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目 的 
 ほとんどの成人日本人は乳糖を処理する能力が低い「乳糖不耐性」であるが、乳中の乳糖を事前に分解す

ることで乳糖不耐症でも牛乳を安心して飲むことができる。また、チーズ加工中に生産される食品廃棄物の

一つである乳清はそれに含まれる乳糖を新たな発酵原料として利用可能であり、乳清を産業廃棄物から再資

源化できるものと考えている。 
 一方、牛乳、乳製品および乳清は常温で非常に劣化しやすいため、その加工は低温で迅速に行うことが好

ましい。つまり、上記の乳加工において低温条件下で機能する乳糖分解酵素は大きなメリットを持ち、これ

ら酵素が北海道の乳産業に大きな利益を与えるものと考えている。 
 そこで、本研究では、牛乳、乳製品および乳清中の乳糖を低温下で充分に分解可能な新規低温性乳糖分解

酵素の開発を目指した。 
 
結果・考察 
① Ｆ2 株由来低温性乳糖分解酵素の精製とその諸性質の検討 
 A. psychrolactophilus F2 株の菌体内画分から低温性乳糖分解酵素を Table 1 の手順で SDS-PAGE にて単一バ

ンドを示すまで精製した（Fig. 1）。 
 得られた精製酵素は 130kDa のサブユニットからなる 4 量体酵素であった。本酵素は 10ºC に最大活性が認

められ、かつ 0ºC においてもその 80%以上の活性を有することから、低温性酵素であるものと判断した（Fig. 
2A）。また、本酵素の ONPG およびラクトースに対する親和性（Km）は 10℃において、それぞれ 2.8mM お

よび 50mM であった。一方、本酵素は pH7.0-10.0 の広い範囲で安定であるものの、45ºC-10 分、50ºC におい

ては 5 分以内の処理で完全に失活した（Fig. 2B）。食品への酵素製剤を添加する際、酵素反応後、速やかに添

加酵素を失活させる必要があり、F2 株由来低温性乳糖分解酵素は低温殺菌条件でも十分失活させることが可

能である点においても食品産業への応用が期待できる。 



 

Table 1. Summary of purification of the β-galactosidase from A. psychrolactophilus strain F2. 

 Total protein Total activity Specific activity Purification 
   (mg) (Units) (U/mg)  (Fold) 
Crude extract  1470 75.3 0.0511 1  
(NH4)2SO4 (40%) 695 297 0.427 8.37 
DEAE-Cellulose DE52 30.7 63.1 2.05 40.2 
Butyl TOYOPEARL 650S 0.474 10.2  21.6 423 
HW-75F   0.131  4.37 33.3 652 

 

 

 

 

 

 

 

 

 

Fig. 1. SDS-PAGE analysis of the purified β-galactosidase from A. psychrolactophilus strain F2.  Lanes: 1, 
molecular standard high-range markers (Bio-Rad Laboratories, Hercules, CA); 2, purified β-galactosidase.   
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Fig. 2. Effects of temperature on the activity (A) and stability (B) of the purified β-galactosidase.  In the stability test, 
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the enzyme was incubated under the indicated conditions and remaining activity was assayed under the 
optimum conditions for β-galactosidase.   Symbols for the stability test (B): ●, 30ºC; ○, 35ºC; △, 40ºC; 
▲, 45ºC; and ■, 50ºC. 

 

② Ｆ2 株由来低温性乳糖分解酵素の一次構造の解析 
 A. psychrolactophilus F2株由来低温性乳糖分解酵素の精製タンパク質のN末端アミノ酸配列の情報をもとに、

本酵素をコードする遺伝子 bglA をカセット PCR 法およびインバース PCR 法を用いて F2 株のゲノム DNA よ

り獲得した。 
 BglA は 3,084bp からなる ORF を持ち、1,028 アミノ酸残基をコードしていた（Fig. 3）。BglA は、(1) F2 株

由来乳糖分解酵素の N 末端アミノ酸配列を有すること、(2) 推定分子量が精製酵素と一致すること（111 kDa）
などから、F2株の乳糖分解酵素をコードする遺伝子であることが示唆された。BglAの遺伝子産物であるBglAp
は Arthrobacter strain B7 株 isozayme 15 と 77.5%、Arthrobacter sp. C2-2 株由来酵素と 79%、Arthrobacter SB 株

由来酵素とは 62.5%の高い相同性を示し、アミノ酸配列の前半に Glycosyl Hydrolase Family 2（GH2）に関連

したモチーフが、後半には GH42 に関連したモチーフが保持されており、GH2 と GH42 のキメラ構造をとっ

ていると考えられた。 
 また、ゲノムサザン解析により、bglA は F2 株における唯一の乳糖分解酵素遺伝子であることが明らかに

なり、本株がアイソザイムを持たないという結果と一致した。 
 以上のように A. psychrolactophilus F2 株由来低温性乳糖分解酵素をコードする遺伝子を明らかに出来たこ

とから、本酵素の一次構造が明らかになったことに加え、今後、A. psychrolactophilus F2 株由来低温性乳糖分

解酵素の大量発現、さらには部位特異的変異等の手法を用いて、より有効でかつ高活性を示す組み換え酵素

の開発へとつながるものと考えている。 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Alignment of the deduced amino acid sequence of bglA from A. psychrolactophilus strain F2 with sequences of 
Arthrobacter sp. strain C2-2 (GenBank accession no. CAD29775), strain B7 (U12334) and strain SB 
(AAQ19029).  White letters indicate identical amino acid residues with BglAp from strain F2.  Gray boxes 
with asterisk indicate glutamic acid residues involved in catalysis in the E. coli LacZ enzyme. 
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F2      MT-------P ADVSYITDQG PGSGLRVPAR SWLNSDAPSL SLNGDWRFRL LPAAPGTPGA GSVLPDGESV EGVAAESFDD SAWDTLPVPS HWVLHGEGKY
C2-2    MT-------T ADVSYLTDQG PGSGRRVPAR SWLHSDAPAL SLNGDWRFRL LPAAPGTAGA GSVLPSGETV EGVAAESYDD AAWDTLPVPS HWVMGQDGKY
B7-15   MS-------S ---SYITDQG PGSGLRVPAR SWLNSDAPSL SLNGDWRFRL LPTAPGTPGA GSVLATGETV EAVASESFDD SSWDTLAVPS HWVLAEDGKY
SB      MAQFTASPPA AGVSYITDRG PGSGRRTAAR SWLHSNAPTQ SQNGTWRFRL LPGAPGTPGG RGVLPVGEAV EGIAEEVFDD SSWDGIAVPA HWVLEGDGRY

        GRPIYTNVQY PFPSDPPFVP DANPTGDYRR SFDVPAAWFG KYDAALTLRF DGVGSRYKVW VNGQEIGVGS GSRLAQEFDV TAALRPGSNL LVVRVHQWSA
        GRPIYTNVQY PFPIDPPHVP DANPTGDFRR RFDVPAQWFE STTAALTLRF DGVESRYKVW VNGQEIGVGS GSRLAQEFDV SDALRAGSNL LVVRVHQWSA
        GRPIYTNVQY PFPIDPPFVP DANPTGDYRR TFDVPDSWFE STTAALTLRF DGVESRYKVW VNGVEIGVGS GSRLAQEFDV SEALRPGKNL LVVRVHQWSA
        GRPIYTNVQF PFPTDAPNVP DGNPTGDYRR TFELTEPWTE AER--ILLRF DGVESRYKVW VNGVPIGVGT GSRLAQEFDV TDAVRPGANV LAVRVHQWSA

        ASYLEDQDQW WLPGIFRDVT LAARPAGGIT DVWLRTGWTA DTGAGQGAGT GTLDPEIIAE ADAYPVTLTA PALGVAVRWD SPADVVPFTV DNVEPWSAEL
        ASYLEDQDQW WLPGIFRDVT LQARPAGGIT DAWLRTGWSA RSG----AGT GTIDPEITAD ATAFPVTLSV PELGVNVTWK SAEEVAPLAL ENVEPWSAEV
        ASYLEDQDQW WLPGIFRDVK LQARPVGGLT DVWLRTDWS- --------GS GTITPEITAD PAAFPVTLRV PELGLEVIWD SPADVAPVSI DAVEPWSAEV
        SSYLEDQDQW WLPGIFRDVT LQARPAGGID EVWLRTSFS- --GSGDS-GA GTIDPEITVN GDAFPVTLSV PELGVDVTWN SAADVAPLVI DAVEPWSAEI

        PRLYEATVSS AAESITLRLG FRTVEIVGDQ FLVNGRRVVF HGVNRHETNP DRGRVFDEAD AREDLALMKR FNVNAIRTSH YPPHPRLLDL ADEMGFWVIL
        PRLYEASVSS AAESISVRLG FRTVRIVGDQ FLVNGRRVVF HGVNRHETHP DRGRVFDEAG AREDLALMKR FNVNAIRTSH YPPHPRLLDL ADEMGFWVIL
        PRLYDASVSS AAESISLRLG FRTVKIVGDQ FLVNGRKVIF HGVNRHETNA DRGRVFDEAS AREDLALMKR FNVNAIRTSH YPPHPRFLDL ADELGFWVIL
        PRLYDATVAS AAETVSLRVG FRTVEIVGDR FLVNGRRVVF HGMNRHETHP DRGRVFDEES ARADLALMKQ FNVNAIRTSH YPPHPRLLDL ADEMGFWVVL

        ESDLETHGFH RQGWVDNPSD VPAWRDAFVD RMERTVERDK NHASIVMWSL GNESGTGANL TVMQAWTHTA VRLSRPVHYE GDYTGAYTNV YSRMYSSIPE
        ECDLETHGFE AGGWVENPSD VPAWRDALVD RMERTVERDK NHPSIVMWSL GNESGTGSNL AAMAAWAHAR DS-SRPVHYE GDYTGAYTDV YSRMYSSIPE
        ECDLETHGFH ALKWVGNPSD DPAWRDALVD RMERTVERDK NHASIVMWSL GNESGTGANL AAMAAWTHAR D-LSRPVHYE GDYTGAYTDV YSRMYSSIPE
        ECDLETHGFS VQQWAGNPSD DPAWREAFVD RIERTIERDK NHPSIVMWSL GNEAGTGANL AAMAAWAHAR DT-GRPVHYE GDYSGAYTDV YSRMYSSVPE

        TDSIGRNDSH ALLLGCDAAE SARQRTRPFI LCEYVHAMGN GRGAMDQYEE LVDKYPRLHG GFVWEWRDHG IRANTADGTE FFAYGGDLGE VIHDSNFVMD
        TDSIGRNDSH ALLLGCDSAE SARQRTKPFI LCEYVHAMGN GPGAMDQYEA LVDKYPRLHG GFVWEWRDHG IRTRTAEGME FFAYGGDFGE VVHDSNFVMD
        TDSIGRNDSH ALLLGCNAIE SARQRTRPFI LCEYVHAMGN GPGAIDQYED LVDKYPRLHG GFVWEWRDHG IRTRTADGTE FFAYGGDFDE VIHDGNFVMD
        TEAIGRDDSG SMLLGCSAAE SARQRTKPFI LCEYVHAMGN GPGAIDQYED LVDRYPRLHG GFVWEWRDHG LRTRTEDGTE FFAYGGDFNE VIHDGNFVMD

        GMVLSDSTPT PGLHEYKQIV SPIRLSL--- ----ALDDGG APR-LTVANL RHTADASDVV LRWRVEHNGA VAASGELAVD SADG-PLRAG ESVTLTLPPV
        GMVLSDSTPT PGLYEFKQIV SPIRLGL--- ----SLPAGG KPT-LAVANL RHTADASDVV LRWRVEHDGA VAASGEVAAE GSDG-PLRAG ESATIALPAM
        GMILSDSTPT PGLFEYKQIV SPIRLAL--- ----TLNAEG NAG-LTVANL RHTSDASDVV LRWRVEHNGT RVDAGELTTD GANG-PLQAG DSLTLTLPTI
        GMVLSDSTPS PGLFEYKQIV APIRLRFGTE VPVGTASDGG ARRFMTVANL RHSADSSDVV FQWRTEADGV RSDSGELAVA GTSGKALAAG ESVTLALPEF

        AAAPEGETWL TMEVVLRDAT EWAPAGHPLA ATQLDLSAPQ SAPRAPRPAA PVS------- --------GA SPLSLGHAMF DAGALVALAG LPVSGPRFEL
        PAAPLGETWL TVEAVLRDAT GWAPAGHPLG AVQLDLSAPA VPTRSPRPAT PLD------- --------GA LPVSLGPATF DAGTLVSLAG QPVSGPRLEL
        VAAAEGETWL SVEAVLREAT AWAPAGHPLS ETQLDLSPAQ PPLRVPRPAS PIA------- --------GA APVELGPATF DAGSLVTLAG LPVAGPRLEL
        AVPGNGEHWL TVEAVLRKDT DWAPAGHVIS AAQLDLSAPA PSVQAPRPMA SAGRTVSSGA GSSGAGSSGT GTVNLGPAVF EEGRLLSLGG LSVAGPHLEL

        WRAPTDNDRG KGFGAYGPED PWLNNGKGVP APSSEAVWKQ AGLDRLTRRV EDVAALPDGL RVRNRYAAAN SAASVAVEEN WQLAGEELWL RLDIMPSAGW
        WRAPTDNDRG AGFGAYGPGD PWLNSGRGVP APSSEAVWKQ AGLDRLTRRV EDVAALPDGI RVRTRYAAAD STHSVAVEEN WQLDGGELCL RIDITPSAGW
        WRAPTDNDKG QGFGAYGPED PWINSGRGVP APSSAVVWQQ AGLDRLTRRV EDVAALPQGL RVRSRYAAAN SEHDVAVEEN WQLSGDELWL RIDIAPSAGW
        WRAPTDNDGG AGRGSYDLVD PWLNNGNGVP APTSASVWRD AGLDRLTARV EKIAANDESV VVRTRYAPAD SADSVTVEEQ WQLADGELWL RLDIVPSAGW

        DLVFLRIGVR LDLPTDVDGA SWFGAGPRES YADSMHATVV GRHSGSIDEL NVPYARPQET GHRSDVRSLE LSRNGAPWLR IEADPDALGR RPGFSLARHT
        NLVWPRIGVR WDLPTDVDGA AWFGAGPRES YPDSMHATVV ARHAASLEEL NVPYARPQET GHRSDVRWLE LDRAGAPWLR IDAEPDAAGR RPGFSLARHT
        DLVFPRIGVR LDLPSEVDGA SWFGAGPRES YPDSLHSAVV GTHGGSLEEL NVNYARPQET GHHSDVRWVE LSRDGAPWLR IEADPDALGR RPGFSLAKNT
        NMIWPRIGVR FDLPGSVDGV SWFGAGPRES YPDSMHAALI GRYSAAIDDL TVAYAKPQES GHRSAVRSLE LNNADAPWLR IETVADARGR RPGFTLARHT

        AQQVTAAGHP HELPASSHSY LYLDAAQHGL GSRACGPDVW PDFALRPEAR TLVLRFSAL
        AQEIAAAGHP HELPTPSHSY LYVDAAQHGL GSRACGPDVW PDFALRPEAR TLKLRISPA
        AQEVALAPHP HELPESQHSY LYLDAAQHGL GSRACGPDVW PDFALRPEAR TLVLRIRAA
        AQEVSAAAHP HELPPSEHSY LYLDAAQHGL GSRACGPDVW PDFALRPEAR TLTLRIGTAG



 

③ Ｆ2 株由来低温性乳糖分解酵素の生乳中の乳糖分解能 

 A. psychrolactophilus F2 株由来乳糖分解酵素の応用を目指して、部分精製酵素を用いて生乳中のラクトース

分解を試みた。生乳 1ml に対して 1Unit の酵素を添加し、10ºC にて酵素処理を実施した結果、乳中のラクト

ースを 24 時間で 20%まで低下させることができた（Fig. 5）。この結果は、本酵素が食品加工へ適用できる可

能性を有することを示している。 

 

 
Fig. 4. Hydrolysis of lactose in raw milk after 24h at 5ºC. 

 
 

今後の展望 
 本研究にて、牛乳、乳製品および乳清中の乳糖を低温下（10ºC）で充分に分解可能な新規低温性乳糖分解

酵素をA. psychrolactophilus F2株の菌体内画分に見出し、その酵素化学的諸性質およびその一次構造を明らか

にした。本酵素は低温で充分な活性を示すのみならず、中温域での失活が可能であり、さらには1Unitの本酵

素にて生乳1ml中のラクトースを10ºC-24時間で20%まで低下させる能力を有していた。これらの性質からF2
株由来低温性乳糖分解酵素は将来的に食品産業に応用できる可能性を秘めているものと考えている。 
 
 最後になりましたが、私共の研究に対しましてご理解とご援助を頂きましたノーステック財団に心より御

礼申し上げます。 
 また、本研究成果の一部は学術雑誌「Appl. Microbiol. Biotechnol ７２：７２０-725」に掲載された。 
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Abstract In this study, we purified and molecularly
characterized a cold-active β-galactosidase from Arthro-
bacter psychrolactophilus strain F2. The purified β-
galactosidase from strain F2 exhibited high activity at
0°C, and its optimum temperature and pH were 10°C and
8.0, respectively. It was possible to inactivate the β-
galactosidase rapidly at 45°C in 5 min. The enzyme was
able to hydrolyze lactose as a substrate, as well as o-
nitrophenyl-β-D-galactopyranoside (ONPG), the Km values
with ONPG and lactose being calculated to be 2.8 mM and
50 mM, respectively, at 10°C. Moreover, the bglA gene
encoding the β-galactosidase of strain F2 was cloned and
analyzed. The bglA gene consists of a 3,084-bp open
reading frame corresponding to a protein of 1,028 amino
acid residues. BglAp, the gene product derived from bglA,
had several conserved regions for glycosyl hydrolase
family 2, e.g., the glycosyl hydrolase 2 (GH2) sugar
binding domain, GH2 acid-base catalyst, GH2 triosephos-
phate isomerase barrel domain, GH2 signature 1, and
several other GH2 conserved regions. From these facts, we
conclude that the β-galactosidase from A. psychrolacto-
philus strain F2, which is a new member of glycosyl
hydrolase family 2, is a cold-active enzyme that is
extremely heat labile and could have advantageous
applications in the food industry.

Introduction

In low temperature environments, many microorganisms
adapt to the cold conditions and can grow. Among cold-
adapted microorganisms, a psychrophile is a microorgan-

ism exhibiting optimal growth at low temperature (Morita
1975). Therefore, it is possible that psychrophiles produce
cold-adapted enzymes, which exhibit high catalytic
activities at low temperature, to adapt to cold habitats,
and thus, psychrophiles have attracted attention as sources
of enzymes with potential for low-temperature catalysis
(Hoyoux et al. 2004). Indeed, a variety of cold-active
enzymes have been found in psychrophiles (Feller et al.
1996; Gerday et al. 2000; Marshall 1997), and our group
has reported a variety of psychrophiles and their cold-
active enzymes (Nakagawa et al. 2002, 2003, 2004b,
2005a,b, 2006).

Cold-active enzymes could have important applications
in food processing, biomass conversion, molecular biolo-
gy, environmental biosensors, bioremediation, cleaning of
contact lenses, and several other processes. In particular,
they are attractive for the food industry, e.g., for the
processing of fruit juices and milk, because (1) there is an
increasing industrial trend to treat food stuffs under mild
conditions to avoid spoilage and changes in taste and
nutritional value at ambient temperature, and (2) cold-
active enzymes can be inactivated at moderate tempera-
tures without heating treatment (Margesin and Schinner
1994; Russell 1998). Among cold-active enzymes, β-
galactosidase (EC 3.2.1.23), which hydrolyzes lactose to
glucose and galactose, is one of the important food–
industrial enzymes. It can be used to degrade lactose for
several purposes: e.g., (1) removal of lactose from
refrigerated milk for people who are lactose intolerant,
(2) conversion of lactose to glucose and galactose, which
are more fermentable sugars than lactose, in whey, and (3)
removal of lactose from pollutants of the dairy industry
(Triveni 1975).

In a previous study, we isolated several psychrophilic
microorganisms that produce cold-active β-galactosidase,
from soil from Hokkaido, Japan, for application to the food
industry (Nakagawa et al. 2003, 2006). Among the strains
isolated, strain F2, which was identified as Arthrobacter
psychrolactophilus, was able to hydrolyze lactose at below
5°C, and there was only one type of cold-active β-
galactosidase in intracellular fractions of strain F2, although
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some other strains have at least two β-galactosidase
isozymes (Nakagawa et al. 2003). Moreover, a cell-free
extract of the F2 strain exhibited an optimum temperature of
10°C and showed high specific activity of β-galactosidase at
0°C, although cold-active β-galactosidases previously
reported exhibited optimum temperatures of around 20 to
35°C and practically low activities at 0°C (Cieslinski et al.
2005; Coker et al. 2003; Fernandes et al. 2002; Hoyoux et
al. 2001; Karasova-Lipovova et al. 2003; Loveland et al.
1994). Therefore, it seems that strain F2 has a novel type of
cold-active β-galactosidase, and that the β-galactosidase
from strain F2 can be applied to the food industry.

The present study was conducted for enzymatic and
molecular characterizations of the cold-active β-galactosi-
dase from A. psychrolactophilus strain F2. Therefore, we
attempted purification of the cold-active β-galactosidase
from an intracellular fraction of strain F2 and cloning of the
bglA gene encoding the enzyme from genomic DNA of
strain F2.

Materials and methods

Bacterial strain and cultivation conditions

Arthrobacter psychrolactophilus strain F2 was cultivated
in a mineral synthetic medium (Nakagawa et al. 2002;
Sakai et al. 1998) containing 1% (w/v) lactose as the sole
carbon source. The initial pH of the medium was adjusted
to 7.0. Cultivation was performed aerobically at 5°C with
rotary shaking at 150 rpm in Erlenmeyer flasks, and growth
was followed by measuring the optical density at 660 nm.

Escherichia coli DH5α, which was used for plasmid
propagation, was grown at 37°C in 2× tryptone–yeast
medium, when necessary, being supplemented with
ampicillin (50 μg/ml).

β-Galactosidase assay

β-Galactosidase activity was determined by measuring the
rate of hydrolysis of 20 mM o-nitrophenyl-β-D-galactopy-
ranoside (ONPG) or 5 mM lactose in 50 mM borate buffer,
pH 8.0. The reaction mixture was incubated at 10°C for
10 min, and the enzyme reaction was stopped by using 1 M
Na2CO3. With the ONPG method, the increase in absor-
bance at 415 nm was followed, and one unit of activity was
defined as the amount of enzyme that produced 1 μmol of
ONP per minute. On the other hand, hydrolysis of lactose
was measured with a glucose-detection kit (Glucose B-test
Wako; Wako Pure Chemical Industries, Osaka, Japan), and
one unit of activity was defined as the amount of enzyme
that produced 1 μmol of glucose per minute.

Protein was determined by the method of Bradford with
a protein assay kit (Bio-Rad, Hercules, CA, USA) using
bovine serum albumin as the standard.

Purification of β-galactosidase
from A. psychrolactophilus strain F2

Lactose-grown cells of A. psychrolactophilus strain F2
were harvested and then washed with 5 mM sodium
phosphate buffer, pH 7.0. The cells were disrupted with a
Sonifier 450 (Branson Ultrasonics, Danbury, CT, USA),
and then the cell debris was removed by centrifugation at
20,000×g. The extract was fractionated by the addition of
solid ammonium sulfate (40% saturated). The resultant
supernatant was applied to a DE52 (Whatman Internation-
al, Maidstone, UK) column (φ 33 by 270 mm), and was
eluted with a stepwise increase in NaCl from 210 to
390 mM. The β-galactosidase-active fraction was applied
to a Butyl Toyopearl 650S (Tosoh, Kanagawa, Japan)
column (φ33 by 270 mm), and eluted with a linear gradient
of 450 mM to 350 mM (NH4)2SO4. Next, the active
fractions were applied to a HW75F (Tosoh) column (φ 25
by 1,110 mm). After the HW75F column chromatography,
the fraction containing β-galactosidase gave a single band
on sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) (Laemmli 1970).

Determination of the NH2-terminal amino acid
sequence

The NH2-terminal amino acid sequence of the purified β-
galactosidase was determined by automated Edman deg-
radation using an Applied Biosystems protein sequencer
(ABI, Foster City, CA, USA).

Cloning and sequencing of the bglA gene
from A. psychrolactophilus strain F2

According to the NH2-terminal amino acid sequence of the
β-galactosidase from strain F2, an F1 primer, 5′-
gCggCCgCTAYATHACNgAYCARggNCCNgg-3′, was
designed and synthesized. On the other hand, an R1
primer, 5′-gCggCCgCggCggTTgACgCCgTggAA-3′, was
designed from a high homology region in other β-
galactosidase genes from Arthrobacter strains (Coker et
al. 2003; Trimbur et al. 1994). The ca. 1.0-kb PCR
fragment that was amplified from the genomic DNA with
the F1 and R1 primers was subcloned into the pT7Blue T-
vector (Novagen, Madison, WI, USA).

The bglA coding and 3′ flanking regions were amplified
by means of the homologous PCR method and the cassette
PCR method (Isegawa et al. 1992; Nakagawa et al. 2004a),
using a Takara LA PCR in vitro cloning kit (Takara, Kyoto,
Japan). The strain F2 genomic DNA was digested
completely with EcoRI and then ligated with an EcoRI
cassette (Takara). The first PCR was performed with the
Cassette C1 Primer (Takara) and an N-S1 primer, 5′-
ggCACTCACCCTgCgCTTTg-3′. The second PCR was
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performed with the Cassette C2 Primer (Takara) and an N-
S2 primer, 5′-CACCggATggACggCTgACACC-3′. After
the second PCR, the amplified ca. 1.0-kb fragment was
subcloned into the pT7Blue T-vector. On the other hand,
the next bglA coding region was amplified with an F3
primer, 5′-ACgCCATgggCAACggCC-3′, and an R3 prim-
er, 5′-TgCAAAgTCCggCCATACAT-3′, designed from a
high homology region in other β-galactosidase genes from
Arthrobacter strains (Coker et al. 2003; Trimbur et al.
1994). Moreover, the 3′ outside of the cloned bglA gene
was amplified by means of the cassette PCR method. The
strain F2 genomic DNA was digested completely with
EcoRI and then ligated with an EcoRI cassette (Takara).
The first PCR was performed using the Cassette C1 Primer
(Takara) and a C-S1 primer, 5′-gCACACggCACAg
CAggTCA-3′. The second PCR was performed with the
Cassette C2 Primer (Takara) and a C-S2 primer, 5′-
CgTCAAgCCACAgCTACCTg-3′. After the second PCR,
the amplified ca. 0.5-kb fragment was subcloned into the
pT7Blue T-vector. The DNA fragments were sequenced
with DNA sequencers, models 377 and 3130 (ABI).

The nucleotide sequence of bglA has been submitted to
GenBank and assigned accession number AB243756.

Results

Characterization of the β-galactosidase
from A. psychrolactophilus strain F2

In a previous study, we showed that A. psychrolactophilus
strain F2, which did not have any β-galactosidase
isozymes, exhibited high specific β-galactosidase activity
at 0°C (Nakagawa et al. 2003). Because we thought that the
enzyme from strain F2 may be a novel type of cold-active
β-galactosidase, we attempted to purify the β-galactosi-
dase from strain F2. The β-galactosidase was purified until
a single band was obtained on SDS-PAGE, which
corresponded to a molecular mass of ca. 130 kDa
(Fig. 1). On the other hand, the determination of molecular
mass of the native protein appeared to be ca. 548 kDa on
native PAGE (data not shown). Therefore, it seems that the
β-galactosidase from A. psychrolactophilus strain F2 is a
tetrameric protein. The purification procedure for the β-
galactosidase is summarized in Table 1.

At first, we examined the effect of temperature on the
activity of the β-galactosidase from A. psychrolactophilus
strain F2. The optimum temperature of the β-galactosidase
was 10°C, and the specific activity of the purified enzyme
was 33.3 U/mg for ONPG at 10°C. Moreover, the enzyme
exhibited ca. 80% of the maximal activity even at 0°C. On
the other hand, the β-galactosidase activity decreased with a
further increase in temperature until it was undetectable
above 60°C (Fig. 2a). To determine its thermostability, theβ-
galactosidase was incubated at a particular temperature
before measuring the residual activity under standard
conditions. Although the enzyme was very stable at 5°C, a
drastic decrease in stability was observed above 30°C, and
the β-galactosidase was inactivated within 5 min at 50°C
(Fig. 2b). Judging from these findings, the β-galactosidase
from A. psychrolactophilus strain F2 is a cold-active enzyme
that is extremely heat-labile. One attribute of cold-active
enzymes is their thermolability; i.e., they can be inactivated
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1    2Fig. 1 SDS-PAGE analysis of
the purified β-galactosidase
from A. psychrolactophilus
strain F2. Lanes: 1, molecular
standard high-range markers
(Bio-Rad, Hercules, CA);
2, purified β-galactosidase
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Fig. 2 Effects of temperature
on the activity (a) and stability
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at moderate temperatures close to those at which the
enzymes from mesophiles are functional (Russell 2000).

β-Galactosidase showed optimum activity at pH 8.0, it
exhibited above 80% of the optimum activity at pH 7.0 and
9.0, and its pH stability range was 6.0–10.0 (Fig. 3). On the
other hand, β-galactosidase substrate specificity was deter-
mined by assaying it with several chromogenic substrates
(Table 2). The enzyme exhibited about 26.5% of the ONPG
activity when p-nitrophenyl-β-D-galactopyranoside was used
as the substrate, but it showed less than 1% of the ONPG
activity with any of the other substrates tested (Table 2).
Moreover, the β-galactosidase was able to hydrolyze lactose,
as well as ONPG; although the Km values with ONPG and
lactose were calculated to be 2.8 mM and 50 mM,
respectively, at 10°C. On the other hand, the Kcat values of
the enzyme with ONPG and lactose were calculated to be
93.5 S−1 and 18.0 S−1, respectively, at 10°C. d

Judging from these results, the β-galactosidase from A.
psychrolactophilus strain F2 is a cold-active enzyme that
exhibits the lowest optimum temperature and is the most
heat labile among the β-galactosidases reported so far.
Moreover, 1 U of the enzyme was able to hydrolyze about
80% of the lactose in 1 ml of milk at 10°C in 24 h (data not
shown). Therefore, it seems that the β-galactosidase from
A. psychrolactophilus strain F2 exhibits good potential for
uses as an industrial cold-active enzyme.

Primary structure of the β-galactosidase
from A. psychrolactophilus strain F2

The NH2-amino acid sequence of the purified β-galacto-
sidase was NH2-MTPADVSYITDQGPGSGLRV, which
was very similar to those of the β-galactosidases from
Arthrobactor sp. strain C2-2 (identity of 17/20 amino
acids) (Karasova-Lipovova et al. 2003) and A. psychro-
lactophilus strain B7 (identity of 15/20 amino acids)
(Loveland et al. 1994).

Using information of the NH2-amino acid sequence of
the purified enzyme, we attempted to clone the bglA gene
encoding β-galactosidase from A. psychrolactophilus
strain F2 and determined the complete primary structure
of the enzyme. The bglA gene consists of a 3,084-bp open
reading frame (ORF) corresponding to a protein of 1,028
amino acid residues. This ORF was identified as the gene
encoding β-galactosidase from strain F2 based on (1) the
identity of the N-terminal amino acid sequence determined
with that of the purified β-galactosidase protein, and
(2) agreement of the calculated molecular weight of this
protein (111,666 Da) with that of the purified β-galacto-
sidase determined by SDS-PAGE (130 kDa). Moreover,
the deduced amino acid sequence encoding the bglA gene
showed high similarity to those of the β-galactosidases
from Arthrobacter sp. strain C2-2 (79.0% identity)
(Karasova-Lipovova et al. 2003), strain B7 (77.5% iden-
tity) (Loveland et al. 1994), and strain SB (63.9% identity)
(Coker et al. 2003).

BglA had contained glutamic acid residues (446 and
542) involved in catalysis in the E. coli LacZ enzyme
(Fowler and Smith 1983). Moreover, BglA contained
several conserved regions for glycosyl hydrolase family 2,
e.g., glycosyl hydrolase 2 (GH2) sugar binding domain
(29–218), GH2 acid-base catalyst (432–446), GH2 triose-
phosphate isomerase barrel domain (317–618) (Jacobson et
al. 1994), GH2 signature 1 (367–392), and several other
GH2 conserved regions (Fig. 4). From these facts, it seems
that bglA is a member of glycosyl hydrolase family 2.
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Fig. 3 Effects of pH on the activity and stability of the purified β-
galactosidase. Symbols: black circles, activity, and white circles,
stability of the purified β-galactosidase

Table 2 Activity of the purified β-galactosidase with various
nitrophenyl-derived chromogenic substances

Substrate Relative activity (%)

o-nitrophenyl-β-D-galactopyranoside 100
p-nitrophenyl-β-D-galactopyranoside 25.6
p-nitrophenyl-α-D-galactopyranoside <1
p-nitrophenyl-β-D-glucopyranoside <1
p-nitrophenyl-β-D-xylopyranoside <1
p-nitrophenyl-β-D-mannopyranoside <1
p-nitrophenyl-β-D-alabinopyranoside <1
p-nitrophenyl-β-D-fucopyranoside <1

Table 1 Summary of purification of the β-galactosidase from A.
psychrolactophilus strain F2

Total
protein
(mg)

Total
activity
(units)

Specific
activity
(U/mg)

Purification
(fold)

Crude extract 1,470 75.3 0.0511 1
(NH4)2SO4

(40%)
695 297 0.427 8.37

DEAE-cellulose
DE52

30.7 63.1 2.05 40.2

Butyl TOYO
PEARL 650 S

0.474 10.2 21.6 423

HW-75 F 0.131 4.37 33.3 652
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Discussion

In this study, we revealed the enzymatic properties and
primary structure of a β-galactosidase from A. psychro-
lactophilus strain F2. It has been reported that several
Arthrobacter strains produce cold-active β-galactosidase
isozymes (Coker et al. 2003; Karasova-Lipovova et al.
2003; Loveland et al. 1994; Nakagawa et al. 2003).
However, A. psychrolactophilus strain F2 has only one
functional β-galactosidase, bglA, and its gene product,
BglA, is the only type of functional β-galactosidase in
strain F2 because (1) Southern analysis of the genomic
DNA from strain F2 with the bglA gene showed only a one-
signal band for genomic DNA digested with BglII, HindIII,
XbaI, and XhoI (data not shown), and (2) the intracellular
fraction of strain F2 grown on lactose gave only one
activity band for β-galactosidase (Nakagawa et al. 2003).
On the other hand, the amino acid sequence of BglA
exhibits high identity with those of the β-galactosidases
from other Arthrobacter sp. strains. Moreover, BglA

contained several conserved regions for the glycosyl
hydrolase family 2. From these facts, we judged that
BglA from strain F2 belongs to glycosyl hydrolase family
2, like the β-galactosidases of Arthrobacter sp. strains.

The β-galactosidase purified from strain F2 was able to
hydrolyze lactose as a substrate, as well as ONPG, and
exhibited high specific activity at 0°C; although its
optimum temperature was 10°C. One β-galactosidase
from strain SB exhibited an optimum temperature of ca.
18°C and showed ca. 50% of the maximal activity at 0°C
(Coker et al. 2003). Other cold-active β-galactosidases that
have been reported exhibit optimum temperatures of
around 30 to 50°C and practically lower activities at 0°C
than the activity of strain F2 (Cieslinski et al. 2005;
Fernandes et al. 2002; Hoyoux et al. 2001; Karasova-
Lipovova et al. 2003; Loveland et al. 1994). Moreover, Kcat

values of the enzyme at 10°C were about tenfold higher
than those of β-galactosidase from mesophilic E. coli
(Hoyoux et al. 2001); although they had same or slightly
lower levels than those from strains C2-2 or SB (Karasova-

Fig. 4 Alignment of the deduced amino acid sequence of bglA from
A. psychrolactophilus strain F2 with sequences of Arthrobacter sp.
strain C2-2 (GenBank accession number CAD29775), strain B7
(U12334), and strain SB (AAQ19029). White letters indicate

identical amino acid residues with BglAp from strain F2. Gray
boxes with asterisks indicate glutamic acid residues involved in
catalysis in the E. coli LacZ enzyme
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Lipovova et al. 2003; Coker et al. 2003).On the other hand,
the temperature stability of β-galactosidase from strain F2
is lower than those of the β-galactosidases of other
Arthrobacter strains. While the activity of β-galactosidase
from strain C2-2 decreased to 40% on incubation at 45°C
in 10 min, the enzyme from strain F2 lost all its activity
under the same conditions. In short, it was possible to
inactivate the β-galactosidase rapidly at 45°C in 5 min,
which are mild conditions. Moreover, the enzyme was able
to hydrolyze about 80% of the lactose in milk at 10°C in
24 h (data not shown).

From these facts, we conclude that the β-galactosidase
from A. psychrolactophilus strain F2 is a cold-active
enzyme that is extremely heat-labile, and that the enzyme
could have advantageous applications in the food industry,
e.g., the treatment of chilled dairy products while avoiding
flavor tainting and the risk of microbial contamination.
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