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要約

担子菌酵母n極ƒe糖転移活性m高C§åªÄ¥æ°糖（galactooligosaccharide: GOS）生成酵

素˜持beIŒ#GOS 製造m生体触媒gVe有用fA‘"担子菌酵母m 1 種#Sporobolomyces sin-

gularis ˜育種改良V#微生物変換法jŠ‘ GOS 製造Óé·μ˜確立V^"Rm方法f製造T’^

GOS n#›èç©ô原因物質˜zg™h含}iJb^"}^#Sp. singularis m GOS 生成酵素n高

等植物由来m b«ç¯³¼ô¸j相同性˜有X‘»ïÍª質fAb^K#N末端j機能未知mÅÝ

Ÿï˜持câÇôªi構造˜VeC^"

Sp. singularis ˜用C^微生物変換法f製造V^ GOS n#4′Galactosyllactose（GL）#6′GL I

Šr 3′GL m 3 糖類K主要成分fAb^"4′GL#6′GL IŠr 3′GL KÏÑœ¶μ菌jŠbe代

謝T’‘Ý¦Ç¶Ü˜ÚŸªé›èŸ†表面Óå¶Þï共鳴法ih˜駆使Ve解析V^gR“#各構

成糖j特異的i取Œ込~・分解系K複数存在X‘事K示唆T’^"

担子菌酵母m§åªÄ¥æ°糖生成酵素†ÏÑœ¶μ菌 GOS 代謝酵素j関X‘知見n#更i‘

GOS m改良j有用g考G‹’‘"

1. n W ƒ j

GOS n#ÎÄ˜nWƒgX‘哺乳動物m乳汁中

j見C_T’‘"工業的jn#高濃度m乳糖（§å

ªÄôμg«ç¯ôμK b1,4 結合V^ 2 糖）j加

水分解酵素˜作用TZ#糖転移反応jŠbe 2～6

糖m GOS ˜生成TZ‘"Rm GOS n#ÎÄm消

化酵素fn消化T’iCK#ÏÑœ¶μ菌ihm腸

内細菌jn利用T’‘ÎÄ難消化性m糖質fA‘"

V^Kbe#経口摂取X‘RgjŠŒ#腸内有用菌

fA‘ÏÑœ¶μ菌m増殖˜活発jX‘RgK知‹

’eC‘1,2)"現在 GOS n#微生物由来m b§å

ªÄ³¼ô¸m糖転移活性˜利用Ve工業生産T’

eC‘"一方#R’}fj数多Nm b§åªÄ³

¼ô¸†類似m加水分解酵素K細菌3,4)†真菌5～8)J

‹単離精製T’^„mm#\m多Nn収量K低N#

工業的i GOS 生産jn数種類VJ用C‹’eCi

C9,10)"}^#特定m酵素f製造V^ GOS n日本

国内11)†東南›´›12,13)jICe#›èç©ôm発

症K報告T’eIŒ#安心安全i GOS ˜製造fL
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表 1 担子菌酵母m§åªÄ¥æ°糖（GOS）生成酵素m特徴

起 源 Rh. minuta18) Cr. laurentii15) St. elviae16) Si. magnum17) Sp. singularis14)

±ÒâÇ¿Ä 2 2 2 2 2

局在 細胞壁 細胞壁 細胞壁 細胞壁 細胞壁

等電点 4.8 5.4 4.1 3.8 5.0

分子量 144,000 200,000 170,000 135,000 146,000

糖»ïÍª質 ◯  ◯ ◯ ◯

§åªÄôμ転移活性 ◯ ◯ ◯ ◯ ◯

«ç¯ôμ転移活性 ◯    ◯

至適 pH 4.75.2 4.3 4.55.0 4.55.5 3.5

pH 安定性 3.07.0 2.89.3 2.57.0 4.07.0 3.57.0

至適温度 70°C 60°C 85°C 65°C 45°C

温度安定性 ～55°C ～57.5°C ～80°C ～65°C ～40°C

加水分解活性

bDgalactopyranoside ◯ ◯ ◯ ◯ ◯

bDglucopyranoside ◯ ◯ ◯ ◯ ◯

bDfucopyranoside ◯  ◯ ◯ 

bLarabinopyranoside ◯  ◯ ◯ 

Km 値（mM)

ONPGal 6.2 18.2 9.5 14.3 5.4

PNPGlc 1.2    2.0

Lactose 2.4 11.4 2.4 5.5 
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‘酵素˜開発X‘RgK重要fA‘"

本稿fn#前半部分j›èç©ôæμªK低C

GOS ˜製造fL‘担子菌酵母由来m GOS 生成酵素

˜取Œ上Q#\m生化学的性質˜概説X‘"cC

f#担子菌酵母 Sp. singularis ˜利用V^ GOS m

製造方法jcCe述x‘"後半部分fn#当該Óé

·μf製造V^ GOS m主要成分mÏÑœ¶μ菌j

Š‘代謝jcCe#最新m知見˜紹介X‘"

2. 担子菌酵母m§åªÄ¥æ°糖（GOS）

生成酵素m生化学的特徴

担子菌酵母j存在X‘細胞壁結合性f極ƒe糖転

移活性m高C GOS 生成酵素n#古Nn1960年代j#

Sp. singularis ATCC24193 J‹m精製K¦Æ¼m

研究者#Blakely ‹jŠbe報告T’^14)"彼‹

n#Rm酵素K乳糖m~i‹Y·éÏ¥ôμj„作

用X‘RgJ‹#bÔ¨¹³¼ô¸g命名VeC

‘"続N1990年代jn#Ohtsuka ‹jŠbe Cryp-

tococcus laurentii OKN4 J‹m GOS 生成酵素m分

離精製K報告T’^15)"彼‹n#当該酵素˜ b§

åªÄ³¼ô¸g称V^"\m後#Onishi ‹jŠ

b e 類 似 m 酵 素 K # Sterigmatomyces elviae

CBS811916), Sirobasidium magnum CBS680317),

Rhodotorula minuta IFO87918)j„存在X‘RgK

明‹JjT’^"彼‹„#R’‹酵素群˜当初 b

§åªÄ³¼ô¸g称VeC^„mm#乳糖_Pf

iN·éÏ¥ôμj„作用X‘事˜見C_V#最終

的jn b«æ¯³¼ô¸g改称V^"

上記m GOS 生成酵素jn#次mŠEi共通点K

AŒ#一群m酵素g解T’eC‘"◯×Þ¼ŸÚô

構造#◯糖»ïÍª#◯乳糖_PfiN·éÏ¥ô

μj „ 作 用 V ¥ æ ° 糖 ˜ 生 成 X ‘ # ◯ o 

nitrophenylbDgalactopyranoside（ONPGal）

ŠŒ„ pnitrophenylbDglucopyranoside（PNP

Glc）m方K Km 値n小TC#◯細胞壁j局在X‘#

◯至適 pH K酸性域#ihfA‘"一方f至適温度

（45～85°C）†分子量（135,000～200,000）jcC

en#比較的多様fA‘（表 1）"}^#Cryptococ-

cus laurentii OKN4 n土壌J‹#Sterigmatomyces

elviae CBS8119 nÕô¦æôm¥ôÒï付近J‹#

Sirobasidium magnum CBS6803 n腐b^木材J‹#

Rhodotorula minuta IFO879 n 空 気 中 J ‹ #

Sporobolomyces singularis ATCC24193 n西洋栂j

生息X‘Çè¨ªŸÜ³gCE昆虫m糞屑J‹19)
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分離T’eIŒ#CY’m菌株„乳糖Kzg™h存

在ViC環境J‹分離T’eC‘Rg„共通VeC

‘"I\‹NR’‹m担子菌酵母j存在X‘ GOS

生成酵素n#本来乳糖˜加水分解X‘酵素fni

N#他m糖質†配糖体˜加水分解X‘為j存在Ve

C‘（VeC^）g解X‘mK妥当fA“E"

3. Sporobolomyces（Sp.）singularis 高

力価変異株m育種

前述m通Œ#担子菌酵母 Sp. singularis n GOS

製造j好適i酵素˜有VeIŒ14)#GOS m製法検

討m報告„T’eC‘20)"VJViK‹#Sp. sin-

gularis K産生X‘ GOS 生成酵素n量的j少iN#

R’˜用Ce GOS ˜生産X‘jn菌体K多量j必

要gi‘"\m^ƒ#Rm酵母˜用Ce GOS ˜製

造V^場合jn#菌体由来m不純物K GOS j混入

V#濁Œ†酵母臭K出‘gCb^問題KAb^"\

Ve#Rm GOS m濁Œ†酵母臭jŠ‘品質低下˜

回避X‘^ƒjn#精密“過†Ÿ¥ï交換等m煩雑

i後（Ag）精製K不可欠fAb^"Rm問題˜解

決X‘jn#菌体A^Œm酵素活性˜高ƒ‘必要K

AŒ#Sp. singularis m高力価変異株˜取得X‘方

法K効果的g考G‹’^"\Rf Ishikawa ‹n#

Sp. singularis m 2Ã¥¨³ D«ç¯ôμ耐性変異

株˜μªæôÇï«V#¦»ØåŸÄæÓè¿³ã

ïK解除T’^高力価変異株˜育種V^21)"Rm

変異株fn湿重量A^Œm酵素活性K野生株m 8

倍fA‘^ƒ#添加量˜著VN軽減X‘事K可能f

Ab^"Rm高力価変異株˜用Ce#GOS 製造用

m酵母菌体濃縮液（商品名YCY）K商品化T’#

GOS m製造Óé·μf利用T’eC‘22)"

4. Sp. singularis 高力価変異株˜利用V

^安全i GOS m開発

GOS jn›èç©ôK報告T’eIŒ1113)#中

性 4 糖fA‘ Galb14(Galb14Galb16)Glc K原因

物質fA‘RgK分JbeC‘23)"Aspergillus

oryzae（麹菌）b§åªÄ³¼ô¸g Streptococcus

thermophiles b§åªÄ³¼ô¸m組~合•Z†

Bacillus circulans m b§åªÄ³¼ô¸単独f糖

転移反応˜行Eg#Galb14(Galb14Galb16)Glc

K産生T’#›èç©ôæμªm高C GOS K出来

eV}E"

Kaneko ‹n#›èç®ï分析j基dL#Sp. sin-

gularis 高力価変異株m濃縮液（前述m YCY）˜

乳糖j作用TZ^後j Kluyveromuces lactis b§å

ªÄ³¼ô¸（GODOYNL）˜作用TZ‘gCE

二段階反応˜行ERgf#Galb14(Galb14Galb1

6)Glc Kzg™h含}’iC GOS ˜製造fL‘R

g˜見出V^23)"Rm方法f製造T’^ GOS n既

j上市T’eIŒ#乳製品#清涼飲料#育児用粉乳

j広N添加利用T’eC‘"

5. Sp. singularis m GOS 生成酵素m遺伝子

Ishikawa ‹ n#Sp. singularis J ‹ GOS 生成酵

素˜精製V#部分›ÛÊ酸配列J‹縮重ÓåŸÚô

˜合成V#cDNA IŠr遺伝子˜ªéôÇï«V

^21)"bglA g名付P‹’^Rm遺伝子n18mŸï

Äéïg19m£¨¹ïJ‹構成T’#594個m›Û

Ê酸f構成T’‘分子量66.4 kDa mÙæÖÓ½Å

鎖˜¯ôÅVeC^"Rm酵素m推定›ÛÊ酸配列

n#高等植物由来m glycoside hydrolase family 124)

j属X‘ b«ç¯³¼ô¸j弱CiK‹„有意i

類似性（35m同一性）˜有V^K#N末側110›

ÛÊ酸残基n既知»ïÍªj類似性˜有ViCâ

Çôªi配列fAb^"微生物由来m»ïÍªf

n#唯一 Candida wickerhamii 由来m b«ç¯³

¼ô¸25)KÎ¿ÄV^„mm#同一性n30程度

fAŒ#高等植物m b«ç¯³¼ô¸対X‘類似

性j比x‘g有意j低Jb^"

高等植物m b«ç¯³¼ô¸g多重整列˜行b

^gR“#Rm GOS 生成酵素m活性中心n275番

目g496番目j存在X‘ 2 cm«ç»Ûï酸g予測

T’^"VJV#高等植物由来m glycoside hydro-

lase family 1 j属X‘ b«ç¯³¼ô¸f保存T

’eC‘活性中心付近mÞ½ôÑ26)gn異iŒ#

âÇôªi„mfAb^"

Dagher ‹n#Ý½ÄéÑ酵母#Pichia pastoris
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˜用Ce Sp. singularis m GOS 生成酵素˜機能的

j発現TZ#GOS ˜製造fL‘Rg˜示V^"興

味深CRgj#分泌³«Æç˜付与Ve„同酵素m

組換G»ïÍª質m大半n細胞表層j留}b^}}

fAb^27)"

6. GOS m健康効果g\m作用機作jcCe

R’}fm研究J‹#GOS n腸内環境改善作

用28,29)#便性改善30～32)#ÛÉåç吸収促進33,34)i

hm生理効果˜有X‘RgK分JbeC‘"以上m

効果n主gVe#GOS K腸管内mÏÑœ¶μ菌j

Šbe優先的j利用T’#酢酸K活発j産生T’‘

^ƒg考G‹’eC‘"腸管内j酢酸K蓄積T’‘

g#pH m低下i‹rj酢酸分子\m„mK有X‘

抗菌効果jŠbe#Ñ¢Êôç#Íåªèºôçi

hm腐敗産物˜生成X‘細菌群（C•ˆ‘悪玉菌）

m活性K抑制T’‘35～37)"}^ pH m低下IŠr

酢酸m蓄積n#腸内環境m改善j加G#腸管蠕動運

動˜促進X‘Rgf便性˜改善X‘38)"ÛÉåç

吸収jcCe„#pH m低下jŠŒÛÉåçm溶解

性K高}‘Rgf促進T’‘g考G‹’eC‘33,34)"

T‹j近年#GOS 分子\m„mK持c有益i生

理効果jcCe„報告KiT’eC‘"Newburg

‹n#複数m腸管上皮細胞由来細胞株jICe#

GOS K±çÞÉå菌† TNFa 刺激jŠbe誘導

T’‘ NFkB ³«Æç˜抑制V#\m後m炎症反

応˜軽減TZ‘Rg˜確認VeC‘39)"本効果n

対照gVe用C^·éÏ¥ôμfn認ƒ‹’iJb

^RgJ‹#GOS j特徴的i性質fA‘RgK考

察T’‘"}^ Shoaf ‹n in vitro 試験je#GOS

K Clostridium di‹cile i‹rj腸管病原性大腸菌

（EPEC）m腸管上皮細胞wm吸着˜阻害X‘Rg

˜報告VeC‘40)"VJViK‹#REV^ GOS

分子m直接的i効果K実際m腸管内fhm程度導J

’‘JjcCen#C}_十分i検証KiT’eC

iCmK実情fA‘"

以上˜}gƒ‘g GOS n#分子\m„mK有X

‘生理効果jcCe„一定m報告nA‘„mm#主

gVeÏÑœ¶μ菌j優先的j利用T’#本菌群m

酢酸産生˜基調gV^健康効果˜導CeC‘RgK

示唆T’‘"一方#GOS K腸管内mÏÑœ¶μ菌

数j及{X効果jn個人差KAŒ#期待V^ÏÑœ

¶μ菌数m増加#C•ˆ‘「biˆdogenic 効果」K

認ƒ‹’iC被験者„存在X‘41)"本原因˜解明

V#個々人j最適iÓèÌŸ¥Âœªμ†³ïÌŸ

¥Âœªμ（ÓèÌŸ¥ÂœªμgÓéÌŸ¥Âœ

ªμ組~合•Z）処方˜検討X‘jn#ÏÑœ¶μ

菌m GOS 利用Ý¦Ç¶Ü˜正VN理解X‘必要K

A‘"次節fnR’}fm研究J‹明‹Jjib^

GOS 代謝j関X‘知見˜紹介X‘"

7. ÏÑœ¶μ菌m GOS 利用Ý¦Ç¶Üj

cCe

ÏÑœ¶μ菌jŠbe取Œ込}’^糖質n#単糖

wg分解T’^後#ÏÑœ¶μ経路（biˆdus shunt）

g呼o’‘特殊i代謝経路jŠbe乳酸g酢酸j代

謝T’‘"一般的i解糖系gVe有名i「£ÜÃï

－ÚŸàô×Ñ経路」fn#«ç¯ôμ 1 分子A

^Œ 2 分子m ATP K生成T’‘一方#ÏÑœ¶μ

経路fn#«ç¯ôμ 2 分子A^Œ 5 分子m ATP

K生成T’‘^ƒ42,43)#1.25倍効率K良C経路fA

‘g考G‹’eC‘"ÏÑœ¶μ経路jIP‘乳酸

g酢酸m理論生成比n 23 fA‘K#本比率n菌

体˜取Œ巻N環境j応We大LN変動X‘"gNj

ÏÑœ¶μ菌n#貧栄養下jICe#中間代謝産物

fA‘ÐçÏï酸˜乳酸fniN©酸„VNn£»

Êôçwg変換X‘Rgf#代謝˜追加 ATP K確

保可能i経路wg“ÒôμÄ”TZ‘RgK知‹’

eC‘44～47)"

GOS KÏÑœ¶μ経路j沿be代謝T’‘^ƒ

jn#第一j¥æ°糖K単糖âÇ¿Äwg分解T

’#R’K菌体内j取Œ込}’eC‘必要KA‘"

\m^ƒj不可欠imK#b§åªÄ³¼ô¸（b

gal）IŠr細胞膜上j発現X‘糖輸送体fA‘"b

gal n#GOS m還元末端j存在X‘乳糖（Galb1

4Glc）骨格J‹伸長X‘§åªÄôμ残基˜切断

X‘^ƒj必要i糖分解酵素fAŒ#高分子構造˜

端J‹順々j分解X‘「£¨¹型」g内部J‹分断
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X‘「£ïÅ型」j大別T’‘"一方#糖輸送体n#

ATP m 化学 £ É ç © ô ˜ 輸送 j 用 C ‘ ABC

（ATPBinding Cassette）ÄåïμÙô»48)g#細

胞膜両側m電気化学ÙÂï³ßç差˜利用X‘

MFS（Major Facilitator Superfamily）ÄåïμÙô

»49)j分類T’‘"ÏÑœ¶μ菌n複数種m糖輸

送体˜®ÊÜ上j¯ôÅVeIŒ#利用X‘基質j

応WeR’‹˜使C分PeC‘RgK示唆T’eC

‘50～53)"

GOS n代表的iÓèÌŸ¥Âœªμm一cgV

e一cm名前KcCeC‘K#\m構成成分n単一

fniN#糖鎖長†結合様式n様々fA‘"REV

^構造的差異˜考慮VeÏÑœ¶μ菌m GOS 利用

機構˜検討X‘RgK重要fA‘"以下fn Sp.

singularis ˜利用Ve製造V^ GOS m主要構成糖

fA‘ 3 糖m GOS（4′GL#3′GL IŠr 6′GL）

˜中心gV#R’}fm研究J‹得‹’eC‘知見

˜紹介X‘"

7―1 ÏÑœ¶μ菌m 4′GL 利用機構

Shigehisa ‹n B. breve àªçÄ株˜ÞÃç菌株

gV#ÏÑœ¶μ菌m 4′GL 利用機構˜検証Ve

C‘54)"彼‹n第一j#4′GL ˜唯一m糖源gV

^培養条件下jICe#ABC ÄåïμÙô»˜構

成X‘基質結合»ïÍª（Solute binding protein）

（以降#4GLSBP）g#\m横j¯ôÅT’‘³«

ÆçÖÓ½Å˜有TiC bgal（以降#4GLBG）

m mRNA 発現K顕著j誘導T’‘Rg˜ÚŸªé

›èŸ解析jŠbe明‹JjV^"本結果n#ÏÑ

œ¶μ菌K ABC ÄåïμÙô»jŠbe直接 4′

GL ˜菌体内wg取Œ込~#R’˜細胞質内j誘導

T’^ 4GLBG jŠbe単糖âÇ¿Äwg分解V

eC‘Rg˜示唆VeC^"

\Rf彼‹n各»ïÍªmæ¯ïÏÆïÄ»ïÍ

ª˜精製V#4GLSBP g 4GLBG m基質特異性

˜確認X‘RggV^"第一j#4GLSBP m基質

結合性˜表面Óå¶Þï共鳴法jŠŒ評価V^結

果#本»ïÍªn 4′GL j結合X‘一方#乳糖#

3′GL IŠr 6′GL jn結合ViCRgK明‹J

gib^"R’n 4GLSBP K#4′GL j対X‘基

質特異性m高C基質結合»ïÍªfA‘Rg˜示V

eC^"\Ve 4GLBG m糖分解活性„#4′GL

j対X‘特異性K高C„m_b^"本酵素n 4′

GL m非還元末端j存在X‘ Galb14Gal 結合˜切

断V#反応液中j§åªÄôμg乳糖˜蓄積TZ‘

一方#乳糖#3′GL IŠr 6′GL j対Ven殆h

分解活性˜示TiJb^"以上m結果n#4GL

SBP g 4GLBG K共j 4′GL m利用j特化V^酵

素fAŒ#主j非還元末端j存在X‘ Galb14Gal

構造˜認識Ve作用VeC‘Rg˜示唆VeC^"

一方f彼‹n#本¥Öéïm×Þé«K 4′GL

˜資化X‘全emÏÑœ¶μ菌j¯ôÅT’eC‘

訳fniN#B. biˆdum † B. adolescentis ˜nWƒ

gX‘一部菌種fn認ƒ‹’iJb^Rg˜注釈V

eC‘"本事実n#全emÏÑœ¶μ菌K単一m³

μÂÜ˜用Ce GOS ˜利用VeC‘mfniN#

菌種（菌株）\’]’m生存戦略j適X‘利用機構

˜活用VeC‘Rg˜示唆VeC‘"\’f„iI#

B. breve 以外mÏÑœ¶μ菌種j広N保存T’eC

^本 ABC ÄåïμÙô»i‹rj bgal n#多N

mÏÑœ¶μ菌m 4′GL 利用j関与VeC‘Rg

K推察T’‘"

7―2 ÏÑœ¶μ菌m 3′GL IŠr 6′GL 利用機

構

Sotoya ‹nÏÑœ¶μ菌m 3′GL IŠr 6′GL

利用機構˜詳細j検証V^55)"彼‹n第一j#各

基質˜唯一m糖源gV^際#前述m 4′GL 利用³

μÂÜgn異i‘基質結合»ïÍª（以降#GL

SBP1）IŠr\m上流j¯ôÅT’^ bgal（以

降#GLBG）K«ç¯ôμ培養時g比較Ve顕著

j発現亢進T’‘Rgj注目V^"

続Ce#æ¯ïÏÆïÄ»ïÍª˜精製Ve各酵

素m 3′GL#6′GL#4′GL IŠr乳糖j対X‘活

性˜確認V^結果#GLBG n期待通Œ#3′GL g

6′GL ˜乳糖g§åªÄôμwg特異的j分解

V#乳糖g 4′GL j対X‘分解活性n示TiJb

^"一方#GLSBP1 n 6′GL ˜強力j吸着V^„
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mm#3′GL j対X‘活性n極ƒe低Jb^"以

上m結果n#GLBG K 3′GL g 6′GL m非還元

末端m切断j寄与X‘一方#GLSBP1 n 6′GL m

吸着jm~寄与V#3′GL m取Œ込~jn異i‘

SBP K関与X‘Rg˜示唆VeC^"iI#GL

SBP1 n 4′GL j対Ve„強C結合能˜示V^R

gJ‹#本基質結合»ïÍªnÏÑœ¶μ菌m 4′

GL 利用j„関与X‘RgK推察T’^"

\Rf彼‹n 3′GL j対X‘ SBP n恒常的j発

現VeC‘gm仮説˜立e#発現量K高Jb^遺伝

子座m見直V˜行b^"\m結果#ABC Äåïμ

Ùô»m横j¯ôÅT’^基質結合»ïÍª（以降#

GLSBP2）K糖源m種類j関•‹Y高CèÕçf

発現VeIŒ#Jc 3′GL j対V高C結合性˜示

XRgK明‹Jgib^"GLSBP2 m 3′GL j対

X‘結合特異性n高N#乳糖#6′GL † 4′GL j

nzg™h結合ViJb^RgJ‹#本 SBP n

Galb13Gal ˜特異的j認識VeC‘RgK推察T

’^"

以上#GLBG#GLSBP1 g GLSBP2 n#前述

m 4′GL 利用³μÂÜfA‘ 4GLSBP g 4GL

BG 同様#必YV„全emÏÑœ¶μ菌j保存T’

eC‘„mfniJb^"今後#各遺伝子座˜破壊

Ve#各遺伝子m役割˜精査VeCN必要KA‘„

mm#上記m遺伝子座nÏÑœ¶μ菌m GOS 利用

j一定m役割˜果^VeC‘可能性K高C"

7―3 ÏÑœ¶μ菌m 3 糖 GOS j対X‘\m他利

用機構

Akiyama ‹m研究fn#異i‘遺伝子座m関与

K示唆T’eC‘56)"本研究fn第一j#ÏÑœ

¶μ菌 7 菌種14菌株m GOS m 3 糖以上画分（GOS

P）j対X‘◯増殖性#◯嗜好性IŠr◯R’˜利

用V^gLm有機酸産生（代謝能）˜確認X‘Rg

f#ÏÑœ¶μ菌間fm「GOS gm相性」m差異

˜検証V^"\m結果#Xxem試験ÏÑœ¶μ菌

K GOSP f増殖V^一方#ÏÑœ¶μ菌株jŠb

e\m利用能K大LN異i‘RgK明‹Jjib

^"具体的jn#B. adolescentis#B. catenlatum †

B. pseudocatenulatum n他菌株g比較Ve◯GOSP

˜迅速j利用V#◯乳糖†«ç¯ôμihm少糖類

K存在VeC‘状況f„ 3 糖 GOS 画分˜優先的j

利用V^"更j#◯各ÏÑœ¶μ菌n GOSP 利用

j伴C#少糖類˜利用V^gLg同様#乳酸g酢酸

˜ÏÑœ¶μ経路J‹予測T’‘IŠ\ 23 m比

率f生成V^"一方#B. breve † B. biˆdum ˜nW

ƒgX‘菌株n対照的j#GOSP m利用能IŠr

嗜好性K低Jb^"加Ge#少糖類資化時g異i

Œ#乳酸m代•Œj大量m©酸産生K認ƒ‹’#Ï

Ñœ¶μ経路K貧栄養時j利用T’‘経路wg切Œ

替•beC‘RgK推察T’^"以上m結果n#同

W Biˆdobacterium j属X ‘細菌A b e „ # 3 糖

GOS m利用効率K大LN異i‘Rg˜示VeC^"

続 C e # 特 j GOS m 利 用 能 K 高 J b ^ B.

adolescentis 基準株˜ÞÃçgV#GOSP jŠbe

誘導T’‘遺伝子座˜探索V^"\Ve最終的j

LacS ³ïÙô»ôg bgal K逆向JCj¯ôÅT

’^遺伝子座K#«ç¯ôμ糖源時g比較Ve

GOSP 糖源時j極ƒe顕著j発現亢進T’‘Rg

˜見出V^"興味深CRgj#本 LacSbgal 遺伝

子座n調査˜IRib^ÏÑœ¶μ菌全ej保存T

’eC^"T‹j#本遺伝子座m›ÛÊ酸配列m差

異n#前述m GOSP 利用能g高C相関性˜示V^"

GOSP m利用能gm相関K認ƒ‹’^ LacSbgal

„}^#ÏÑœ¶μ菌jŠ‘ GOS 利用˜決定dP

‘一因子fA‘RgK推察T’‘"

代表的i³ïÙô»ôfA‘ LacS n#åªÄô

μg¦½¥ï（H＋„VNn Na＋）˜同時j菌体内

j取Œ込‚能動輸送系gVe見出T’^Äåïμ

Ùô»fA‘"本ÄåïμÙô»n¦½¥ï˜取Œ

込‚際j生W‘電気ÙÂï³ßç˜基質m輸送j利

用V#ATP 分子˜直接必要gViC点f ABC Ä

åïμÙô»ŠŒ£Éç©ô的j有利fAŒ#Jc

基質m存在j対X‘反応m早C輸送系fA‘g考G

‹’eC‘57,58)"GOS m摂取jŠŒ腸管内f優位

j増殖X‘RgK知‹’‘ÏÑœ¶μ菌K#REV

^遺伝子˜普遍的j備G#取Œ込~m際j応答TZ

‘Rgn理j適beC‘ŠEj考G‹’‘"}^
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図 1 Sp. singularis ˜用Ce製造V^§åªÄ¥æ°糖j対X‘ÏÑœ¶μ菌m利用機構}gƒ"遺伝子 ID
nB. breve 基準株m„m˜示V^"
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Andersen ‹n#Lactobacillus acidophilus m GOS 取

Œ込~j LacS ³ïÙô»ôK必須fA‘Rg˜報

告VeC‘（本試験f„§åªÄ³çåªÄôμ˜

主成分gX‘ GOS ˜使用VeC‘)58)"本知見J

‹„#特j短C鎖長m GOS 利用j LacS ³ïÙô

»ôK重要i役割˜果^VeC‘RgK推察T’‘"

以上fn#Sp. singularis˜用Ce製造V^ GOS

˜構成X‘比較的鎖長m短C¥æ°糖j対X‘ÏÑ

œ¶μ菌m利用機構˜示V^"図 1 j}gƒ^通

Œ#CY’m機構jICe„#3 糖J‹i‘§åª

Ä³çåªÄôμn菌体外f分解T’‘RgiN菌

体内j取Œ込}’#\m後#単糖wg分解T’‘R

gK示唆T’eC‘"

8. I • Œ j

担子菌酵母m GOS 生成酵素j関Ven#酵素精

製 m 報告 n 数多 N 存在 X ‘ K # Sp. singularis

ATCC24193 m GOS 生成酵素˜¯ôÅX‘遺伝子

（bglA 遺伝子）以外n未_単離T’eCiC"前述

m Cryptococcus laurentii OKN4, Sterigmatomyces

elviae CBS8119, Sirobasidium magnum CBS6803,

Rhodotorula minuta IFO879 ihm酵素n#耐熱性

†糖転移活性K異i‘mf#酵素学的見地J‹„×

Þé«K単離T’‘RgK望}’‘"一次構造†高

次構造g GOS m生成Í»ôïg˜比較X‘Rg

f#糖転移反応m特異性j関与X‘Þ½ôÑ†ÅÝ

Ÿï˜特定fL‘可能性KA‘"将来的jn#»ï

Íª質工学的検討jŠbe#GOS 生成酵素m糖転

移反応˜¯ïÄéôçV#GOS 組成m改良ih実

用面m研究K進‚RgK期待T’‘"

}^ÏÑœ¶μ菌m GOS m各種構成成分KÏÑ

œ¶μ菌j代謝T’‘Ý¦Ç¶Üm全容K解明T’

’o#ÏÑœ¶μ菌˜選択的j増†X糖組成˜Ã²

ŸïX‘RgK出来‘J„V’iC"上述m GOS

生成酵素m改変gAC}be#¯ïÏÆÄæ›ç¬

ÛμÄæô的i手法jŠŒ#GOS ˜#ŠŒ biˆdo-

genic iÓèÌŸ¥Âœªμj進化TZ‘RgKf

L‘時代K来‘J„V’iC"

引 用 文 献

1) Ohtsuka, K., EŠect of 4'galactosyllactose in-

take on human fecal micro‰ora. Biˆdus 2, 143

149 (1989).

2) Tanaka, R., Takayama, H., Morotomi, M.,

Kuroshima, T., Ueyama, S., Matsumoto, K.,

Kuroda, A., and Mutai, M., EŠects of adminis-

tration of TOS and Biˆdobacterium breve 4006



― 25 ―― 25 ― 乳 業 技 術

on the human fecal ‰ora. Biˆdobacteria and

Micro‰ora 2, 1724 (1983).

3) MozaŠar, Z., Nakanishi, K., Matsuno, R., and

Kamikubo, T., Puriˆcation and properties of

bgalactosidases from Bacillus circulans.

Agricultural and Biological Chemistry 48,

30533061 (1984).

4) Huber, R. E., Kurz, G., and Wallenfels, K., A

quantitation of the factors which aŠect the

hydrolase and transgalactosylase activities of

bgalactosidase (E. coli) on lactose. Bioche-

mistry 15, 19942001 (1976).

5) Asp, N. G., Burval, A., Dahlquist, A.,

Hallgren, P., and Lundblad, A., Oligosaccha-

ride formation during hydrolysis of lactose

with Saccharomyces lactis lactase (Maxilact).

II. Oligosaccharide structures. Food Chemistry

5, 147153 (1980).

6) Toba, T., Yokota, A., and Adachi, S.,

Oligosaccharide structures formed during the

hydrolysis of lactose by Aspergillus oryzae b

galactosidase. Food Chemistry 16, 147162

(1985).

7) Cho, Y., Shin, H., and Bucke, C., Puriˆcation

and biochemical properties of a galac-

tooligosaccharide producing bgalactosidase

from Bullera singularis. Biotechnology Letters

25, 21072111 (2003).

8) Maugard, T., Gaunt, D., Legoy, M. D., and

Besson, T., Microwaveassisted synthesis of

galactooligosaccharides from lactose with im-

mobilized bgalactosidase from Kluyveromyces

lactis. Biotechnology Letters 25, 623629

(2003).

9) Torres, D. P. M., Goncalves, M. F., Teixeira,

J. A., and Rodrigues, L. R., Galactooligosac-

charides: production, properties, applications,

and signiˆcance as prebiotics. Comprehensive

Reviews in Food Science and Food Safety 9, 438

454 (2010).

10) G äanzle, M. G., Enzymatic synthesis of

galactooligosaccharides and other lactose

derivatives (heterooligosaccharides) from

lactose. International Dairy Journal 22, 116

122 (2012).

11) Ohtsuka, T., Tsuboi, S., Katsutani, T., Jyo,

T., Kuwahara, M., Kodomari, Y., Tanemori,

N., Satoh, H., Ono, K., and Oka, S., Results of

29year study of hoya (seasquirt) asthma in

Hatsukaichi, Hiroshima prefecture. Arerugi

42, 214218 (1993).

12) Chiang, W. C., Huang, C., Llanora, G. V.,

Gerez, I., Goh, S. H., Shek, L. C., Nauta, A. J.,

Van Doorn, W. A., Bindels, J., Ulfman, L. H.,

Knipping, K., Delsing, D. J., Knol, E. F., and

Lee, B. W., Anaphylaxis to cow's milk formula

containing shortchain galactooligosaccha-

ride. Journal of Allergy and Clinical Immunolo-

gy 130, 13611367 (2012).

13) Vo, T. H., Le, N. H., Patel, M. S., Phan, L. T.,

and Tran Minh, N. N., Acute allergic reactions

in Vietnamese children after drinking a new

milk product. Foodborne Pathogens and Dis-

eases 9, 156159 (2012).

14) Blakely, J. A., and MacKenzie, S. L., Puriˆca-

tion and properties of a bhexosidase from

Sporobolomyces singularis. Canadian Journal of

Biochemistry 47, 10211025 (1969).

15) Ohtsuka, K., Tanoh, A., Ozawa, O.,

Kanematsu, T., Uchida, T., and Shinke, R.,

Puriˆcation and properties of a bgalactosi-

dase with high galactosyl transfer activity

from Cryptococcus laurentii OKN4. Journal of

Fermentation and Bioengineering 70, 301307

(1990).

16) Onishi, N., and Tanaka, T., Puriˆcation and

properties of a novel thermostable galacto

oligosaccharideproducing bgalactosidase



― 26 ―― 26 ―Vol. 68. 2018

from Sterigmatomyces elviae CBS8119. Applied

and Environmental Microbiology 61, 40264030

(1995).

17) Onishi, N., Kira, I., and Yokozeki, K.,

Galactooligosaccharide production from lac-

tose by Sirobasidium magnum CBS6803. Let-

ters of Applied Microbiology 23, 253256

(1996).

18) Onishi, N., and Tanaka, T., Puriˆcation and

properties of a galactoand glucooligosac-

charideproducing bglycosidase from

Rhodotorula minuta IFO879. Journal of Fer-

mentation and Bioengineering 82, 439443

(1996).

19) PhaŠ, H. J., and do CarmoSousa, L., Four

new species of yeast isolated from insect frass

in bark of Tsuga heterophylla (Raf.) Sargent.

Antonie van Leeuwenhoek 28, 193207 (1962).

20) Shin, H., Park, J., and Yang, J., Continuous

production of galactooligosaccharides from

lactose by Bullera singularis bgalactosidase

immobilized in chitosan beads. Process Bioche-

mistry 33, 787792 (1998).

21) Ishikawa, E., Sakai, T., Ikemura, H., Matsu-

moto, K., and Abe, H., Identiˆcation, cloning,

and characterization of a Sporobolomyces sin-

gularis bgalactosidaselike enzyme involved

in galactooligosaccharide production. Journal

of Bioscience and Bioengineering 99, 331339

(2005).

22) Sakai, T., Tsuji, H., Shibata, S., Hayakawa,

K., and Matsumoto, K., Repeatedbatch

production of galactooligosaccharides from

lactose at high concentration by using al-

ginateimmobilized cells of Sporobolomyces sin-

gularis YIT 10047. Journal of General and Ap-

plied Microbiology 54, 285293 (2008).

23) Kaneko, K., Watanabe, Y., Kimura, K.,

Matsumoto, K., Mizobuchi, T., and Onoue,

M., Development of hypoallergenic galacto

oligosaccharides on the basis of allergen analy-

sis. Bioscience, Biotechnology, and Biochemistry

78, 100108 (2014).

24) Henrissat, B., and Bairoch, A., New families

in the classiˆcation of glycosyl hydrolases

based on amino acid sequence similarities.

Biochemical Journal 293, 781 (1993).

25) Skory, C. D., and Freer, S. N., Cloning and

characterization of a gene encoding a cell

bound, extracellular bglucosidase in the yeast

Candida wickerhamii. Applied and Environ-

mental Microbiology 61, 518525 (1995).

26) Zhou, J., Hartmann, S., Shepherd, B. K., and

Poulton, J. E., Investigation of the micro-

heterogeneity and aglycone speciˆcityconfer-

ring residues of black cherry prunasin

hydrolases.microheterogeneity and aglycone

speciˆcityconferring residues of black cherry

prunasin hydrolases. Plant Physiology 129,

12521264 (2002).

27) Dagher, S. F., AzcaratePeril, M. A., and

BrunoBarcena, J. M., Heterologous expres-

sion of a bioactive bhexosyltransferase, an

enzyme producer of prebiotics, from Sporo-

bolomyces singularis. Applied and Environmen-

tal Microbiology 79, 12411249 (2013).

28) Ito, M., Deguchi, Y., Matsumoto, K., Kimura,

M., Onodera, N., and Yajima, T., In‰uence of

galactooligosaccharides on the human fecal

micro‰ora. Journal of Nutrition, Science and

Vitaminology (Tokyo) 39, 635640 (1993).

29) Tamai, S., Nakamura, Y., Ozawa, O., and

Yamauchi, K., EŠects of Galactooligosaccha-

rides intake on human fecal ‰ora and metabo-

lites. Journal of Applied Glycoscience 41, 333

338 (1994).

30) Niittynen, L., Kajander, K., and Korpela, R.,

Galactooligosaccharides and bowel function.



― 27 ―― 27 ― 乳 業 技 術

Scandinavian Journal of Food and Nutrition 51,

6266 (2007).

31) Beleli, C. V., Antonio, M. M., dos Santos, R.,

Pastore, G. M., and Lomazi, E. A., EŠect of

4′galactooligosaccharide on constipation sym-

ptoms. Journal of Pediatrics (Rio J) 91, 567

573 (2015).

32) Vulevic, J., Tzortzis, G., Juric, A., and Gibson,

G. R., EŠect of a prebiotic galactooligosaccha-

ride mixture (BGOS) on gastrointestinal

symptoms in adults selected from a general

population who suŠer with bloating, abdomi-

nal pain, or ‰atulence. Neurogastroenterology

and Motility 30, e13440 (2018).

33) Weaver, C. M., Martin, B. R., Nakatsu, C. H.,

Armstrong, A. P., Clavijo, A., McCabe, L. D.,

McCabe, G. P., Duignan, S., Schoterman, M.

C., and van den Heuvel, E. M., Galac-

tooligosaccharides improve mineral absorp-

tion and bone properties in growing rats

through gut fermentation. Journal of Agricul-

tural Food Chemistry 59, 65016510 (2011).

34) Chonan, O., Matsumoto, K., and Watanuki,

M., EŠect of galactooligosaccharides on calci-

um absorption and preventing bone loss in

ovariectomized rats. Bioscience, Biotechnology,

and Biochemistry 59, 236239 (1995).

35) Lawhon, S. D., Maurer, R., Suyemoto, M.,

and Altier, C., Intestinal shortchain fatty

acids alter Salmonella typhimurium invasion

gene expression and virulence through BarA/

SirA. Molecular Microbiology 46, 14511464

(2002).

36) Sun, Y., and O'Riordan, M. D., Regulation of

bacterial pathogenesis by intestinal short

chain Fatty acids. Advances in Applied Microbi-

ology 85, 93118 (2013).

37) Silk, D. A., Davis, A., Vulevic, J., Tzortzis,

G., and Gibson, G. R., Clinical trial: the eŠects

of a transgalactooligosaccharide prebiotic on

faecal microbiota and symptoms in irritable

bowel syndrome. Alimentary Pharmacology

Therapeutics 29, 508518 (2009).

38) Sarna, S. K., Colonic Motility: from bench

side to bedside. San Rafael (CA): Morgan &

Claypool Life Sciences, 2010.

39) Newburg, D. S., Ko, J. S., Leone, S., and Nan-

thakumar, N. N., Human milk oligosaccha-

rides and synthetic galactosyloligosaccharides

contain 3′, 4, and 6′galactosyllactose and

attenuate in‰ammation in human T84, NCM

460, and H4 cells and intestinal tissue ex vivo.

Journal of Nutrition 146, 358367 (2016).

40) Shoaf, K., Mulvey, G. L., Armstrong, G. D.,

and Hutkins, R. W., Prebiotic galactooligosac-

charides reduce adherence of enteropathogen-

ic Escherichia coli to tissue culture cells. Infec-

tion and Immunity 74, 69206928 (2006).

41) Davis, L. G., Martinez, I., Walter, J., Goin, C.,

and Hutkins, R. W., Barcoded pyrosequencing

reveals that consumption of galactooligosac-

charides results in a highly speciˆc biˆdogenic

response in humans. PLoS One 6, e25200

(2011).

42) de Vries, W., and Stouthamer, A. H., Pathway

of glucose fermentation in relation to the tax-

onomy of biˆdobacteria. Journal of Bacteriology

93, 574576 (1967).

43) Pokusaeva, K., Fitzgerald, G. F., and van

Sinderen, D., Carbohydrate metabolism in Bi-

ˆdobacteria. Genes and Nutrition 6, 285306

(2011).

44) Macfarlane, S., and Macfarlane, G. T., Regu-

lation of shortchain fatty acid production.

Proceedings of the Nutrition Society 62, 6772

(2003).

45) Riviere, A., Selak, M., Lantin, D., Leroy, F.,

and De Vuyst, L., Biˆdobacteria and butyrate



― 28 ―― 28 ―Vol. 68. 2018

producing colon bacteria: importance and

strategies for their stimulation in the human

gut. Frontier Microbiology 7, 979 (2016).

46) Palframan, R. J., Gibson, G. R., and Rastall,

R. A., Carbohydrate preferences of Biˆdobac-

terium species isolated from the human gut.

Current Issues in Intestinal Microbiology 4, 71

75 (2003).

47) Van der Meulen, R., Makras, L., Verbrugghe,

K., Adriany, T., and De Vuyst, L., In vitro ki-

netic analysis of oligofructose consumption by

Bacteroides and Biˆdobacterium spp. indicates

diŠerent degradation mechanisms. Applied

and Environmental Microbiology 72, 10061012

(2006).

48) Wilkens, S., Structure and mechanism of ABC

transporters. F1000prime Reports 7, 14

(2015).

49) Yan, N., Structural biology of the major facili-

tator superfamily transporters. Annual Review

of Biophysics 44, 257283 (2015).

50) James, K., Motherway, M. O., Bottacini, F.,

and van Sinderen, D., Biˆdobacterium breve

UCC2003 metabolises the human milk

oligosaccharides lactoNtetraose and lacto

Nneotetraose through overlapping, yet dis-

tinct pathways. Scientiˆc Reports 6, 38560

(2016).

51) Parche, S., Amon, J., Jankovic, I., Rezzonico,

E., Beleut, M., Barutcu, H., Schendel, I.,

Eddy, M. P., Burkovski, A., Arigoni, F., and

Titgemeyer, F., Sugar transport systems of

Biˆdobacterium longum NCC2705. Journal of

Molecular Microbiology and Biotechnology 12,

919 (2007).

52) Wei, X., Guo, Y., Shao, C., Sun, Z., Zhurina,

D., Liu, D., Liu, W., Zou, D., Jiang, Z., Wang,

X., Zhao, J., Shang, W., Li, X., Liao, X.,

Huang, L., Riedel, C. U., and Yuan, J., Fruc-

tose uptake in Biˆdobacterium longum

NCC2705 is mediated by an ATPbinding cas-

sette transporter. Journal of Biological Chemis-

try 287, 357367 (2012).

53) Sela, D. A., Chapman, J., Adeuya, A., Kim, J.

H., Chen, F., Whitehead, T. R., Lapidus, A.,

Rokhsar, D. S., Lebrilla, C. B., German, J. B.,

Price, N. P., Richardson, P. M., and Mills, D.

A., The genome sequence of Biˆdobacterium

longum subsp. infantis reveals adaptations for

milk utilization within the infant microbiome.

Proceeding of National Academy of Sciences

U. S. A. 105, 1896418969 (2008).

54) Shigehisa, A., Sotoya, H., Sato, T., Hara, T.,

Matsumoto, H., and Matsuki, T., Characteri-

zation of a biˆdobacterial system that utilizes

galactooligosaccharides. Microbiology 161,

14631470 (2015).

55) Sotoya, H., Shigehisa, A., Hara, T., Matsu-

moto, H., Hatano, H., and Matsuki, T., Iden-

tiˆcation of genes involved in galactooligosac-

charide utilization in Biˆdobacterium breve

strain YIT 4014T. Microbiology (2017).

56) Akiyama, T., Kimura, K., and Hatano, H.,

Diverse galactooligosaccharides consumption

by biˆdobacteria: implications of bgalactosi-

daseLacS operon. Bioscience, Biotechnology,

and Biochemistry 79, 664672 (2015).

57) Saier, M. J., Families of transmembrane sugar

transport proteins. Molecular Microbiology 35,

699710 (2000).

58) Andersen, J. M., Barrangou, R., Abou

Hachem, M., Lahtinen, S., Goh, Y. J., Sven-

sson, B., and Klaenhammer, T. R., Transcrip-

tional and functional analysis of galac-

tooligosaccharide uptake by lacS in Lactobacil-

lus acidophilus. Proceeding of National Academy

of Sciences U. S. A. 108, 1778517790 (2011).


