PotH Permease of putrescine ATP-binding cassette transporter PotFGHI NP_415377 (37)
Potl Permease of putrescine ATP-binding cassette transporter PotFGHI NP_415378 (37)
PuuP Putrescine/H" symporter NP 415812 (38)
SapB Permease of putrescine ATP-binding cassette exporter SapBCDF NP_415809 (41)
SapC Permease of putrescine ATP-binding cassette exporter SapBCDF NP_415808 (41)
SapD ATP-binding protein of putrescine ATP-binding cassette exporter SapBCDF NP_415807 41)
SapF ATP-binding protein of putrescine ATP-binding cassette exporter SapBCDF NP_415806 41)
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Fig. 2. Growth of dominant human gut microbes.
The sampling time for polyamine analysis is shown by arrowheads on the growth curves of tested dominant human gut microbes;
it is obtained by reusing the Supplemental Figure S2 of a previous study (16). The gray arrowheads indicate the sampling point used for the
growing phase and the white arrowheads indicate the sampling point used for the stationary phase.
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RESULTS

Putrescine biosynthesis and transport in dominant human gut microbes

Put concentrations in dominant human gut microbial cells were normalized to cellular
protein levels and are shown as nmol/mg protein. When values (Mean minus SD) of intracellular Put
concentration (nmol/mg protein) was greater than zero, it was judged that the microbes possess Put in
the cell. Based on this criterion, 5 (16%) (B. ovatus, B. finegoldii, B. xylanisolvens, Dorea longicatena,
and Ruminococcus lactaris) of the 32 tested species of dominant gut microbes contained Put in the
growing and/or stationary phase; however, the intracellular Put concentration in B. xylanisolvens was
very low (0.56 + 0.39 nmol/mg protein) (Fig. 3A).

The change in Put concentration was calculated by comparing the Put concentration in the
culture supernatant with that originally contained in GAM (73.5 + 3.7 pM, shown as a gray band in
Fig. 3B). Because there is no report proving that Put is extracellularly degraded, the decrease in Put
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Fig. 3. Putrescine concentration in culture supernatants and cells of dominant human
gut microbes.
. (A) Intracellular putrescine concentrations in dominant human gut microbes in
the culture supematant of growing growing and stationary phases. The amount of putrescine in the cell was quantified
by HPLC and normalized to the cellular protein concentration. White bars show
: putrescine concentrations in the growing phase, black bars show those in the
phase to those of statlonary phase, the stationary phase. Data are represented as mean + SD. (n =3).
(B) Putrescine concentration in culture supernatants of gut microbes in the
Put concentration in the culture growing and stationary phases. Gray bands indicate the maximum and minimum
putrescine concentration values in GAM (n = 3). White bars show the putrescine
. concentrations in growing phase, and black bars show those in the stationary phase.
supernatant of 5 species (1 6%) (B Data are mean + SD. (n =3). "p <0.01 (Dunnett’s test in comparison with GAM). p
<0.01 (two-tailed unpaired #-test).
dorei B stercoris R torques The number shown before the species name indicates the order of gut microbial
? : 2 ' ’ occupancy (15).

Comparing the Put concentrations in
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Anaerotruncus colihominis, and En. faecalis), were increased from growing phase to stationary phase

(Fig. 3B).

Spermidine biosynthesis and transport in the dominant human gut microbes

The presence of Spd in cells was determined based on the same criterion used for Put.
Almost all tested dominant human gut microbial cells contained Spd in the growing or stationary phase
(Fig. 4A), except for D. formicigenerans and Collinsella aerofaciens, which had no Spd in the cell,
compared to the other dominant human gut mcirobes (Fig. 4A). C. nexile had very low levels of Spd
(7.3 + 5.2 nmol/mg protein).

The change in Spd concentration was calculated by comparing the Spd concentration in the
culture supernatant with that originally A
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Fig. 4. Spermidine concentration in culture supernatants and cells of dominant
human gut microbes.

(A) Intracellular spermidine concentration in the gut microbes in the growing and
stationary phases. The amount of spermidine in the cell was quantified by HPLC,
and normalized to the cellular protein concentration. White bars indicate spermidine
concentrations in the growing phase, black bars indicate those in the stationary
phase. Data are represented as mean + SD. (n =3).

(B) Spermidine concentration in the culture supernatant of the gut microbes in

Furthermore,

in the stationary phase of B. vulgatus

was significantly higher than that
originally contained in GAM (Fig. 4B).

Spd concentrations in the culture

the growing and stationary phases. The gray band indicates the maximum and
minimum spermidine concentrations in GAM (n =3). White bars show the
spermidine concentrations in the growing phase, black bars show those in the
stationary phase. Data are represented mean + SD. (n =3). "p <0.01 (Dunnett’s test
in comparison with GAM). p < 0.01 (two-tailed unpaired t-test). The number
shown before the species name indicates the order of gut microbial occupancy (15).

supernatants of 10 (31%) species (B. uniformis, B. intestinalis, P. merdae, P. distasonis, R. torques, R.
obeum, Bl. hansenii, Eu. siraeum, Eu. ventriosum, and Co. aerofaciens) of the 32 tested species did

not change in either the growing or stationary phase compared to the Spd concentrations in GAM (Fig.
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4B).

Spermine biosynthesis and transport in the dominant human gut microbes

The presence of Spm in cells was determined based on the same criterion used for Put. Spm
was detected in the cells of 13 (41%) species (B. vulagus, B. xylanisolvens, B. intestinalis, B. fragilis,
P. merdae, D. longicatena, D. formicigenerans, R. torques, R. obeum, R. gnavus, Eu. siraeum, Eu.
ventriosum, and Psudoflavonifractor capillosus) of the 32 tested dominant human gut microbial
species in the growing phase and/or stationary phase; however, the Spm concentration in B. vulgatus,
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the growing phase to stationary phase

(Fig. 5B).
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Presence of known polyamine biosynthetic and transport proteins in tested dominant human
gut microbes

The results of BlastP analysis that determined the presence or absence of known polyamine
biosynthetic or transport proteins in the dominant human gut microbes are shown in Fig. 6. In tested
Bacteroides and Parabacteroides species, homologs of the known Put biosynthetic proteins SpeA,
AguA, and NCPAH, which synthesize Put from arginine via N-carbamoylputrescine, are highly
conserved (Figs. 1 and 6), with the exception of P, distasonis, which does not encode a SpeA homolog
(Fig. 6). In addition, B. xylanisolvens encodes homologs of SpeC and SpeF (Fig. 6). Homologs of
PotFGHI are found in all tested Bacteroides and Parabacteroides species (Fig. 6). Except for B.
uniformis and B. dorei, the tested Bacteroides and Parabacteroides species possess an AguD homolog.
A homolog of PlaP, one of the two Put/proton symporters, is found in B. uniformis, B. vulagatus, B.
dorei, B. fragilis, P. merdae, and P. johnsonii. However, a homolog of PuuP, the other Put/proton
symporter, is found only in B. uniformis (Fig. 6). Among the components of SapBCDF, B.
xylanisolvens encodes homologs of SapB and SapF, while B. fragilis encodes homologs of SapD and
SapF (Fig. 6). Homologs of CASDH and CASDC, which are known Spd biosynthetic proteins, are
found in all Bacteroides and Parabacteroides species used in this study (Fig. 6), while only B.
xylanisolvens encodes a SpeD homolog (Fig. 6). All tested Bacteroides and Parabacteroides species
possess homologs of PotABCD, but do not encode homologs of Mdtl and MdtJ (Fig. 6).

Of the known Put biosynthetic proteins, Dorea species encodes only the AguB homolog (Fig.
6). Homologs of PotFGHI and SapBCDF are found in D. longicatena and D. formicigenerans (Fig.
6); additionally, D. longicatena encodes an AguD homolog (Fig. 6). Homologs of known Spd
biosynthetic proteins are absent from D. longicatena and D. formicigenerans (Fig. 6); both of these
species possess PotABCD homologs (Fig. 6).

A homolog of AguB is possessed by all tested Blautia species except in R. obeum;
additionally, a SpeB homolog is found in all Blautia species except in R. torques (Fig. 6). R. torques
and R. obeum possess homologs of AguA and NCPAH; in addition, R. torques possesses a SpeA
homolog (Fig. 6). PotFGHI homologs are found in all tested Blautia species (Fig. 6). R. torques, R.
obeum, and Bl. hansenii encode SapBCDF homologs, while R. gnavus lacks a SapC homolog but
encodes SapBDF homologs (Fig. 6). Homologs of APAUH, CASDH, CASDC, and SpeE are found in
all tested Blautia species (Fig. 6). All Blautia species except for Bl. hansenii encode an AAT homolog
(Fig. 6). Ahomolog of SpeD is present only in Bl. hansenii (Fig. 6). Out of all the known Spd transport
proteins, only the PotABCD homologs are found in Blautia species (Fig. 6).

C. nexlile, C. asparagiforme, and C. scindens encode an AguB homolog (Fig. 6); in addition,
C. asparagiforme and C. nexile possess a SpeB homolog (Fig. 6). Out of all the known Put transport
proteins, only homologs of PotFGHI and SapBCDF are found in the Clostridium species used in this
study (Fig. 6). Out of all the known Spd biosynthetic proteins, homologs of AAT, CASDC, CASDH,
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and SpeE are found only in C. nexile (Fig. 6). An APAUH homolog is found in C. nexile and C.
asparagiforme (Fig. 6). Of the known Spd transport proteins, PotABCD homologs are found in the
tested Clostridium species (Fig. 6).

Microbes belonging to genera other than Bacteroides, Parabacteroides, Dorea, Blautia, and
Clostridium encode an AguB homolog (Fig. 6). Coprococcus comes, R. lactaris, and Ps. capillosus
encode a SpeB homolog (Fig. 6). A homolog of AguA is found in Roseburia intestinalis, Eu. siraeum,
Co. aerofaciens, and En. faecalis (Fig. 6). Ro. intestinalis, R. lactaris, and Eu. siraeum possess an
NCPAH homolog (Fig. 6). Ro. intestinalis, Cop. comes, R. lactaris, A. colihominis, Eu. ventriosum,
Ps. capillosus, and En. faecalis possess PotFGHI homologs, and Eu. siraeum and Co. aerofaciens
possess only the PotG homolog. (Fig. 6). Homologs of SapBCDF are found in Ro. intestinalis, Cop.
comes, A. colihominis, Eu. ventriosum, Ps. capillosus, En. faecalis, and Co. aerofaciens (Fig. 6). AguD
and its homolog are encoded in both En. faecalis and Co. aerofaciens (Fig. 6). Eu. siraeum does not
possess homologs of the known Put transport proteins (Fig. 6). Homologs of known Spd biosynthetic
proteins are absent in 4. colihominis, Eu. ventriosum, En. faecalis, and Co. aerofaciens (Fig. 6). In
contrast, Ps. capillosus encodes homologs of all the known Spd biosynthetic proteins (Fig. 6). Of the
known Spd biosynthetic proteins, Ro. intestinalis encodes homologs of AAT, CASDH, CASDC, and
SpeE (Fig. 6). Cop. comes possesses only APAUH and CASDH homologs (Fig. 6). R. lactaris encodes
homologs of all the known Spd biosynthetic proteins except SpeD (Fig. 6). Eu. siraeum possesses
homologs of all known Spd biosynthetic proteins except APAUH (Fig. 6). Ro. intestinalis, Cop. comes,
R. lactaris, A. colihominis, Eu. ventriosum, Ps. capillosus, and En. faecalis possess PotABCD
homologs, whereas Eu. siraeum and Co. aerofaciens enocode only the PotA homolog out of the known

Spd transport proteins (Fig. 6).
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Fig. 6. Occurrence of homologous proteins responsible for synthesis and transport of polyamines in the genomes of dominant human gut microbes.

The BlastP analysis was performed against the genomes of the dominant human gut microbes using query proteins listed in table 2.
Black, dark gray, light gray, and white boxes indicate the result of homologs with scores > 500 bits, between 300 and 500 bits, between 100 and
300 bits, and < 100 bits, respectively. The number shown before the species name indicates the order of gut microbial occupancy in a “human gut
microbial gene catalog” (15).

69



DISCUSSION

The presence of novel polyamine biosynthetic/transport proteins in the dominant human gut
microbes was determined by integrating biosynthetic and transport activity for each polyamine (Figs.
3-5) and by BlastP analysis (Fig. 6).

First, the presence of novel Put biosynthetic proteins was estimated. Five species (B. ovatus,
B. xylanisolvens, B. finegoldii, D. longicatena, and R. lactaris) contained Put in the cell in the growing
or stationary phase (Fig. 3A). A decrease in Put levels in the medium were observed in cultures of B.
finegoldii and R. lactrais (Fig. 3B), suggesting that Put in the cell originates from Put in the medium.
Among the remaining three microbial species that appeared not to take up Put from the media (Fig.
3B), B. ovatus and B. xylanisolvens encode homologs of AdiA, SpeA, AguA, and NCPAH (Fig. 6) and
B. xylanisolvens encodes a homolog of ODC (Fig. 6). These results suggest that these two species
synthesize Put using known Put biosynthetic proteins. In contrast, D. longicatena only possesses a
PCT homolog with a low score (Fig. 6); its incomplete pathway suggests that D. longicatena has novel
Put biosynthetic enzyme(s).

All the 7 strains that appeared to take up Put from the media (B. dorei, P. johnsonii, D.
longicatena, D. formicigenerans, R. torques, R. lactaris, and A. colihominis) (Fig. 3B) contain a
PotFGHI homolog (Fig. 6), and B. dorei and P. johnsonii possess a PlaP homolog in addition to
PotFGHI homologs (Fig. 6). These results suggest that these known transporters are involved in the
observed uptake of Put. Put concentration in the culture supernatant increased in 5 species (B. dorei,
B. stercoris, R. torques, A. colihominis, and En. faecalis) (Fig. 3B) from the growing phase to
stationary phase. The Put-agmatine antiporter AguD and Put exporter SapBCDF have been previously
described in En. faecalis (26) and Escherichia coli (41) (described details in SECTION III of
CHAPTER 1I), respectively. En. faecalis possesses homologs of SapBCDF in addition to AguD,
suggesting that En. faecalis exports Put to the culture supernatant via AguD and/or homologs of
SapBCDF. An AguD homolog was found in B. stercoris (Fig. 6), and R. torques and A. colihominis
possesses homologs of SapBCDF (Fig. 6). These observations suggest that Put is exported to the
culture supernatant from B. sterocoris via AguD homolog, and from R. forques and A. colihominis via
SapBCDF homologs. However, B. dorei does not possess homologs of AguD, PotE, or SapBCDF (Fig.
6). These results suggest that a novel Put exporter(s) is present in B. dorei.

Next, the presence of novel Spd biosynthetic proteins was assessed. Almost all the tested
dominant human gut microbes except D. formicigenerans and Co. aerofaciens contained intracellular
Spd (Fig. 4A). A decrease in Spd in the medium of 22 species was observed (Fig. 4B), suggesting that
Spd in the cell originates from Spd in the medium. Among the remaining 9 species (B. uniformis, B.
intestinalis, P. merdae, P. distasonis, R. torques, R. obeum, Bl. hansenii, Eu. siraeum, and Eu.

ventriosum), which appeared not to take up Spd from the medium (Fig. 4B), B. uniformis, B.
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intestinalis, P. merdae, P. distasonis, R. torques, R. obeum, Bl. hansenii, and Eu. siraeum encode
CASDC and CASDH homologs (Fig. 6). In addition, R. forques, R. obeum, Bl. hansenii, and Eu.
siraeium encode a SpeE homolog (Fig. 6). Furthermore, R. forques and R. obeum possess homologs
of AAT and APAUH (Fig. 6), suggesting that these 8 species synthesize Spd using known Spd
biosynthetic enzymes. In contrast, Eu. ventriousm did not possess any homolog of the known Spd
biosynthetic proteins (Fig. 6), suggesting that Fu. ventriosum possesses a novel Spd biosynthetic
enzyme(s). All 22 strains that appear to take up Spd from the medium (Fig. 4B) possess PotABCD
homologs (Fig. 6). These observations suggest that PotABCD homologs are involved in the observed
Spd uptake. Although Spd concentration in the culture supernatant of 4 strains (B. dorei, D.
formicigenerans, R. torques, and Bl. hansenii) increased from the growing to stationary phases (Fig.
4B), homologs of the known Spd exporter MdtJI were not found (Fig. 6). Additionary, Spd
concentration in the culture supernatant of B. vulgatus was significantly higher than Spd originally
contained in GAM, however, B. vulgatus does not possess the homologs of MdtJI. These results
suggested that a novel Spd exporter(s) is present in these 5 species.

In this study, the author found that cells of 13 species (B. vulgatus, B. xylanisolvens, B.
intestinalis, B. fragilis, P. merdae, D. longicatena, D. formicigenerans, R. torques, R. obeum, R. gnavus,
Eu. siraeum, Eu. ventriosum, and Ps. capillosus) contained Spm (Fig. 5A). A decrease in Spm was
observed with all these species except P. merdae in the medium (Fig. 5B), suggesting that Spm in the
cell originates from Spm in the medium. Since Spm levels in the culture supernatant did not change
after cultivation of P. merdae, Spm found in the cell of this microbe was not derived from the growth
medium (Fig. 5B). Kim et al. recently reported that Agrobacterium tumefaciens C58 synthesizes Spm
from Spd by using CASDH and CASDC (homologs of which are found in P. merdae) (Fig. 6) only
when ODC activity was partially inhibited using difluoromethylornithine (DFMO, ODC specific
inhibitor) (42). Although the possibility of Spm synthesis in P. merdae with homologs of CASDH and
CASDC cannot be completely excluded, it is possible that P. merdae has a novel Spm biosynthetic
protein(s) because the condition under which Ag. tumefaciens C58 synthesizes Spm is not
physiological.

All tested dominant human gut microbes except for P. merdae decreased Spm in the culture
supernatant in the growing or stationary phase (Fig. 5B). Kashiwagi et al. reported that PotABCD in
E. coli showed a weak Spm uptake activity (43). In addition, Yao et al. biochemically showed that
PotABCD in Streptococcus aureus showed a Spm uptake activity, which was comparable to its Spd
uptake activity (44). Therefore, it is possible that almost all dominant human gut microbes take up
Spm via a PotABCD homolog. However, because Eu. siraeum and Co. aerofaciens have only a PotA
homolog (Fig. 6), these two species could have a novel Spm transporter(s). Spm concentration in the
culture supernatant of 3 species (B. stercoris, D. longicatena, and R. torques) increased from the

growing to stationary phase (Fig. 5B). No Spm exporter in these microbes has been previously
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described. Therefore, it is conceivable that these 3 species possess a novel Spm exporter(s).

In the present study, the author showed that 32 species of the tested dominant human gut
microbes possess different polyamine biosynthetic and transport activities. The potential presence of
novel polyamine metabolism and transport genes was shown by combining polyamine concentration
analysis in the cells and culture supernatant with analyzing via BlastP. Despite decreased polyamine
concentrations in the culture supernatant of some species, intracellular polyamine levels did not
increase (e.g., Put concentration in cell and culture supernatant of B. dorei, P. johnsonii, and Eu.
ventriosum). These results suggest that these strains (e.g., B. dorei, P. johnsonii, and Eu. ventriosum)
rapidly metabolized the polyamines, and/or intracellular polyamine levels of these strains were below
the detection limit due to a limited intracellular polyamine pool. On the other hand, some species
exhibited increasing polyamine concentrations in the culture supernatant from growing to stationary
phases, while intracellular polyamine concentrations did not change (e.g., Put concentration in cell
and culture supernatant of B. dorei, B. stercoris, R. torques, A. colihominis, and En. faecalis). It is
possible that these results are due to homeostatic regulation of intracellular polyamine concentration,
which is consistent with how E. coli exports Put to the culture supernatant, while intracellular Put

concentrations remain unchanged (described in SECTION III of CHAPTER 1I) (41).
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The above estimation of the presence of novel polyamine biosynthetic and transport proteins
in the tested dominant human gut microbes is summarized in Fig. 7. Thus far, if a microbe synthesizing
or transporting polyamines possessed homolog(s) of polyamine biosynthetic proteins or transporters,

it was inferred that the microbe did
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bit score cutoff that was > 100 was is indicated by the color of boxes; gray boxes indicate presence and white boxes indicate
- absence. The number shown before the species name indicates the order of gut microbial
occupancy in a “human gut microbial gene catalog” (15).

considered as the threshold for the
identification of homologs in the study so far. However, if the threshold value was 200 bits, the number
of homologs identified decreased markedly (Fig. 8). As a result, novel polyamine biosynthetic and

transport proteins that were predicted to exist in the tested dominant human gut microbes markedly
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increased from 13 to 46 (Fig. 9).
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Fig. 8. Occurrence of homologous proteins responsible for synthesis and transport of polyamines in the genomes of dominant human gut microbes.

The BlastP analysis was performed against the genomes of the dominant human gut microbes using query proteins listed in table 2.
Black, light gray, and white boxes indicate the result of homologs with scores > 500 bits, between 200 and 500 bits, and < 200 bits, respectively.
The number shown before the species name indicates the order of gut microbial occupancy in a “human gut microbial gene catalog” (15).
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Fig. 9. Novel polyamine biosynthetic proteins and transporters expected to exist in the tested dominant human gut microbes.

The presence of novel polyamine biosynthetic proteins and transporters was predicted from the changes in polyamine concentrations
in the culture supernatants and cells and the presence or absence of homologs of known polyamine biosynthetic proteins and transporters (showed
in Fig. 8). Presence or absence of novel polyamine biosynthetic proteins and transporters is indicated by the color of boxes; gray boxes indicate
presence and white boxes indicate absence. The number shown before the species name indicates the order of gut microbial occupancy in a “human
gut microbial gene catalog” (15).
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SUMMARY

Recent studies have reported that polyamines in the colonic lumen might affect animal
health and these polyamines are thought to be produced by gut microbes. In this SECTION, the author
measured the concentrations of three polyamines (putrescine, spermidine, and spermine) in cells and
culture supernatants of 32 dominant human gut microbial species in their growing and stationary
phases. Combining polyamine concentration analysis in culture supernatant and cells with available
genomic information showed that novel polyamine biosynthetic proteins and transporters were present
in dominant human gut microbes. Based on these findings, the author suggested strategies for
optimizing polyamine concentrations in the human colonic lumen via regulation of genes responsible

for polyamine biosynthesis and transport in the dominant human gut microbes.
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SECTION 1I
Polyamine biosynthetic and transport ability of

human indigenous Bifidobacterium species

In animal species that have been analyzed, polyamines are also found in the colonic lumen
at concentrations ranging from hundreds of micromolar to several millimolar (1,2). These colonic
luminal polyamines have been derived from gut bacteria (3-5). In SECTION I of CHAPTER 11, the
author evaluated polyamine biosynthetic and transport ability of 32 species of dominant human gut
microbes.

Bifidobacteria are one of the major human indigenous commensal microbes, which are
highly abundant in the healthy adult Japanese gut microbiome (6) and the relative abundance in the
gut microbiome of Asian children reaches several tens of percent (7). It was reported that
bifidobacteria exert beneficial influences on animals, such as allergy suppression (8), cancer
prevention (9,10), and inhibition of pathogen colonization (11). Therefore, several Bifidobacterium
species are used in probiotics which are a live microbial food supplement that beneficially affects the
host animal by modulating its intestinal balance.

Matsumoto et al. reported that oral administration of probiotic Bifidobacterium animalis
subsp. lactis significantly increases intestinal spermine (Spm) concentration in mice (12). Two
possible mechanisms could explain why intestinal Spm concentration is increased by bifidobacteria
administration: (1) bifidobacteria biosynthesize and produce polyamines; (2) polyamines are produced
by enterocytes and/or gut microbes stimulated by bifidobacteria. However, there are no reports
describing polyamine biosynthetic and transport ability of Bifidobacterium species except for one by
Hamana in 1997 that quantified the intracellular polyamine concentrations of stationary phase cells of
Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacterium longum subsp. longum, and B.
longum subsp. infantis (13). It was concluded that these Bifidobacterium species do not have
polyamine biosynthetic ability (13). However, to understand the influence of bifidobacteria on the
environment, i.e., the colonic lumen of their host, the polyamine transport ability of bifidobacteria
needs to be analyzed. Additionally, because polyamine concentrations in cells and culture supernatant
of microbes are different in growing and stationary phase (SECTION I of CHAPTER 1I), the analysis
should be performed at the different growth phases. Furthermore, recent studies have reported several
novel species of Bifidobacterium isolated from human hosts (14,15). Therefore, detailed re-analysis is
currently required to update our understanding of polyamine biosynthesis and transport by
Bifidobacterium species.

In this SECTION, the author determined polyamine (putrescine [Put], spermidine [Spd], and

Spm) concentrations of both cells and culture supernatants in growing and stationary phases obtained

31



from the culture of 13 species of human indigenous Bifidobacterium (14-16). Furthermore, the author
estimated the possibility of the novel polyamine biosynthetic and transport proteins present in

Bifidobacterium species by using basic local alignment search tool (BLAST) analysis.
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MATERIALS AND METHODS

Strains and culture condition

Human indigenous Bifidobacterium species used in this study were obtained from the Japan
Collection of Microorganisms (JCM) and are listed in Table 1. It should be noted that there are reports
that Bifidobacterium animalis subsp. lactis was isolated from human samples (16,17). Brain-heart
infusion (BHI) medium and 199 medium were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of GAM (Nissui Pharmaceutical, Tokyo, Japan) broth and cultivation of
Bifidobacterium species in GAM was performed as described previously (18). Briefly,
Bifidobacterium species were anaerobically pre-cultured in 500 pL of GAM in 96-deep well plates for
24 —48 h at 37 °C in an anaerobic chamber (INVIVO2 400 [Ruskinn Technologies, UK]). Pre-cultures
were inoculated in 500 pL of GAM in 96-deep well plates using a copy plate stand (Tokken, Chiba,
Japan), and anaerobically cultured for 60 — 96 h. Growth was monitored by measuring optical density
at 600 nm (ODsoo) on 96 well plate using Multiskan GO (Thermo fisher scientific, Waltham, MA,
USA). Confirmation of the purity of the culture of bacteria other than Bifidobacterium faecale
JCM19861T was performed as described previously (18) using V1-V3 region of 16S rRNA gene (16S
rDNA) sequence. Because V1-V3 region of 16S rDNA of B. faecale JCM198617 is identical to that
of Bifidobacterium adolescentis BBMN23, hsp60 was amplified using primer pair hsp60_1F (5°-
gaagaccgatgacgtcgcag-3’)/hsp60_ 587R (5’-gtcgccgaageccggagecttaac-3’) and amplified product was
sequenced using hsp60_68F (5’-gagggtctgaagaacgtcac-3”) for confirmation of the purity of culture of
B. faecale ICM198617.

Dissolved oxygen in 199 medium was eliminated by incubation of the medium in the
AnaeroPack jar system (Mitsubishi gas chemical, Tokyo, Japan) at 4 °C for 24 h. Bifidobacterium
species were pre-cultured in GAM for 24 - 48 h at 37 °C in the anaerobic chamber, and pre-cultured
cells were washed with 199 medium. Washed cells were inoculated to 500 pL of 199 medium in 96-
deep well plate at initial ODggo 0.03. Growth was monitored by measuring ODgoo on 96 well plate
using Multiskan GO.

BHI medium and BHI medium containing 0.03 % biogenic amines were prepared as
previously reported by Pugin et al. (19). The final concentration of each biogenic amine in the BHI
medium containing 0.03 % biogenic amines was 2.7 mM histamine, 2.2 mM tyramine, 2.9 mM
cadaverine, 3.4 mM Put, 2.1 mM Spd, and 1.5 mM Spm. Before cultivation, dissolved oxygen in BHI
medium and BHI medium containing 0.03 % biogenic amines was eliminated by incubation of the
medium in the AnaeroPack jar system for 48 h at room temperature. B. adolescentis ICM1275" was
pre-cultured in BHI medium for 24 h at 37 °C in an anaerobic chamber. 2.5 pL of pre-cultured B.
adolescentis JCM1275" was inoculated in 500 pL of each medium in 96-deep well plate, and cultured

for 48 h in an anaerobic chamber at 37 °C.
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Polyamine quantification

Polyamine content was measured by high-performance liquid chromatography (HPLC).
Polyamines were separated by cation exchange column (#2619PH, 4.6 x 50 mm, Hitachi Co., Ltd.,
Tokyo, Japan) in normal-phase mode. The detailed conditions of HPLC were the same as those
described previously (20). For analyzing the relationship between the growth stages and polyamine
concentrations in cells and culture supernatants, cultures in growing and stationary phases were
obtained at indicated times (Figs. 1 and 6A).

Five hundred pL of cultures were centrifuged (18,700 xg, 5 min, 4 °C) to separate the cells
and culture supernatant. When GAM was used for culture, cell pellets were washed twice with 500 pL
of phosphate-buffered saline to completely remove polyamines derived from the medium.

HPLC sample preparation and cellular protein quantification were performed as described
previously (20) and intracellular polyamine concentrations were normalized to the amount of cellular

protein and expressed as nmol/mg of cellular protein.

Basic local alignment search tool (BLAST) analysis

Protein BLAST (21) analysis (BlastP) was performed against proteins obtained from
National Center for Biotechnology Information (NCBI) protein database. Query proteins involving
polyamine biosynthesis and transport were the same as described in Table 2 in SECTION I of
CHAPTER II. Additionally, polyamine degradation proteins listed in Table 2 were also analyzed by
BlastP. Because insufficient genomic information of B. faecale JCM19861T was available in the NCBI
database (only nucleotide and/or protein sequence of 16S rDNA, Hsp60, and DnalJ were available in

NCBI database), B. faecale JCM19861T was excluded from BlastP analysis.
Statistics

Values are indicated as mean + standard deviation (SD). The significant differences were

analyzed by using SPSS software version 21 (IBM, Armonk, NY).
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Table 1. The Bifidobacterium species used in this study.

Name

Strain number

Isolated source”

Bifidobacterium adolescentis
Bifidobacterium angulatum
Bifidobacterium animalis subsp. lactis
Bifidobacterium bifidum
Bifidobacterium breve

Bifidobacterium catenulatum
Bifidobacterium faecale
Bifiodbacterium gallicum
Bifidobacterium kashiwanohense
Bifidobacterium longum subsp. infantis
Bifidobacterium longum subsp. longum
Bifiodbacterium pseudocatenulatum

Bifidobacterium scardovii

JCM1275"
JCM7096"
JCM106027
JCM1254
JCM1192T
JCM1194T
JCM198617
JCM8224T
JCM15439"
JCM12227
JCM1217"
JCM1200"
JCM12489T

Adult feces
Adult feces
Fermented milk
Infant feces
Infant feces
Adult feces
Human feces
Human feces
Infant feces
Infant feces
Adult feces
Infant feces

Human sources

“Isolated source was quoted the information described in Japan Collection of Microorganisms

(http://jcm.bre.riken.jp/ja/).

Table 2. Putrescine, spermidine, and spermine degradation proteins used for BlastP analysis.

GenBank accession

Protein name Description No. Ref
Query protein involved in putrescine degradation

GabD Succinate-semialdehyde dehydrogenase NP_417147 (22)
GabT 4-aminobutyrate aminotransferase NP_417148 (22)
PatA Putrescine aminotransferase NP_417544 (22)
PatD Gamma-aminobutyraldehyde dehydrogenase NP_415961 (22)
PuO Putrescine oxidase ABY74497 (23)
PuuA Gamma-glutamylputrescine synthetase NP_415813 24)
PuuB Gamma-glutamylputrescine oxidoreductase NP_415817 24)
PuuC NADP*/NAD"-dependent aldehyde dehydrogenase NP _415816 (24)
PuuD Gamma-glutamyl-gamma-aminobutyrate hydrolase NP 415814 (24)
PuuE 4-aminobutyrate aminotransferase NP_415818 24)
Query protein involved in spermidine and spermine degradation

BItD Spermine/spermidine acetyltransferase NP_390537 (2%5)
PaiA Spermidine/spermine N'-acetyltransferase NP_391095 (26)
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phase. Data are mean + SD. (n =3).



RESULTS

Evaluation criteria of polyamine biosynthetic and transport ability of bifidobacteria

When values (mean minus SD) of intracellular polyamine concentration (nmol/mg of
cellular protein) were greater than zero, it was judged that the bacteria contain cellular polyamines. If
polyamine was detected in the cells and furthermore polyamine concentration in the culture
supernatant was not decreased compared with originally contained in the medium, it was judged that
intracellular polyamine was biosynthesized by bifidobacteria and not derived from the medium.

Change in polyamine concentration was calculated by comparing the polyamine
concentration in the culture supernatant with that originally contained in medium, or by comparing
the concentration in the different growth stages. Because there is no report proving that polyamine is
extracellularly degraded, the decrease in polyamine concentration in the culture supernatant is thought
to result from an uptake of polyamine by the cultured bifidobacteria. If polyamine concentration in the
culture supernatant increased compared with originally contained in the medium or was increasing

from growing to stationary phase, the author judged polyamine was excreted by bifidobacteria.

Putrescine biosynthesis and transport of Bifidobacterium grown in GAM
Based on above criterion, the tested Bifidobacterium species contained no cellular Put when

cultivated in GAM (Fig. 2A).
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shown as a gray band

(B) Putrescine concentration in
culture supernatants of tested
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Bifidobacterium species in the
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and minimum putrescine
concentration values in GAM (n =
3)

in Fig. 2B. A decrease
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culture supernatant in 4
White bars show the putrescine

concentrations in growing phase,

the growing and/or and black bars show those in the
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Bifidobacterium angulatum, B. breve, Bifidobacterium catenulatum, B. faecale, Bifidobacterium

kashiwanohense, B. longum subsp. longum, and Bifidobacterium scardovii) in the tested 13 species
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(Fig. 2B). Comparing the Put concentrations in the culture supernatant of growing phase to those of
stationary phase, the Put concentration in the culture supernatant of B. scardovii was increased from

growing phase to stationary phase (Fig. 2B).

Spermidine concentrations of Bifidobacterium grown in GAM

Of the 13 tested species, 11 species contained Spd: in particular, Spd concentration in the
cells of B. animalis subsp. lactis (2.5 = 0.12 nmol/mg of cellular protein), B. kashiwanohense (1.2 +
0.8 nmol/mg of cellular protein), and Bifidobacterium pseudocatenulatum (1.4 + 0.18 nmol/mg of
cellular protein) was relatively high (Fig. 3A). No Spd was detected in the cells in both growing and

stationary phase of B. bifidum and Bifidobacterium gallicum (Fig. 3A).
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B. scardovii) of the tested 13 species in the growing and/or stationary phase (Fig. 3B).

Spermine concentrations of Bifidobacterium grown in GAM

Of the tested 13 species, 5 species (B. adolescentis, B. angulatum, B. animalis subsp. lactis,
B. faecale, and B. pseudocatenulatum) contained Spm in the cells: in particular, B. animalis subsp.
lactis (1.5 £ 0.03 nmol/mg of cellular protein) and B. pseudocatenulatum (2.8 + 0.47 nmol/mg)
contained relatively high concentration of Spm in the cells (Fig. 4A).

The Spm concentration in the culture supernatant with that originally contained in GAM
(6.3 £ 0.28 uM) was shown as a gray band in Fig. 4B. Spm concentration decreased in the culture
supernatants of 5 species (B. adolescentis, B. breve, B. kashiwanohense, B. longum subsp. longum,

and B. scardovii) in the growing and/or stationary phase (Fig. 4B). On the other hand, compared with
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GAM, Spm concentration in the culture supernatants in the growing phase of B. animalis subsp. lactis
and B. longum subsp. infantis was increased (Fig. 4B). In B. longum subsp. longum, Spm concentration

in the culture supernatant increased from the growing phase to stationary phase (Fig. 4B).
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Intracellular polyamine profile of Bifidobacterium grown in 199 medium

To investigate whether intracellular Spd and Spm was biosynthesized or imported from

medium, Bifidobacterium species were 025 4
cultured in 199 medium (polyamine-free 0-2 1
. . g 0.15 A
synthetic medium). Of the tested
O 0.1 4
Bifidobacterium species, 2 species (B.
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stationary phase when 199 medium was  Fig. 5. Growth of the tested human indigenous Bifidobacterium species cultured
in 199 medium.

: Growth of Bifidobacterium was monitored by measuring the
used for culture (FlgS. 7B and 7C) ODsoo. ODgoo value of the tested Bifidobacterium species grown in 199 medium

for 72 hours is shown. Data are mean + SD. (n =3).
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Fig. 6. HPLC chromatogram of cell extract of B. longum subsp. infantis and B. scardovii cultured in 199 medium.

(A) Growth curve of B. longum subsp. infantis and B. scardovii cultured in 199 medium. The white arrowheads indicate the sampling point used
for the growing phase and the black arrowheads indicate the sampling point used for the stationary phase. Data are mean + SD. (n =3).

(B) HPLC chromatogram of cell extract of B. longum subsp. infantis cultured in 199 medium and 1 pM standard (Put, putrescine; Cad, cadaverine;
Spd, spermidine; Spm, spermine).

(C) HPLC chromatogram of cell extract of B. scardovii cultured in 199 medium and 1 puM standard (Put, putrescine; Cad, cadaverine; Spd,
spermidine; Spm, spermine).

Polyamine biosynthetic activity of B. adolescentis JCM1275"

Recently, Pugin et al. reported that B. adolescentis strain A.1, which was isolated from adult
human fecal sample, produced approximately 400 uM of Spd and 900 uM of Spm into the culture
supernatant when grown in BHI medium containing 0.03 % biogenic amine cocktail (tyramine,

histamine, cadaverine, Put, Spd, and Spm) (19).
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Homologs of AguB
(putrescine carbamoyl transferase), PlaP (low-affinity putrescine importer) and PuuP (high-affinity
putrescine importer) were found in all tested Bifidobacterium species (Fig. 9A) by BlastP analysis. B.
adolescentis encodes an AguD (putrescine-agmatine antiporter) homolog (Fig. 9A). B. breve and B.
longum subsp. longum encode a homolog of NCPAH (N-carbamoylputrescine amidohydrolase) (Fig.
9A). B. catenulatum, B. kashiwanohense, and B. pseudocatenulatum encode an AguA (agmatine

deiminase) homolog (Fig. 9A). Homologs of PuO (putrescine oxidase) and PuuB (gamma-
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glutamylputrescine oxidoreductase) were not found in the tested Bifidobacterium species (Fig. 9A).
Except for B. bifidum, tested bifidobacteria possess homologs of GabT (4-aminobutyrate
aminotransferase), PatA (putrescine aminotransferase), PuuA (gamma-glutamylputrescine synthetase),
and PuuE (4-aminobutyrate aminotransferase) (Fig. 9A). Homologs of GabD (succinate-semialdehyde
dehydrogenase) and PuuC (NADP/NAD-dependent aldehyde dehydrogenase) were found in 5 species
(B. breve, B. catenulatum, B. gallicum, B. pseudocatenulatum, and B. scardovii) (Fig. 9A). A homolog
of PatD (gamma-aminobutyraldehyde dehydrogenase) was found in 6 species (B. breve, B.
catenulatum, B. gallicum, B. longum subsp. longum, B. pseudocatenulatum, and B. scardovii). B.
gallicum and B. scardovii encode a PuuD (gamma-glutamyl-gamma-aminobutyrate hydrolase)
homolog (Fig. 9A). There is no known Spd biosynthetic and transport protein homolog in analyzed
Bifidobacterium species (Fig. 9B). Only in B. animalis subsp. lactis, a PaiA (spermidine/spermine N'-

acetyltransferase) homolog was found (Fig. 9B).
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B. bifidum (B) Homologous proteins responsible for the biosynthesis,
B. breve degradation, and tranasport of spermidine in the tested human
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B. gallicum reported to react with both Spd and Spm.
) The BlastP analysis was performed against the genomes of the tested
B. kashiwanohense human indigenous Bifidobacterium using query proteins involving
B. longum subsp. infantis polyamine biosynthesis, transport, and degradation pathways.
B. longum subsp. longum Gray boxes indicate the result of homologs with scores > 100 bits and
B. pseudocatenulatum white boxes indicate that there were no homologs.

B. scardovii
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DISCUSSION

Of the tested Bifidobacterium species, Put concentration in the culture supernatant of 8
species (B. adolescentis, B. angulatum, B. breve, B. catenulatum, B. faecale, B. kashiwanohense, B.
longum subsp. longum, and B. scardovii) was significantly decreased (Fig. 2B). All 8 species that
appeared to take up Put from the medium encode a PlaP homolog and a PuuP homolog (Fig. 9A).
Therefore, these results suggest that PlaP and PuuP homologs are involved in the observed Put uptake.
However, the other 5 species (B. animalis subsp. lactis, B. bifidum, B. gallicum, B. longum subsp.
infantis, and B. pseudocatenulatum) possessing the PuuP and PlaP homologs did not show Put uptake
(Figs 2B and 9A). These results suggest that these PuuP and PlaP homologs are not functional or were
not expressed in the culture conditions used in this study. Although 8 species appeared to take up Put
from the media, intracellular Put was not detected in them (Fig. 2A). These 8 species possess the PuuA
and PuuE homologs (Fig. 9A), but the protein homologs to produce gamma-aminobutyric acid from
gamma-glutamylputrescine (PuuB, PuuC, and PuuD) were not completely conserved within the tested
Bifidobacterium species (Fig. 9A). On the other hand, 3 species (B. breve, B. catenulatum, and B.
scardovii), which appeared to take up Put from the medium but did not contain Put in the cell, possess
all the homologs of GabD, GabT, PatA, and PatD, which are responsible for the transaminase pathway
of putrescine degradation (22) (Fig. 9A). This suggests that these 3 species degrade Put via the
transaminase pathway. The other 5 species (B. adolescentis, B. angulatum, B. faecale, B.
kashiwanohense, B. longum subsp. longum) appear to possess a novel putrescine degradation pathway
because these strains possess neither a complete protein set of the transaminase pathway nor the
gamma-glutamylation pathway. Put concentration in the B. scardovii culture supernatant was found to
increase from the growing phase to the stationary phase (Fig. 2B). However, B. scardovii does not
possess homologs of AguD, PotE, or SapBCDF (Fig. 9A). These results suggest that B. scardovii
contains novel Put exporter(s).

Known Spd transporter homologs were not found in the tested Bifidobacterium species (Fig.
9B). Nevertheless, 5 species (B. adolescentis, B. breve, B. catenulatum, B. kashiwanohense, and B.
scardovii) appeared to take up Spd from the medium (Fig. 3B). These observations suggest that an
unknown Spd importer is present in these 5 species. Also, a known Spd biosynthetic protein homolog
was not found in the tested Bifidobacterium species (Fig. 3B). However, 11 species (B. adolescentis,
B. angulatum, B. animalis subsp. lactis, B. breve, B. catenulatum, B. faecale, B. kashiwanohense, B.
longum subsp. infantis, B. longum subsp. longum, B. pseudocatenulatum, and B. scardovii) contained
Spd in the cell when grown in GAM (Fig. 3A). Spd concentrations in the medium were decreased in
the culture supernatant of B. adolescentis, B. breve, B. catenulatum, B. kashiwanohense, and B.
scardovii (Fig. 3B). Furthermore, B. scardovii grown in the 199 medium contains no Spd (Fig. 6C).

These results suggest that intracellular Spd of B. adolescentis, B. breve, B. catenulatum, B.
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kashiwanohense, and B. scardovii originates from the medium. Although B. scardovii showed the
highest Spd uptake activity in the tested bifidobacteria (Fig. 3B), the Spd concentration in the cells
was low (Fig. 3A). This suggests the presence of the Spd metabolism in the cells of B. scardovii.
However, homologs of BItD and PaiA, which are involved in the Spd metabolism, were not found in
B. scardovii (Fig. 9B). These results suggest that B. scardovii degrades Spd by unknown Spd
degradation protein(s). On the other hand, Spd concentrations in the culture supernatant of 6 species
(B. angulatum, B. animalis subsp. lactis, B. faecale, B. longum subsp. infantis, B. longum subsp.
longum, and B. pseudocatenulatum) were not decreased (Fig. 3B). These observations suggest that
these 6 species biosynthesize Spd using unknown Spd biosynthetic enzymes. However, intracellular
Spd of B. longum subsp. infantis grown in 199 medium was not observed (Fig. 6B). GAM is nutrition
rich medium containing crude extract of animal tissue and plant (18). It was considered that the Spd
biosynthetic pathway of B. longum subsp. infantis was activated by unknown compound(s) contained
in GAM.

Spm concentration in the culture supernatant of 5 species significantly decreased (Fig. 4B).
In bacteria, Spm uptake via PotABCD has been reported (27). However, these 5 species, which
appeared to take up Spm, have no PotABCD homolog (Fig. 9B). These results suggest that a novel
Spm importer(s) is present in these 5 species. On the other hand, compared to medium, Spm
concentration in the culture supernatant of growing phase of B. animalis subsp. lactis and B. longum
subsp. infantis were increased (Fig. 4B). In addition, Spm concentration in the culture supernatant of
B. longum subsp. longum increased from growing phase to stationary phase (Fig. 4B). No Spm
exporter has been reported so far. Therefore, it is conceivable that these 3 species possess a novel Spm
exporter(s). In this study, the author found that 4 species (B. angulatum, B. animalis subsp. lactis, B.
faecale, and B. pseudocatenulatum) contained Spm in the cell (Fig. 4A). A decrease in Spm
concentration in the culture supernatant was not observed with all these species (Fig. 4B), suggesting
that these 4 species biosynthesize Spm using unknown Spm biosynthetic enzymes. However, B.
scardovii did not contain Spm in its cells (Fig. 4A), although the concentration of Spm in the culture
supernatant of B. scardovii was found to decrease (Fig. 4B). Therefore, the possibility of the Spm
metabolism was considered in B. scardovii cells but homologs of BItD and PaiA, which are involved
in Spd metabolism, were not found in B. scardovii (Fig. 9B). These results suggest that B. scardovii
degrades Spm by novel Spm degradation protein(s).

Pugin et al. reported that B. adolescentis A.1, which was isolated by them, exports a large
amount of polyamine into the culture supernatant (19). However, the author could not reproduce this
using B. adolescentis JCM1275" grown in the same medium (BHI medium containing 0.03 % biogenic
amines) used in their study (Fig. 7B). Moreover, B. adolescentis JCM1275T did not produce Spd and
Spm when grown in BHI medium without biogenic amines (Fig. 7A).

To date, it has been thought that Bifidobacterium species have no polyamine biosynthetic
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ability (13). In the present study, the author suggested that 6 species (B. angulatum, B. animalis subsp.
lactis, B. faecale, B. longum subsp. infantis, B. longum subsp. longum, and B. pseudocatenulatum) of
human indigenous Bifidobacterium has Spd and/or Spm biosynthetic ability. Furthermore, to the best
of my knowledge, polyamine transport ability of human indigenous Bifidobacterium species has not
been reported. My results indicate that 10 species of human indigenous Bifidobacterium possess
polyamine transport ability. In the future, identification of the polyamine biosynthetic and transport
proteins of Bifidobacterium species at the genetic level is necessary for understanding the polyamine

metabolism of Bifidobacterium.
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SUMMARY

Bifidobacteria are members of the human intestinal microbiota, being numerically dominant
in the colon of infants, and also being prevalent in the large intestine of adults. In this study, the author
measured the concentrations of major polyamines (putrescine, spermidine, and spermine) in cells and
culture supernatant of 13 species of human indigenous Bifidobacterium at growing and stationary
phase. Except for Bifidobacterium bifidum and Bifidobacterium gallicum, 11 species contained
spermidine and/or spermine when grown in Gifu anaerobic medium (GAM). However,
Bifidobacterium scardovii and Bifidobacterium longum subsp. infantis, which contain spermidine
when grown in GAM, did not contain spermidine when grown in polyamine-free 199 medium. Of the
tested 13 Bifidobacterium species, 10 species showed polyamine transport ability. Combining
polyamine concentration analysis in culture supernatant and in cells, with basic local alignment search
tool analysis suggested that 11 species of tested human indigenous Bifidobacterium, except for B.

bifidum and B. gallicum may possess novel polyamine biosynthetic proteins and/or transporters
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SECTION III

Analysis of a novel putrescine exporter SapBCDF of Escherichia coli

Polyamines in the colonic lumen are derived from gut microbes and impact the health of
animals either negatively (1-3) or positively (4-6). Briefly, polyamine catabolism contributes to
enterotoxigenic Bacteroides fragilis-induced colon tumorigenesis (1), and levels of rectal mucosal
polyamines are increased colorectal adenoma (3). On the other hand, upregulation of colonic luminal
polyamines produced by the gut microbes delays senescence in mice (4,5). At physiological pH
polyamines are positively charged and hydrophilic, and therefore cannot pass through hydrophobic
cytoplasmic membranes. Consequently, polyamine transporters are required for their uptake and
export in the gut microbes, and the concentration of polyamines in the intestinal tract results from the
balance of uptake by polyamine importers and export by polyamine exporters of the gut microbes.

In Escherichia coli which is a model organism of the gut microbes, putrescine is synthesized
from ornithine by ornithine decarboxylase (SpeC/SpeF) (7,8) or from arginine by the sequential
actions of arginine decarboxylase (SpeA) (9) and agmatine ureohydrolase (SpeB) (10). Putrescine is
converted to spermidine, another polyamine, by the addition of an aminopropyl group derived from
decarboxylated S-adenosylmethionine by spermidine synthase (SpeE) (11).

Five putrescine importers in E. coli have been experimentally identified. PotFGHI has been
identified as an ATP-dependent putrescine transporter of the ATP-binding cassette (ABC) transporter
family (12). PotABCD is a spermidine transporter of the ABC transporter family that takes up
putrescine with lower affinity (13). PuuP was discovered as a putrescine importer dependent on proton
motive force (14) and is indispensable when E. coli grows on putrescine as a sole carbon or nitrogen
source (14). PlaP is a proton-dependent putrescine importer that is important when E. coli exhibits
surface motility (15). PotE is responsible for both excretion and uptake of putrescine (16,17). PotE is
a proton-dependent putrescine importer at neutral pH, but at acidic pH PotE is a putrescine-ornithine
antiporter (17). An acid-inducible ornithine decarboxylase is encoded by spef’, which is located in the
same operon as potE (8). SpeF converts ornithine to putrescine with consumption of a proton, and
PotE exports putrescine with uptake of ornithine (16). Through this process E. coli adapts to the acidic
environment. In addition, at neutral pH, E. coli excretes putrescine into environment independently of
PotE (18), suggesting that there are other unidentified putrescine exporters in E. coli.

Considering the importance of gut microbes as the source of polyamines in colon, obtaining
a better understanding of polyamine export is clearly of interest. In this SECTION, the author
performed a genome-wide screening for novel putrescine exporters of E. coli and biochemically
demonstrated that the sapBCDF operon contributes to putrescine export from the cell to the

environment.
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MATERIALS AND METHODS

Strains and plasmids

Strains used in the present study are listed in Table 1 except that the Keio gene knockout
collection (19) used for initial screening for the putrescine exporter. Strains used for initial screening
for the putrescine exporter are listed in Table 2. P1 transduction (20) was used to transfer the
chromosomal deletion of genes: ApuuP (JW1289) in the Keio collection (19), into MG1655 (wild-
type background), generating SK614 (ApuuP::FRT-kan+-FRT). Plasmid pCP20 (21) was introduced
to eliminate the kanamycin resistance gene (kan+), generating SK623 (ApuuP::FRT). Gene
disruptions of speB, speC, and sapBCDF were performed employing a previously described method
using pKD3 or pKD13 (21). pSK607 (pACYC184-sapB*C*D*F*) was constructed as follows. The
4,142 bp DNA fragment including sapBCDF and 500-bp of the upstream region of sapB on the
chromosome of E. coli MG1655 was amplified by PCR using KOD-plus- polymerase (Toyobo, Osaka,
Japan), "TTT _HindIIl sapBCDF _start side" and "AAA_Sphl sapBCDF _term_side" as primers, and
genomic DNA of E. coli MG1655 as template. The amplified fragment was cloned into pACYC184

digested by HindIII and Sphl, and the cloned region was sequenced to confirm there was no mutation.

Media and Growth conditions

M9 + tryptone medium (M9 minimal medium, except that 1 % Bacto-tryptone was used
instead of 0.2 % glucose) (22) was employed for the bactericidal assay (23) and for analysis of
putrescine concentration of the culture supernatant of strains with a deletion of puuP encoding a
putrescine importer previously described (14). Because puuP is negatively regulated by succinate (24),
0.2 % of sodium succinate was supplemented to the M9 + tryptone in analysis of putrescine
concentration of culture supernatant of strains with puuP* backgrounds. One millimolar stable isotope-
labeled arginine was supplemented to the M9 + tryptone medium in analysis of stable isotope-labeled
putrescine concentration of the culture supernatant of strains. In screening for putrescine exporters,
strains were grown in 5 mL of M9 + tryptone + succinate medium in 20 mL test tubes at 37 °C, with
reciprocal shaking at 140 rpm for 6 hours. In the other experiments, strains were grown at 37 °C with

reciprocal shaking at 140 rpm in 60 mL of media in a 300 mL Erlenmeyer flask.

Bactericidal assay

To assess the susceptibility of E. coli MG1655 and YS40 (MG1655 except AsapBCDF)
strains to an antimicrobial peptide LL-37, the experiment was performed according to Harwig et al.
(23) with some modifications. Briefly, E. coli MG1655 and YS40 (MG1655 except AsapBCDF) were
grown in M9 + tryptone medium with 140 rpm at 37 °C for 4 hours. An assay medium was prepared
by adding 100 pL of Luria-Bertani (LB) medium to 6.9 mL of 10 mM sodium phosphate buffer (pH
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7.4) and warmed to 37 °C prior to use. Cells were washed with ice-cold 10 mM sodium phosphate
buffer (pH 7.4), and resuspended in the same buffer to a concentration of 5 x 10 cells/mL. A reaction
mixture containing 10 pL of cell suspension, 5 uL of LL-37, and 35 pL of assay medium, was
incubated for 2 hours at 37 °C. The reaction was stopped by adding 450 puL of ice-cold 150 mM sodium
chloride to the reaction mixture. After the reaction, the reaction mixture was serially diluted with ice-
cold 10 mM sodium phosphate buffer (pH 7.4) and plated on LB medium. Plates were incubated at
37 °C for 22 hours and the numbers of colonies were counted to quantify cell viability in the reaction
mixture. Cell viability in the reaction mixture was quantified by counting colony formations. Survival
ratios were calculated by dividing the colony forming units of the cells treated with LL-37 by those of
the cells without LL-37 treatment.

Quantification of polyamines

Polyamines concentrations were quantified by high-performance liquid chromatography
(HPLC). HPLC analysis and sample preparation was performed as described previously (25). Briefly,
a normal-phase HPLC system (Chromaster, Hitachi Co., Ltd., Tokyo, Japan) equipped with a cation-
exchange column (#2619PH, 4.6 x 50 mm; Hitachi) was used for separation of polyamines. Eluted
polyamines were derivatized with o-phthalaldehyde using the post-column method and were detected
using a fluorescence detector (Aex 340 nm, Aem 435 nm). The concentration of each polyamine was
calculated based on a standard curve created using standards of known concentrations. In the
preparation of culture supernatant samples, 500 pL of culture was centrifuged (18,700 xg, 4 °C, 5 min)
and the supernatant was collected. To remove proteins, 1/10 volume of 100 % (w/v) trichloroacetic
acid was added and mixed using a Vortex machine followed by a centrifugation (18,700 x g, 4 °C, 30
min). After the centrifugation, polyamines in the supernatant were analyzed by HPLC. In the
preparation of whole-cell samples, 500 pL of ODggo = 0.5 (samples cultured for 2 hours) or ODggo = 1
(samples cultured for 4 to 24 hours) culture was centrifuged and the pellet was washed with 1 mL of
ice-cold M9 minimal medium without glucose. The washed pellet was resuspended in 300 pL of 5 %
(w/v) trichloroacetic acid and boiled for 15 min to rupture the cells. The suspension was centrifuged
(21,500 xg, 4 °C, 15 min), the supernatant was applied to the HPLC column after filtration using
Cosmonice filter W (Nacalai Tesque, Kyoto, Japan), and the precipitated protein was dissolved in 300
puL of 0.1 N NaOH. Protein concentration of the solution was quantified by the Bradford method using
a Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The resulting concentration

of putrescine was expressed as nmol/mg of total cell protein.

Detection of stable isotope-labeled putrescine by gas chromatography-mass spectrometry
The amount of stable isotope-labeled putrescine was determined by gas chromatography-

mass spectrometry (GC-MS) using a modified version of the methods described in Chen et al/ (26).

102



E. coli strains were cultured for 8 hours in M9 + tryptone medium supplemented with stable isotope-
labeled L-['3Cs, 'SN4]-arginine (S.I.Arg, Wako Pure Chemicals, Osaka, Japan) at a final concentration
of 1 mM. Culture supernatant of the strain grown in S.I.Arg was mixed with 10 % (v/v) of 100 % (w/v)
trichloroacetic acid to precipitate proteins. The sample was then clarified by centrifugation at 18,700
xg for 35 min at 4 °C, and 600 pL of the supernatant was extracted by vortexing for 1 min in 2 mL
diethyl ether. The emulsion was then separated by centrifugation at 15,000 xg for 5 min at 4 °C, and
the ether layer containing lipids, carbohydrates, and other potential contaminants was discarded, and
the aqueous layer was extracted in the same manner once more. A 500 pL aliquot was supplemented
with 10 pL 0.01 % (w/v) 1, 6-hexanediamine (Kanto Chemical, Tokyo, Japan) as internal standard,
and adjusted to pH 11.5 £ 0.5 with 5 M NaOH. To carry out the N-ethoxycarbonylation of the amines,
1 mL of diethyl ether containing 50 pL of ethylchloroformate (Kanto Chemical) was added to the
sample solution. The reaction mixture was shaken at room temperature for 30 min, and then
centrifuged at 15,000 xg for 5 min at 4 °C. The ether layer containing the polyamine N- ethoxycarbonyl
derivatives was transferred to a glass tube with screw cap. This derivatization reaction was repeated
by re-extracting the aqueous phase with 1 mL of diethyl ether containing 50 pL ethylchloroformate.
The ether layers from the two extractions were combined and dried under a dry nitrogen stream. Dried
N-ethoxylcarbonyl polyamine derivatives were taken up in 100 puL of ethyl acetate to which 200 pL
of trifluoroacetic acid anhydride (Sigma-Aldrich, St. Louis, MO, USA) was added. The mixture in
sealed glass tubes were placed on a 75 °C heating block for 60 min to complete the trifluoroacetylation
reaction, and then completely dried under a dry nitrogen stream. Derivatives were reconstituted in 200
uL of ethyl acetate and 2 uL of derivatized samples were injected into a GC-MS. Analysis were carried
on an Equity-5 capillary column (30 m X 0.25 mm, 0.25 pum film thickness, Sigma-Aldrich) using
helium as a carrier gas. Temperatures of injector and source were 260 °C and 150 °C, respectively.
The GC oven was programmed from 140 °C to 190 °C at 8 °C /min followed by a 4-min hold, then to
300 °C at 20 °C /min, followed by a 4 min hold. A final temperature increased to 320 °C at 20 °C /min
was held as bake out for 4 min. Fragment ions were monitored in selected ion monitoring mode, and
the ion with m/z +355 was used as basis fragment for putrescine. Extraction and derivatization rates
were standardized using 1,6-hexanediamine, and putrescine was quantified using external calibration

curves.
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Table 1. Strains, plasmids, and oligonucleotides used in the present study.

Strain, plasmid, i Source or
. > Characteristic or sequence
or oligonucleotide Reference
Strain
BW25113 rrnB3 AlacZ4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-1 (19,27)
MG1655 F" prototrophic Laboratory
stock
SK614 MG1655 but ApuuP::kan"FRT This study
SK623 MG1655 but ApuuP::FRT This study
SK626 MG1655 but ApuuP::FRT AsapBCDF:kan® FRT This study
SK627 pACYCI184/SK623 This study
SK628 pACYC184/SK626 This study
SK634 pSK607/ SK626 This study
YS40 MG1655 but AsapBCDF'::kan* FRT This study
YS111 pACYCI184/MG1655 This study
YS112 pACYC184/YS40 This study
YS113 pSK607/YS40 This study
YS226 MG1655 but ApuuP::FRT AspeB::FRT AspeC::FRT This study
MG1655 but ApuuP::FRT AspeB::FRT AspeC::FRT .
YS227 AsapBCDF: :Fé’T P P This study
YS233 pACYCI184/YS226 This study
YS234 pACYC184/YS227 This study
YS235 pSK607/YS227 This study
Plasmid
. b New England
pACYC184 pl5A replicon cat” tet Biolabs
pCP20 oriR101 bla™ cat”™ 1857 A\PR 1)
pKD3 oriRy bla” FRT-cat™-FRT 21)
pKD13 oriRy bla” FRT-kan*-FRT 21)
pSK607 p15A replicon cat" sapB*C'D'F* This study
Oligonucleotide
TTT_HindIIl_sapBCDF _start_side TTTAAGCTTTGGGTGCCCACACGTTCGCA This study
AAA Sphl sapBCDF term_side AAAGCATGCTTAGCGATCTTTACGCCACG This study
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Table 2. Strains from Keio collection used for putrescine exporter screening

and the concentration of putrescine (Put) in the culture supernatant.

Keio collection Deleted Put conc.  Keio collection Deleted Put conc.
No. gene (uM) No. gene (uM)
JW0699 ybgH 75.5 JWO0779 ybhG 53.8
JW1787 leuE 72.0 JW3236 yhdW 53.5
JW2562 eamB 69.9 JW3313 kefB 53.5
JWO0798 rhtA 68.6 Jw3423 livK 53.4
JW1052 mdtH 68.5 JW1322 mppA 53.0
JW2062 mdtD 66.7 JW0454 kefA 53.0
JW3209 aaeB 66.3 JW3333 friA 52.4
JW3087 tdeC 66.2 JW3239 vhdZ 52.1
JWO0531 emrE 65.0 JW3434 zntA 519
JW2061 mdtC 64.7 JW0563 cusB 51.7
JWII110 potC 64.2 JWO0795 ginP 51.6
JW3469 arsB 62.5 JWO0753 ybhi 51.5
JW2369 yfdv 62.1 JW0863 macB 51.5
JW1235 oppA 61.8 JW0794 ginQ 51.1
JW0066 thiP 61.2 JW3482 mdtF 50.7
JW3422 livH 60.1 JW2304 hisM 50.6
JW0562 cusF 60.1 JW0046 kefC 50.3
JW3035 1tdT 60.1 JWII111 potB 50.2
JW3508 yhjV 59.5 JWO0564 cusA 50.1
JW0565 pheP 58.5 JW3633 setC 49.9
JW1469 yddG 58.1 JwW0148 fhuD 49.9
JW3420 livG 56.5 JW3419 livF 49.6
JW0451 acrB 56.3 JWO0108 aroP 49.4
JW3210 aaeA 56.3 JW1592 mdtJ 494
JW1591 mdtl 56.0 JW2060 mdtB 49.1
JW1109 potD 55.9 JW1902 yecC 49.1
JW0320 yahN 55.9 JW1903 yecS 49.1
JW3421 livM 55.8 JWO0561 cusC 49.1
JW3425 livJ 55.4 JWO0065 thiQ 49.0
JW0452 acr4 54.6 JW0069 setA 48.5
JW3481 mdtE 54.6 JW0391 brnQ 48.5
JW1487 gadC 54.4 JWI1112 potA 48.4
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Table 2 continued.

Keio collection Deleted Put conc.  Keio collection Deleted Put conc.
No. gene (uM) No. gene (uM)
JW1287 sapA 48.3 JW2661 emrB 40.4
JW0604 citT 48.3 JWO0679 potE 40.4
JW1521 ydeA 47.8 JwWo0841 potl 40.4
JW3509 dppF 47.4 JW1597 ydgl 40.3
JwW0149 fhuB 47.1 JWO0796 ginH 40.2
JW1289 puuP 46.9 JW3558 yiaV 39.9
JWO0735 zitB 46.8 JW2621 iV 39.8
JW2305 hisQ 46.8 JW0359 tauC 39.6
JW3234 acrF 46.2 JW2813 yqeG 394
JW2143 lysP 45.2 JW0067 thpA 39.2
JW3193 nanT 44.9 JW2436 eutH 39.1
JW1088 fhuE 44.8 JW0358 tauB 38.9
JWO0357 tauA 44.5 JW2364 emrY 38.8
JW0840 potH 44.5 JW0473 copA 38.6
JW3130 mtr 44.0 JW0475 ybaT 38.1
JW5802 ydbA 43.9 JW0826 cmr 37.7
JW2638 gabP 43.8 JW1965 yeeO 37.6
JW0468 fsr 43.7 JW0845 artM 37.6
JW3513 dppA 43.7 JW0862 macA 37.4
JW2307 argT 43.4 JW0847 artl 37.3
JWO0548 ybcW 43.0 JW2454 acrD 36.7
JW3212 aaeR 42.9 JW1040 mdtG 36.5
JW2157 setB 42.9 JW1464 narl 36.5
JW1780 yeaN 42.7 JW0476 cueR 35.6
JW3510 dppD 42.7 JW1895 tyrP 34.1
JW1655 mdtK 42.6 JW2767 sdaC 33.1
JW2365 emrK 42.4 JW2660 emrA 31.2
JW2303 hisP 42.2 JW1284 sapD 25.5
JW0049 apaG 41.8 JW1283 sapF 18.6
JWO0838 potF 41.1
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RESULTS

Screening for a putrescine exporter
Based on the hypothesis that the putrescine concentration in the culture supernatant of strains
with a deletion of the gene encoding a putrescine exporter is lower than that of the parental strain, the

putrescine concentration was measured in the culture supernatant of 123 strains with deletions of genes

involved in or annotated as
transport systems (Fig. 1A and
Table 2). The deletion strains
were obtained from the Keio
collection, which is an E. coli
single gene deletion mutant
library that has been previously
described (19). The screening
indicated that the putrescine
concentration of culture
supernatant of E. coli AsapF
strain (JW1283) was the lowest
(18.6 uM) of the tested strains,
and the second lowest putrescine
concentration of the culture
25,5 uM
observed in  AsapD

(JW1284). These values were

supernatant ~ was

strain

significantly lower than those of
the parental strain (BW25113,
48.8 uM) or the median (48.7
uM) of the strains tested (Fig.
1A). These results suggested that
sapD and sapF contribute to

putrescine export from the cell.

A
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AsapBCDF
(SK626 and YS40)

Fig. 1. Putrescine concentrations of culture supernatant of screened strains and depiction of
putative sapABCDF operon.

(A) Putrescine concentrations of the culture supernatant of the screened strains. Bacterial
strains were grown for 6 hours at 37 °C with reciprocal shaking at 140 rpm in 5 mL of M9 +
tryptone + succinate medium in a 20 mL test tube. Culture supernatant was harvested and
subjected to HPLC analysis. Dots in the box plot indicate putrescine concentration of culture
supernatant of tested mutants. The concentration of putrescine of culture supernatant of
parental strain (BW25113), AsapD (JW1284), and AsapF (JW1283) are indicated as solid
dots.

(B) The putative sapABCDF operon and its deleted or subcloned regions in this study.
Locations and directions of genes are indicated by arrows and the annotations of genes are
indicated below the arrows. Locations of predicted promoters are shown by arrowheads: Gray
arrowheads indicate 654, black arrowheads indicate ©70. The deleted region of the
chromosome in the AsapBCDF strains and cloned regions in the pACYC184 vector are shown
in the illustration.

Putrescine concentration of the culture supernatant is not influenced by AsapA but is affect by

AsapBCDF

An in silico analysis predicts that sapD and sapF are located in the sapABCDF operon (Fig.
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1B) but the function of sap4ABCDF has not been experimentally determined. From in silico annotation,
SapA is predicted as a periplasmic binding protein of an ABC transporter, and SapB and SapC are
predicted as integral membrane proteins of an ABC transporter, furthermore SapD and SapF are
predicted to be ATP binding proteins of an ABC transporter (Fig. 1B). Based on the hypothesis that
sapABCDF encodes a novel putrescine exporter, putrescine concentrations of culture supernatants of
AsapA (JW1287), AsapB (JW1286), and AsapC (JW1285) strains were measured. Unexpectedly, the
concentration of putrescine in the culture supernatant of AsapA (48.3 pM) was almost equivalent to
that of the parental strain BW25113. In contrast, the putrescine concentration of culture supernatant
of AsapB and AsapC strains were 37 % (18.2 uM) and 47 % (23.4 uM) of that of the parental strain
BW25113, respectively. These results indicate that the decrease of putrescine concentration of culture
supernatant came from the deletion of sapB, sapC, sapD, and sapF genes, but that sap4 was not

involved in the decrease of putrescine.

SapBCDF does not contribute to resistance against antimicrobial peptide LL-37

Previous studies have reported that SapABCDF proteins of Salmonella enterica sv.
Typhimurium (28) and Haemophillus influenzae (29) contribute to resistance against antimicrobial
peptides by uptake of these peptides followed by LL-37 (ug/mL)

intracellular degradation of the peptide bonds. To 0

examine the contribution of sapBCDF of E. coli to
resistance against an antimicrobial peptide, the
susceptibility of the E. coli MG1655 (wild type) and
YS40 (MG1655 AsapBCDF) to the antimicrobial
peptide LL-37 was analyzed (Fig. 2). E. coli was killed

Survival ratio (Logq)
N

-4
by LL-37 in a manner dependent on the concentration of

.. . . ey en Fig. 2. Effect of the deletion of sapBCDF on resistance
the antimicrobial peptide, however, susceptibility to the  against LL-37, an antimicrobial peptide.
Strains were incubated with different concentrations of

: : : : LL-37. After incubation, the cells were plated, and the
LL-37 was not 51gn1ﬁcantly different in MG1655 and numbers of colonies were counted after incubation. Survival

ratios were calculated by dividing the colony forming units

Y S40 (AsapBCDF) (Flg 2) These results demonstrate of strains incubated with LL-37 by those without LL-37.
Closed and open circles indicate the mean survival ratio of

: : . MG1655 (parental strain) and YS40 (sapBCDF deleted
that SapBCDF do not contribute to resistance against the  gain). respectively. Data are expressed as the mean =

standard deviation (SD) of three separated experiments.

antimicrobial peptide LL-37.

sapBCDF increases the concentration of putrescine in culture supernatant

To elucidate the role of sapBCDF in the regulation of putrescine concentration in culture
supernatant, YSI111 (pACYC184/wild type), YS112 (pACYCI184/AsapBCDF), and YSI13
(pACYC184-sapB*C*D*F*/AsapBCDF) were constructed, and the cell density (ODgoo), putrescine

concentrations of culture supernatant normalized by the cell density (uM/ODsgo), and putrescine
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Fig. 3. Effect of the deletion of sapBCDF on putrescine concentrations of culture
supernatants.

C Bacterial strains were grown in M9 + tryptone + succinate medium supplemented
with 30 pg/mL of chloramphenicol. Data are expressed as the mean + SD of three
separate experiments.

120 (A) Growth curves of strains. Closed, open, and grey circles represent the mean
ODsoo values of YS111 (parental strain), YS112 (sapBCDF-deleted strain), and YS113
’E 100 A (sapBCDF-complemented strain), respectively.
© (B) Changes of putrescine concentration in the culture supernatant of strains.
-‘6 Cultures were taken at different times after inoculation, and putrescine concentrations
2 80 ~ of culture supernatant were measured by HPLC. Putrescine concentrations were
- “‘3‘ normalized by dividing the values of ODgoo. Closed, open, and grey circles represent
> O 60 - the mean of normalized putrescine concentrations of culture supernatant of YS111
oo (parental strain), YS112 (sapBCDF-deleted strain), and YS113 (sapBCDF-
E complemented strain), respectively. The means with different or same letters are
° 40 - significantly different or not significantly different, respectively (a vs b, p <0.01; ¢ vs
e d, p <0.01 according to Tukey’s test).
c 20 4 (C) Changes of intracellular putrescine concentration of strains.
~ Cells were harvested at indicated times and putrescine concentrations in the cells were
0 measured by HPLC and normalized to the amounts of protein in the cells. Closed,
T T T T g

T open, and grey circles represent the mean of normalized putrescine concentrations in
0 4 8 12 16 20 24 28 the cell of YSI11 (parental strain), YS112 (sapBCDF-deleted strain), and YS113

) . ) (sapBCDF-complemented strain), respectively.
Cultivation time (h)

concentration in the cells (nmol/mg of protein) were measured (Fig. 3). Cell growth of YS111 (parental
strain) and YS112 (sapBCDF-deleted strain) were not significantly different although that of YS113
(sapBCDF-complemented strain) was slightly increased compared to the YS111 and YS112 (Fig. 3A).
Putrescine concentrations of culture supernatants of YS111 (parental strain) and YS113 (sapBCDF-
complemented strain) peaked at 4 hours after inoculation and reached 41.9 pM/ODgpo and 38.4
uM/ODgoo, respectively (Fig. 3B) and decreased to zero at 12 hours. In contrast, the peak putrescine
concentration of culture supernatant of YS112 (sapBCDF deleted strain) was 26.2 pM/ODego (63 %
of parental strain) at 4 hours after inoculation (Fig. 3B). The difference in the putrescine concentration
of culture supernatant between sapB*C*D*F" strains (YS111 and YS113) and AsapBCDF (YS112)
was highly statistically significant (p < 0.01, Tukey’s test) at 2 and 4 hours after inoculation (Fig. 3B).
In contrast, putrescine concentration in the cell was not influenced by deletion and complementation
of sapBCDF (Fig. 3C), suggesting that the decrease in putrescine concentration of the culture
supernatant by the deletion of sapBCDF (Fig. 3B) was not caused by decreased production of
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putrescine in E. coli cells. The putrescine concentrations of culture supernatant started to decrease
rapidly at 4 hours after inoculation (Fig. 3B). Kurihara ef al. previously reported that the decrease of
putrescine in culture supernatant was caused by putrescine uptake by a putrescine importer PuuP (14).
To emphasize the increase of putrescine in culture supernatant by sapBCDF, strains SK627
(pACYC184/ApuuP, parental strain), SK628 (sapBCDF-deleted strain), and SK634 (sapBCDF-
complemented strain) were constructed in the puuP deletion background. Cell growth of SK627
(parental strain) and SK634 (sapBCDF-complemented strain) were almost identical, however, cell
growth of SK628 (sapBCDF-deleted strain) was inhibited compared to SK627 and SK634 (Fig. 4A).
Putrescine concentrations of culture supernatant of SK627 (parental strain) and SK634 (sapBCDF-
complemented strain) peaked at 8 to 10 hours, respectively, after inoculation, and reached 103.4 uM
and 83.6 puM, respectively (Fig. 4B). In contrast, the maximum putrescine concentration of culture
supernatant of SK628 (sapBCDF-deleted strain) was only 33.6 pM (32 % of parental strain) at 12
hours after inoculation (Fig. 4B). Putrescine concentration of culture supernatant normalized by cell
growth (UM/ODeoo) showed a similar trend where putrescine concentration of the culture supernatant
depended on the presence of sapBCDF (Fig. 4C). These results demonstrate that saqpBCDF plays an

important role in increasing putrescine concentration of the culture supernatant.
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Fig. 4. Effect of the deletion of sapBCDF in ApuuP background on putrescine concentrations of culture supernatant.

Bacterial strains were grown in M9 + tryptone medium supplemented with 30 pg/mL of chloramphenicol. Data are expressed as
the mean + SD of three separate experiments.

(A) Growth curves of strains. Closed, open, and grey squares represent the mean of ODgoo values of SK627 (pACYC184/ApuuP,
parental strain), SK628 (sapBCDF-deleted strain), SK634 (sapBCDF-complemented strain), respectively.

(B and C) Changes of putrescine concentration of the culture supernatant of strains.
Cultures were taken at different times after inoculation, and putrescine concentrations of culture supernatant were measured by
HPLC (B). The putrescine concentrations were normalized by dividing the values of ODsoo (C). Closed, open, and grey squares
represent the mean of normalized putrescine concentrations of culture supernatant of SK627 (pACYC184/ApuuP, parental strain),
SK628 (sapBCDF-deleted strain), SK634 (sapBCDF-complemented strain), respectively.
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AsapBCDF does not stimulate putrescine uptake

To eliminate the possibility that putrescine uptake was facilitated by the deletion of
sapBCDF, YS233 (pACYC184/ApuuP AspeB AspeC, parental strain), YS234 (sapBCDF-deleted
strain), and YS235 (sapBCDF-complemented strain) were grown in M9 + tryptone medium
supplemented with 100 uM putrescine and the concentration of putrescine of the culture supernatant
was measured. In this experiment, to facilitate comparison of decreases of putrescine in the culture
supernatant, export of putrescine from E. coli cell was abolished by deletion of speB and speC genes
encoding enzymes for putrescine biosynthesis. Cell growth of YS235 (sapBCDF-complemented
strain) was considerably inhibited compared to that of YS233 (parental strain), furthermore, cell
growth of YS234 (sapBCDF-deleted strain) was considerably decreased compared to that of YS235
(sapBCDF-complemented strain) (Fig. SA). Putrescine concentrations of the culture supernatant of
tested strains were decreased gradually, but no significant differences of the putrescine concentration
of culture supernatants were observed (Fig. 5B). Decrease of the concentration of putrescine
normalized by the cell growth (uUM/ODeoo) was not significantly different at 8 hours after inoculation
of the tested strains (Fig. 5C), suggesting that deletion and complementation of sapBCDF did not
influence uptake of putrescine from the medium. Taken together, the decrease of putrescine
concentration of culture supernatant by the deletion of sapBCDF (Figs. 3 and 4) did not result from

increased putrescine uptake but from decreased putrescine export from E. coli cells.
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Fig. 5. Effect of the deletion of sapBCDF on putrescine uptake from the medium.

Bacterial strains were grown in M9 + tryptone medium supplemented with 30 ug/mL of chloramphenicol and 100 uM putrescine, and growth of
strains were measured optical density at 600 nm (ODgoo). Data are expressed as the mean + SD of three separate experiments.

(A) Growth curves of strains.
Closed, opens, and grey squares represent the mean of ODeoo values of YS233 (pACYC184/AspeB AspeC ApuuP parental strain), YS234
(sapBCDF-deleted strain), and YS235 (sapBCDF-complemented strain), respectively.

(B) Uptake of putrescine from culture by tested strains.
Cultures were taken at different times after inoculation and putrescine concentration of culture supernatant was measured by HPLC. Closed, open,
and grey squares represent the mean of putrescine concentration of culture supernatant of YS233 (pACYC184/AspeB AspeC ApuuP parental strain),
YS234 (sapBCDF-deleted strain), and YS235 (sapBCDF-complemented strain), respectively.

(C) Decreases of putrescine in the culture supernatants of tested strains.
First, a decrease of putrescine concentration during the culture was calculated by subtracting putrescine concentration (uM) of culture supernatant
at 8 hours after inoculation from 100 uM, which is the original putrescine concentration of the medium used in this experiment. Then, the decreases
(uM) were normalized by dividing the values of ODeoo. Closed, open, and grey bars represent the normalized decrease of putrescine concentration
of culture supernatant of YS233 (pACYC184/AspeB AspeC ApuuP parental strain), YS234 (sapBCDF-deleted strain), and YS235 (sapBCDF-
complemented strain), respectively.
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Export of putrescine by SapBCDF

To demonstrate clearly that the increase of putrescine in the culture supernatant resulted
from transport of putrescine from E. coli cells into the environment mediated by SapBCDF, an assay
using stable isotope-labeled arginine (S.1.Arg) was performed. In this experiment (Fig. 6A), S.I.Arg is
imported into E. coli cells by an arginine transporter and metabolized to stable isotope-labeled
putrescine (S.I.Put) via stable isotope-labeled agmatine through sequential reactions catalyzed by
SpeA (arginine decarboxylase) and SpeB (agmatine ureohydrolase). If the resultant S.I.Put is exported
from the E. coli cells to the medium by SapBCDF, the concentration of S.I.Put in the culture
supernatant will be influenced by deletion and complementation of sapBCDF. In the culture
supernatant of SK627 (pACYC184/ApuuP, parental strain), concentration of S.L.Put was 21.8
pUM/ODgoo. In contrast, the concentration of S.I.Put in culture supernatant of SK628 (sapBCDF-deleted
strain) was 8.3 pM/ODeoo and this value was a 62 % decrease (p < 0.01, Tukey’s test) from the value
of parental strain SK627. In the complementation strain SK634 (sapBCDF-complemented strain), the
concentration of S.I.Put in culture supernatant was restored to 77 % (16.9 pM/ODsqo) of the value of
the parental strain SK627 (Fig. 6B). Total putrescine concentration (Fig. 5C) showed similar trends to
S.I.Put concentration in culture supernatant (Fig. 6B) and the ratio of stable isotope-labeled and
unlabeled putrescine was almost same in the three strains used in the study (Fig. 6D), suggesting the
stable-isotope-labeling affected neither arginine metabolism nor putrescine export from E. coli cells.

These results demonstrated that SapBCDF is responsible for putrescine export.
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30
Y 2 .
S.ILArg 8

8 20 A c Fig. 6. Effect of the deletion of sapBCDF on the
s concentration of culture supernatant of stable
=2 15 1 isotope-labeled putrescine derived from stable
5 b isotope-labeled arginine supplemented to the

o 10 1 medium.
a 5 | Bacterial cells were grown in M9 + tryptone
medium supplemented with 30 pg/mL of
0 - chloramphenicol and 1 mM of S.I.Arg. Cultures

were harvested at 8 hours after inoculation.
Analysis of S.I.Put of the culture supernatant
was performed by GC-MS, and putrescine
concentration was quantified using a standard
curve and internal standard methods. Data are
expressed as the mean + SD of three separated
experiments.

SK627 SK628 SK634

C D (A) Schematic illustration of the experiment.
Gray circles indicate stable isotope-labeled
100 40 atoms.

3 = (B and C) Concentration of S.I.Put (B) and
3801 a = 30 = total putrescine, sum of S.I.Put and native
8 5 putrescine (C) of culture supernatant of SK627
s 60 c E (pACYC184/ApuuP, parental strain), SK628
= 8920 (sapBCDF-deleted ~ strain), and SK634
5 40 4 g (sapBCDF-complemented strain). The columns
o b 5 with different letters are significantly different
© D__ 10 A1 (avsb,p<0.01;avsc, p<0.05bvsc,p<0.01

é 20 1 %) according to Tukey’s test).
(D) Ratio of S.I.Put to total putrescine of
0 - 0 - SK627 (pACYCI184/ApuuP, parental strain),

SK627 SK628 SK634 SK627 SK628 SK634 SK628 (sapBCDF-deleted strain), and SK634
(sapBCDF-complemented strain).

112



DISCUSSION

The present study has revealed that SapBCDF of E. coli export putrescine from cells to the
extracellular environment. In previous studies, MdtJI of E. coli (30) and BIt of Bacillus subtilis (31)
were reported as spermidine exporters. Additionally, in Shigella flexneri it was reported that MdtJI
was a putrescine exporter (32). However, in these three reports strains overexpressing genes of
polyamine exporters were used for assays of polyamine export. Furthermore, none of these previous
studies analyzed the decreased polyamine export activity of the mutant strains with the deletion of
genes encoding polyamine exporters, nor measured the polyamine concentration of the culture
supernatant (30-32). It was previously reported that PotE is a putrescine-ornithine antiporter at acidic
pH (17). Also, it was previously described that at neutral pH, E. coli excretes putrescine into the
environment independently of PotE (18), suggesting that there are other unidentified putrescine
exporters in E. coli. The present study demonstrated that SapBCDF plays a major role in this putrescine
export (Figs. 3 and 4).

For the characterization of metabolite exporters, inside-out membrane vesicles (16) or the
reconstituted proteoliposomes should be used, ideally (33). However, there are many reports where
these methods were not used because of the technical difficulty of the procedure (34). In the present
study, because inside-out membrane vesicles and the reconstituted proteoliposomes were not used, the
kinetic parameters were not determined, however, the present study clearly revealed that S.I.Put
metabolized from S.I.Arg in E. coli cells was exported from cells to the extracellular environment by
SapBCDF (Fig. 6).

SapABCDF is specifically distributed within gamma-proteobacteria. Previous studies
reported that SapABCDF contributes to resistance of bacteria against cationic antimicrobial peptides:
LL-37, B-defensin, and protamine, produced by mammals (28,35). Parra-Lopez ef al., reported that S.
enterica sv. Typhimurium AsapABCDF strain was more sensitive to protamine than the parental strain
and they hypothesized that S. enterica sv. Typhimurium took up antimicrobial peptides followed by
the degradation in the cell by peptidases (28). This hypothesis was experimentally confirmed in H.
influenzae using LL-37 and B-defensin (35). Furthermore, H. influenzae sapA mutant exhibited
attenuated survival in a chinchilla model of otitis media (29). The amino acid identity of SapABCDF
in E. coli and S. enterica sv. Typhimurium is very high (SapA, 90 %; SapB, 92 %; SapC, 95 %; SapD,
96 %; SapF, 98 %). Nonetheless, to date there has been no study showing that SapABCDF of E. coli
contributes to resistance against antimicrobial peptides. In the present study, it was shown that
SapBCDF of E. coli did not contribute to resistance against an antimicrobial peptide LL-37 (Fig. 2).
In E. coli, there is no report describing experimentally the function of SapA, SapB, SapC, or SapF,
and there has been only one report that SapD (also known as TrkE) of E. coli plays a role as an ATPase
for potassium transporters TrkH and TrkG (36). Similarly to E. coli, it was reported previously that
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the uptake of potassium by a H. influenzae AsapD strain decreased, suggesting that SapD is involved
in the uptake of potassium (37). In the previous reports, it was described that in plants and animals,
intracellular polyamine inhibited the uptake of potassium from the extracellular environment (38-40).
Therefore, it is possible that in E. coli potassium uptake by TrkH and TrkG driven by ATPase activity
of SapD has some relationship to putrescine export by SapBCDF.

Polyamines are important for cell proliferation and therefore the intracellular concentration
of polyamines in bacteria are high at exponential growth phase and lower at stationary phase (41) (Fig.
3C), and both degradation and export of polyamines may consume intracellular pool of polyamines.
The Puu pathway is the putrescine degradation pathway (14,22,24,42-44) expressed at early stationary
phase. If the regulation of sapBCDF, mediating putrescine export, and the puu gene cluster,
responsible for putrescine degradation, is executed in a co-ordinate manner, putrescine level
effectively decreases from exponential growth phase to stationary phase in E. coli. Because the
sapBCDF gene cluster is located immediately adjacent to the puu gene cluster on E. coli chromosome,
it is possible that genes of this region are coordinately regulated. Therefore, it is probable that these
two co-localized gene clusters, sapBCDF and the puu gene cluster function to decrease putrescine
levels at the end of the exponential growth phase.

In the present study, export of putrescine was not inhibited by the deletion of sapA (Table
2). It is logical that SapA is not involved in the export of putrescine from cytosol to the extracellular
environment because SapA is annotated as periplasmic substrate binding protein of an ABC transporter.
Furthermore, it was previously reported that sapABCDF of S. enterica sv. Typhimurium are expressed
polycistronically (28) in E. coli; however, the predicted promotor of sapA is located independently of
that of sapBCDF (Fig. 1B) and the predicted sigma factor for sapA (c70) is different from that for
sapBCDF (054). Therefore, it is quite possible that sap4 and sapBCDF are expressed separately,
suggesting that SapBCDF has a function independent of SapA. In the present study, as the first report
identifying the functions of SapB, SapC, and SapF, it was shown that SapBCDF of E. coli exported
putrescine from cells to the extracellular environment (Figs. 3, 4, and 6) but did not contribute to
resistance against an antimicrobial peptide LL-37 (Fig. 2). Therefore, it is very probable that SapBCDF
is a novel putrescine exporter functioning in the neutral environmental conditions. However,
approximately 30 pM of putrescine was detected in the culture supernatant of a ApuuP AsapBCDF
double mutant (Fig. 4B), suggesting the existence of additional putrescine exporters other than

SapBCDF in E. coli.
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SUMMARY

Recent research has suggested that polyamines (putrescine, spermidine, and spermine) in
the intestinal tract impact the health of animals either negatively or positively. The concentration of
polyamines in the intestinal tract results from the balance of uptake and export of gut microbes.
However, the mechanism of polyamine export from microbial cells to the intestinal lumen is still
unclear. In Escherichia coli, PotE was previously identified as a transporter responsible for putrescine
excretion in an acidic growth environment. The author observed putrescine concentration in the culture
supernatant was increased from zero to 50 pM during growth of E. coli under a neutral pH environment.
Screening for the unidentified putrescine exporter was performed using a gene knockout collection of
E. coli and deletion of sapBCDF significantly decreased putrescine levels in the culture supernatant.
Complementation of the deletion mutant with the sapBCDF genes restored putrescine levels in the
culture supernatant. Additionally, the AsapBCDF strain did not facilitate uptake of putrescine from the
culture supernatant. Taken together, these findings suggested that sapBCDF is responsible for the
putrescine export. Quantification of stable isotope-labeled putrescine derived from stable isotope-
labeled arginine supplemented in the medium revealed that SapBCDF exported putrescine from E.
coli cells to the culture supernatant. It was previously reported that SapABCDF of Sal/monella enterica
sv. Typhimurium and Haemophilus influenzae conferred resistance to antimicrobial peptides; however,
the E. coli AsapBCDF strain did not affect resistance to antimicrobial peptide LL-37. These results
strongly suggest that the natural function of the SapBCDF proteins is the export of putrescine.
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CONCLUSION

As described in “GENERAL INTRODUCTION”, host and gut microbes interact, and
unraveling and understanding this interaction is extremely important in managing the health of the
host. To develop a basis for understanding the host-gut microbe interaction from the perspective of
compounds, the author focused on glycans, especially the H-antigen structure as a host-derived factor

and polyamines as gut microbe-derived factors.

In CHAPTER 1, the author focused on H-antigen structure and aimed for the efficient
enzymatic synthesis of H-antigen structures. In SECTION I, the author developed highly functional
1,2-a-L-fucosynthase BbAfcAN*23H from BbAfcA. BbAfcAN*>H synthesized type-1, type-2, type-3,
and type-4 H-antigens, Le®Y antigens, and other H-antigen-containing unnatural oligosaccharides. It
also introduced H-antigens onto O-glycans of porcine gastric mucin. In addition, the author revealed
the structural characteristics that BbAfcAN23H requires to recognize as acceptor. In SECTION 11, the
author applied BbAfcAN*3H to introduce H-antigen structures on various glycoconjugates.
BbAfcAN?3H could introduce H-antigen structures on O- and N-glycans of glycoproteins, glycolipid,
and plant xyloglucan. By virtue of high efficiency, high regio-specificity at the non-reducing end, and
mild reaction conditions, BbAfcAN*?3H not only provided H-antigen-containing glycoconjugates for
better understanding the host-gut microbe interaction mediated by H-antigen structures, but also

served as a useful tool in the field of glycobiology.

In CHAPTER 11, the author focused on polyamine biosynthesis and transport of human gut
microbes. In SECTION 1, the author evaluated the biosynthesis and transport abilities of the
polyamines (putrescine, spermidine, and spermine) of 32 species of GAM culturable human dominant
gut microbes. Furthermore, by combining the polyamine concentration determinations in the culture
supernatants and cells with the data from BlastP analysis the author showed that 11 species of tested
human gut microbes may possess novel polyamine biosynthetic proteins and/or transporters. In
SECTION I, the author evaluated the biosynthesis and transport abilities of the polyamines
(putrescine, spermidine, and spermine) of 13 species of human indigenous Bifidobacterium species.
The author showed that 6 species of human indigenous bifidobacteria possessed polyamine
biosynthetic ability and 10 species possessed polyamine transport ability. In addition, by combining
polyamine concentration determinations in culture supernatant and cells with the data from BlastP

analysis the author showed that 11 species of tested human indigenous Bifidobacterium, except for B.
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bifidum and B. gallicum may possess novel polyamine biosynthetic proteins and/or transporters. In
SECTION III, the author revealed that SapBCDF is a novel putrescine exporter in Escherichia coli, a
model gut microbe. To date, the putrescine exporter which functions under a neutral growth
environment has not been reported in human gut microbes. This is the first report in gut microbes that
shows that SapBCDF exports putrescine under a similar neutral growth environment as that of the
colonic lumen; thus, it is expected to function in the colonic lumen. These results are important
regarding the regulation of polyamine levels in the colonic lumen by controlling gut microbes and

their metabolisms.

In conclusion, the author developed a basis for understanding host-gut microbe interactions

from the perspective of compounds.
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