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We succeed in the development of two B-galactosidases for the production of two
value-added products, i.e., 1) production of galacto-oligosaccharides (GOS), which has
prebiotic acitivity and 2) production of low-lactose milk, which will allow lactase deficient
consumers, which comprise one-third of world population and less than 10% in Thailand, to
be able to drink milk with no side effects. The two enzymes that have been developed in

this research project can be further applied for industrial applications in the future

The first enzyme is a novel heterodimeric B-galactosidase with a molecular mass of
105 kDa, which was purified from crude cell extracts of the soil isolate Lactobacillus
pentosus KUB-ST10-1 using ammonium sulphate fractionation followed by hydrophobic
interaction and affinity chromatography. The electrophoretically homogenous enzyme has a
specific activity of 97 UoNPG/mg protein. The Km, kcat and kcat/Km values for lactose and
o-nitropheny|-B-D-galactopyranoside (oNPG) were 38 mM, 20 s—1, 530 M™"s™" and 1.67 mM,
540 s, 325 000 M5!, respectively. The temperature optimum of B-galactosidase activity
was 60-65°C for a 10-min assay, which is considerably higher than the values reported for
other lactobacillal B-galactosidases. Mg2+ ions enhanced both activity and stability
significantly. L. pentosus B-galactosidase was used for the production of prebiotic
galactooligosaccharides (GOS) from lactose. A maximum yield of 31% GOS of total sugars
was obtained at 78% lactose conversion. The enzyme showed a strong preference for the
formation of B-(1—3) and B -(1—>6) linkages, and the main transgalactosylation products
identified were the disaccharides B -D-Galp-(1—>6)-D-Glc, B -D-Galp-(1—>3)-D-Glc, B -D-Galp-
(1—6)-D-Gal, B -D-Galp-(1—>3)-DGal, and the trisaccharides g -D-Galp-(1—>3)-D-Lac, B-D-
Galp-(1—6)-D-Lac. This enzyme is suitable for the production of GOS in industrial scale in

the future.

For the second enzyme, the gene encoding homodimeric B-galactosidase (lacA) from
Bacillus licheniformis DSM 13 was cloned and overexpressed in Escherichia coli, and the
resulting recombinant enzyme was characterized in detail. The optimum temperature and
pH of the enzyme, for both o-nitrophenyl-B-D-galactoside (oNPG) and lactose hydrolysis,
were 50°C and 6.5, respectively. The recombinant enzyme is stable in the range of pH 5 to 9

at 37°C and over a wide range of temperatures (4-42°C) at pH 6.5 for up to 1 month. The Km

6



values of LacA for lactose and oNPG are 169 and 13.7 mM, respectively, and it is strongly
inhibited by the hydrolysis products, i.e., glucose and galactose. The monovalent ions Na+
and K+ in the concentration range of 1-100 mM as well as the divalent metal cations Mg2+,
Mn2+, and Ca2+ at a concentration of 1 mM slightly activate enzyme activity. This enzyme
can be beneficial for application in lactose hydrolysis especially at elevated temperatures
due to its pronounced temperature stability; however, the transgalactosylation potential of
this enzyme for the production of galacto-oligosaccharides (GOS) from lactose was low, with
only 12% GOS (w/w) of total sugars obtained when the initial lactose concentration was 200
g/L. This enzyme is suitable for the production of low-lactose milk and milk products in

industrial scale in the future.

The information about these two enzymes has already been published in

international publications with peer-review and impacfactors.
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LACTASE HOTSPOTS

Only one-third of people produce the lactase enzyme
during adulthood, which enables them to drink milk.

S

Percentage of adult population = »
that can drink milk — P4
B
10% 90%

ANLERINNTNSENEFvesUsTEINsanunsanuuuld Tunmasdiuintlulssmelnedusyansies
N1 Sevay eo (‘17'II3J’1 Curry, A. Archaeology: The milk revolution. Nature 500, 20-22,
doi:10.1038/500020a, 2013).
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[ o [y 1

Y9950V INE A INSUTI9Ne satiuRsledinsdnasulyuszannsiaennnzlulewdnauuy e

o

nmaasdulafiauysal dwluginalaswmnglundgeinnssiuasliuuyns savislulenunssgndl
msdaasulnuuy nsuiduuraiidfyvesunaide Feenunsatedesiulsanseanyle

] =3 ‘:l' o W a = 1 [y ¥ goj
sglsimulgmnddgueslszonsinglunisuilaauy AeUszunsdluwgdnazuiiinianan
Inaniegluuy vlilianansany wazlduselosianuulaiun nisuinanawanlad ¥se N1z
[l ] 9°J M v [~ A 1 I goj
sumenusuinsasantaalile (Lactose Intolerance) Wunnefsanigliaiunsagasiinniawan
Tngluwale Juilvidunidlumaduownsdnhmauarlnglldlunsasinsauazuia In15had
W luglduaziinisiadaudiveaaldisTu 3uinen1svondiu druwfanindurinlrdeiniswuy

= o

V94 71848n vioafle Uiavies 1duavios wazilaulussuunasiuets [11] Juihlvgndeinisiventl
fowdnidein1sanuy haawaataaduiinanfemsluuednivintu e1adundnegrmie
Wnauy (milk sugar) Wmanaalnagndesnigiauludianina (lactase) ¥38 WA-NLAALATLAA
(beta-galactosidase) Tuanldanlmduuimaiies 2 luana fie nglaatuniuanlang lowlysdiidunnly
1 z:l' [ ! = 1 U oa [ L3
minuazaoys anauileladudlvg Aue@esumsaulneuazaugriinilagnssuiiugsuiaeule:d
a dgj [ 1 o val a ¥ %’I 14 Y a
yilpilluanlawagdlng vinliilgwviineniswithmauaalaale [1] amauein1siingn
sunmelifiveulsiingesiinalagld lilduilusiiu nsuwiinawanlaadsldladulizengliui

9w linUeINIINRINIEL Yoy MesuksIlaiunuead Inenuinaniesisneliaunsodesuaning

o

1o agingalunguussimaaunuiiuisuazglsunnung Juanideanile Fanuiiies 3-8 % duly
glsumemauliuasniwmgiusanidnsnmsiinduuingda 70%  dwlulssinalunausiEniuaziode
Tnsingluiauelens fueenidedlasnsnisuiiiniananlaassanisiou 100 % Tuswsn

WUlUAURIY 15 % AuaLLSA TN U 53 % wavluauiisinude 80 % dwululseineesainsias

waztBuaudny 6 uag 9 % auddu [2, 11] deunanlaindssunnsgingilanasidymniie



ainusisuanlea drululssmelnelineanuidivssvnsiveta 98 % feglunnei
[www.medassocthai.org]

= = ) | K = A | ¢
INFYUNSANEINYINUNNSERBUIMaLanlnaluaulngluafn 30 UNN1LLN WU eulasiLan
wakdanunsoasiaiudulawsiaslinuuuseiiles mMsgestinawanlnalulaluaulnelususidunuin
fu1nnan3evaz 96 [www.bangkokhealth.com] vistinsinwisesiluefnazlveraasinsau
asazangmawaalng 2 nfudetmindmilailansy wazlaiiiu 50 nsu dwlvefludinaaglvnu
warlea 50 nduwinduuUsunauanlnantluuy 1 ans saduldluldnausiazinuunsiay 1 aas doun
v v Y] ax Y} ' H o & v
FaladmsiaunIsNTinnnENsgesimakanlsd taensinwiatalnsauluauriegls Inglrnuuy
1 umsdivanlpauszana 12 nfuwhiy Gannstneiluasaiunud dielianTequwasingne

'
a val

Fana 1w Sgiliannsndesthmanarlnaldludnasne fukous 40 - 88% wasdififionnisll
aueTomdefisenin withmauarlnaluszausneg fudus 30 - 66 % dudindnlinueins
A9NaNT [9] %"’05’1mmmmiaiumﬁsiaafwmaLLaﬂImasums'Nmagjszﬁalﬂ wszsenelldaninse
a¥raeulmibeta-calactosidaseldud T1enefazllannsaviansemmssneg Adusslemianniug
W4 waruenaniédsnalimagaiuuaadenluiameanasdndae madioulesd beta-
galactosidase TUUszgndldlugnamnssuun Jaduuumailsitasgasligiuium withmauw
viodameiimusunaalaalalls (lactose intolerance) asnsaauusls uazazdmalsrsnelasy
asewnsaneg dustlesinnihusfisdudelasinmelusiusasunaton anthqtuadinisia
uivesUsznsineegil 12 dns/au/dl FstiointesnnilafieuiuUsanisauualumassine wu
any 120 Ans/ew/d annwglsy 70 Bns/au/Al wiai@e 50 3n3/Aw/A) www.dmh.go.th] Hafinas
wamuarflussnalnefunlilunsdadutuluiagtu delilssrnimelulssmeanunsn
wlaa warldusylovdaniunfafiunnty Tassmsideitddiuuumsdunmsuidam nsuslan
ﬁmu’iﬂzﬂé’ﬁuawwmﬂ'ﬁ;ﬂmﬂuﬂizwm Tne@nunslduselemiannioules beta-calactosidase &

a A 1 d' -y I a [ 3 d' &
fnauaudilunisdevaaewaninaluuy ieinuilundndusiuuiusannianlag viseudlanlaa

'
o

- ! 1 Y o N e 14 ' 1% \
i1 Newdndlvgnnnaynivanunsenulalaglifineinsilificlsease uiasldansomnseei

ASUDIU tnganie WUSAY wAawley wagdsndudnuaneyiin

w3lulafn (Prebiotics)

Aanlana1lI919Aulanan uenanaufssnsuAdgmnznusutealaaluunlilaves
Usgmnsdndnguds fAfeddldidaiunnudndunssdossoimumaluladiioadaariuliiu
wunkanvulalulszmeiion1sieaueawazauiiadesnmaesgnamnssuudlve Idldiauauun

nansuUsguuaalaadluualiiduas salacto-oligosaccharide, GOS Inganfuauau1salunisvi



UfA3e transglycosylation vadeulwyl beta-galactosidase @15 GOS Huilnauant@dunslulefin

FalinauseleviuardigduaSuaunnveuslaanaiee

w3lulefin (Prebiotics) Munedie ansenmsimiulsslevisenuaiienlulinsuaszd
AauUsglegilumafiuemsvesuyed [8] viieqdunidlnsiuledn (Probiotics, azldesuielng
azBenluwindenall) lavaiunsaludiensedunisiasasavdislufanssudeg Jaenmsnd
va & = a 1 1 & ! a ¢ A H Y 1 A wa
AavantAlunslulefndiulngi Junguledlnuaanlsed vieanelotinia degrsvasansninuauds
Ju wiluledin wu Wyalaledlnuamnilsd (fructo-oligosaccharides, FOS) 8w (inulin) nuanls
Toalnuaanlse (galacto-oligosaccharides, GOS) LLaﬂzﬂ,aa (lactulose) LLam(ul?gIﬂia (lactosucrose)

uavgaeduladlnuanalse (soybean oligosaccharides) WWumuy

ayunalnuanvasnisinnuvedledlnueanilsnlunsnseAunsiasaiule wazdeesy
FUANNVRIAULAZERT Ao [8]
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1 uuvdndsnuiiddy WiuanzuuefiGeidulinsdesisnie (Qaun3s probiotics)
Tnerannglungy Bifidobacteria dhuuuaiiGeiviliAnlsaunsrsnieliannsmiaelednaly
¢ Fedusanansaldlodlnusaalsflunmsnssdumaaiayivlavesiuidinglulofin Teilogud
melupuiazdnd Janunsanaununistawuaieanateuenadliila aannsfing wudi Tedlnuga
mlsivaneviin daaaudAlndifssfuansfifinuansonsefunsasyivlnveadndman
Bifidobacteria (bactidogenic factor) wonaniuuddsiinissenuin Tealnuwaailse FOS
anunsatenfinsunuysens Bifidobacteria Tudldvejvenuléie

2. TedlnuganlsdusUssinn ansanseiunuaiiseiluiinsasyialusanieglindaduled
diunntu Sadulesivandasgninlldvedenemanne usrsnedadlildduansemsii
ansagedatinluldlusanmele

3. Toalnusaailsananeuszny ausaduiu receptor vuntinwaduaswuaiiSeiivinliinlse
slwuafiomadliansadnluhiiesmeld Ineldinsdiedinisld manno
oligosaccharides, MOS Tunsannsisidie Salmonella Tugnlnanuen

4. usnanledlnuwamlsdazannsaduivaiaradvesuuaiiGeivinlianlsauds Salde
FullvgruinledlnueaalsduisUssam azansaduiuadadoywadludldvesnunazdnild @
Tunsnsdinmsduiudeywadludniiimihilunisairsgiiduiu asviliAnnsnsgdunisaiig
wauRveReanuietsaianidumilituauuasdnild Tnedleliuuanilifnismenud
dlerhanslothma Lactulose lfleulvifuusians wuiahedfissasnissendinvesgnanslé Tne

¥ v 1

andndunsng Lactulose Wdwasagifuiuliuiwians Jsaunsodweludsgnla
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aatidanuliinnuusglerivenslulefnseaunmiluinune uasdrulngasaaaivveding

lulefinfe nszduszuugliAuiu LiumINiunIuEenalse 1w lsaviesss onsduiy an
Qll a I3 o % Q‘ = a ) v 1 QI a a

ANUFBIMSAnlsANSEld unsgeduuaafunisluald wazyieiudsednsamaeadng
luledin  nalnmistedaasuavanvesfuilnaiiusigg veemslulafnasulanegun 1 [12] Asliuds
asariledlnueanilsnviinene uilddusmsesuliiunauysduazdnils uaidosainledln
wraAlsmaniiduansainsssund JekivinlmAnenisuiviseazay waziudunsnesastanie

yanantunailedlnusralsadimusaninusautazneiidunsalunseinizeumsian vinlvazan

Y a o
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sonsiaLiumazvuds Falngavnasihunldlunisudnduledlnueamlsatumsmilaneuassiagn
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Tnglulpsansideiingauiagldne dinawanlpnaainuy lngazendeufinsen transglycosylation

vosouleil beta-galactosidase easradu galacto-oligosachharide, GOS FafiazldeSuasely

Suppression of endogenoud
pathogens. eg. antibiotic-
associated diarrhoea

T )

Control of irritable

Control inflammatol
bowel syndrome "

bowel diseases

resistance )
- ) Balanced Alleviate food allergy
Mormalised intestinal : — symptoms in infants
microbiota composition immune
response
Suppression of
exogenous pathogens. f

eg. travellers
diarrhoea

Immunomodulation

Strengthened innate
immunity

Supply of SCFA and
vitamins (eg folate) to
the colonic epithelium

l

u]
o

Lower serum
cholesterol

Probiotics

Bile salt deconjugation /

and secretion

1 I /

Lower level of toxigenic/ mutagenic Lactose —»

—_ —*  hydrolysis
- ydrolysi
reactions in the gut Metabolic effects

Reduction in risk
factors for colon
cancer

Improved lactose
tolerance

U 1 agunalnsine lumsiluastewasuguamueansluledin [12]

gaunsglnslulafin (Probiotics)

qauvsdinslulefin (Probiotics) Wunuafisemdulszleviseauanvosaunazdnd wuilu
Suunnlualdlug wasnwuladislualdidnuaznssimzoms wisuaideidu 2 nqulngq fie

&y Lactobacilli wuazngy Bifidobacteria [13, 14]



anwalzYaada Lactobacilli
Lactobacilli Wukuaiiisswnsuuin vieuduy luasealas iWuwin facultative anaerobe Aa
anunsavasglavidluaneniivaslifionna wuendvegludldvesyuduazdni Fadudsslenise

guam wonlaanniadueims Tualdidn uazaldlvg wiglaluan1iznse Lactobacilli 1a3eylel

1 pH 4.0-4.5 gauniiivangadlunisiasaee 30-40 asrLyaLded

aunwzuz?/ad!?dfg{a Bifidobacteria

Bifidobacteria 1unuaiisaunsuuan Jusraduvieundied Y lidesnisennimegsuiiass
warlindnfng Wevdaifinaantafidwfe awsoviimivaenlvalfidunsauanin Tnesiu
phosphoketolase pathway Bifidobacteria wulslugldianuazanldlve) aansondninmdudla
gaumgiinnzaslunisiaiayfio 37-41 ssrwailoa Mevinzaude 5.5-7.0 iflesanaunsn

nAnNsARzdRnLaznIawaninle 3vilmnuaudunsaludld

agunalnnisiwanves nslulednfiluusslevisasianede [13, 14]

1. YIvandnuuvasuafiseNneliiinlsAwmse Bifidobacteria AgHanasUTIUTLAZNINDDNIN

a

| Nea Y a ° a e a dll
FIuAIUANYAUNIENAO AN ALAZATUANTIWINTDIRAUNSESTIUYIR (normal flora) Buq NIA

9

finvdlveidunsaezdfinuaznsauanin s?fqmmmé’nfmmmé’uégamm%zgﬁuimaq
Clostridium perfringens, Salmonella spp. tag E. coli Tuanld

2. FaanoInsviesun nanfindslay Bifidobacteria axt1ensedunstusvesdlduanduaudu
Y9999915¢ Faudunainanusiduooaludn

3. frwansiunaeLsamesealuiden Iag Lactobacillus acidophilus ey normal flora ogflu
$ldartedosaasnnoiaamesen wardusinigafunseiaainosoariunedld

4. drwanmnuduladin Taowuin lufthedfisesuluthiludongs evslna

fructooligosaccharide 1Huszeziian 5 Ui wu anusuladinanadlaeieds 6 mmHe wazdy
nud ANuRUlafinuysHnEuiuTuIuves Bifidobacteria Tud1ld8neag

5. HeifisAniuuieiia nud Bifidobacteria anusandninndiu B1, B2, B6, B12, nicotinic acid
uay folic acid uananifeiiunisgaduunadoslusyuugesadnde

6. HvanUunumsivwazieuluifdufivainnszuiunswnuedduveanuaiise lussuumaiiu

91MSUNTTN Nausaas1sansiwaInnszuumsuauaaauls WunalvlSunaansiuigng

Y

AUANAINIEY



Aanlaladlnuyannlsa (Galacto-oligosaccharides, GOS)
wulayl beta-galactosidase anunsathlulalunisasrsnianlaledlnueanilsnainuanlng

Fadutmiaannuy lassaamaaiivasniuanlalodlnuganlsadsuanslusui 2

HO
OH .
Ho._ HO o HO
fo) 0
OH OH 0 OH
HO °© Ho OH
HO HO HO

U7 2 wandlassaiamaniivesniuanialedlnugnailsa

Galacto-oligosachharide (GOS) \Huanelevaaipaniniuenins 2 — 5 vie lngdl
Wnnaviheges 2 vllandnde galactose wa glucose LWausafiuagmeiuse glycosidic ¥Hnm1ee
[4] GOS anwnsagndnasielimenisidunsemand [15] witsnisilldmunzdmsunisndndu

° P S | aal = = a Y :1 v
PUIULNNBNITUSIAA W‘U’J’]’Jﬁﬂ'ﬁ‘l/lL‘Mll’]%ﬂlﬁ/l?jﬂiuﬂ’ﬁma@ GOS 1u38®UQ@ﬂWMﬂ§§Mﬂ@ﬂW{L“U

= LY

wuleyl beta-galactosidase [4, 5] AflnuanUiwvanvanlunsdunsIgs GOS 310 lactose 270

9

$1897UA199 LAgInunsiloulsl beta-galactosidase anuviasnngg edian 13a waguuaiise Tu

Y v v
a = CY

ASEWATIZI GOS LA ATIASILALENTIAIUVDY GOS NONHARTULUILTAULANAIITY FUU

Y

£%
a Va v A

wulesifluaraneililunisiuinien 16 Taslulasensidedl fAdesinrmadaiiazldioules]
beta-galactosidase 91T Lactobacillus Tun1siden lactose Aldanuailidu Gos Fsaeain
nadwsTlaanlasssised a]zﬁﬂﬂgjﬂiwaumﬂmjﬁﬁﬂizﬁw%ﬂwwiumaé’qLﬁmsv‘i GOS Feaunse
Wauluomnsasunilulednldnely fdildnandisundinussleniaes GOS fifdsldsumny
avladueganluusemesineg lan fe malvemnnasuussanndluledin [8] wileswin GOS

IS LY

a & - a Y a a a a eal
figouandflu bifidus grown factor ingedimnuauisalunisnseunsasyiulnves Qaun3en

Jueslumaiuemns nsuilaa GOS Fahlugusslevidug Nsemeaglasu dsildnanld

199U

¢ 14 a
ulgliud-nuanlagiag

oulayl beta-galactosidase 30 lactase fiFeufuin beta-D-galactoside-galactohydrolase
(EC 3.2.1.23) Wueulasifiannse hydrolyze Wusyniuanlnda (calactosyl) fishusmis [1(1-3) uay

[1(1-0) (5U7 3) Asiudsanunsagesimauaalaaiiiolildiduhaaluanaies 2 luana Ao

20



wmaniwanlaawaziimanglaa dsaunsagninluldreluitiumveddunielusanield (4]
wenanduwaIfanudnineulesl beta-galactosidase aun5nvinUfAseN transgalactosylation (3U7

4) Weldlunsasianslediniadue Ao nuaalaledlnugaailsnaniaalaalagls [4, 5]

oHIH

H
H W HoH 8 q
Hir H
lactase
Lanill i
|- H o H H
H H

H ou

lactose feD-galactose glucose

HOH

JUN 3 Ufnsenisdesaanauanlnameioulel beta-galactosidase 38 lactase

Hydrolysis

H,0
Glc kg

E + Lac o— E:lac —i.- E-Gal Nu

\\&kNu[NU]

, Gal-Nu
Transgalactosylation

E‘Uﬁ 4 Ufn381n1s transglycosylation seteulusl beta-galactosidase %3e lactase Wieas1aduy

GOS

A v 6

ol beta-galactosidase duamsanulavislunuaiiisy dad 51 sansivLazdn?

[
fd v A

nsfnABIfiy AuauTR wasamditussevindlassaisuasihiiveseulwilfailliinntn u
I¢insuszgndldioulsdiiinnluniadufsenu (reporter) Tunsnuidemsiuen@ine,
e [17] wenantuudadaisnenudnsiuiunnlumswenenushouleiianuveassineg sty
Wnatilaniiduda [18-21] eldlunsnanuuiiusaamimauaniag [4, 22) dun1sseanunis
I%Laul%ﬁﬁiuﬂﬁﬂ%m transglycosylation iewamu GOS th §aillsisnnin [5, 16]

a v Va v Y

Tulpsansidell Ifeseansnasfnwieulsy beta-galatosidase annuuaiiselungy

Lactobacillus wag Bacillus tiesannifununafidefilésuaousdu GRAS (Generally Recognized

As Safe) Ain fimuUaendslunisuilan deuldiuuinlugeamnssueims lnannglugnainngsy

14 a (% Qs 1

wy Uagudeyaieaiuauaudfveseulssl beta-galactosidase anwupfiselunguiiddos

Y 9 Y

(% '
Y YU VA v = o = =

Aowtatey satuIdedlianuaulanazinisfinwnuautaliasuiiududluseaugu audanns
WauagUszendldlunisasiyaalviundndugiuams 2 Ysemsaenandieiu dduduneunis
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A novel heterodimeric B-galactosidase with a molecular mass of 105 kDa was purified from crude
cell extracts of the soil isolate Lactobacillus pentosus KUB-ST10-1 using ammonium sulphate
fractionation followed by hydrophobic interaction and affinity chromatography. The electro-
phoretically homogenous enzyme has a specific activity of 97 U ,/mg protein. The K , k_,, and
k_,./K,, values for lactose and o-nitrophenyl-B-p-galactopyranoside (0NPG) were 38 mM, 20 s™',
530 M"-s7" and 1.67 mM, 540 s™', 325 000 M~"-s7, respectively. The temperature optimum of f3-
galactosidase activity was 60—65°C for a 10-min assay, which is considerably higher than the val-
ues reported for other lactobacillal B-galactosidases. Mg?* ions enhanced both activity and stabil-
ity significantly. L. pentosus B-galactosidase was used for the production of prebiotic galacto-
oligosaccharides (GOS) from lactose. A maximum yield of 31% GOS of total sugars was obtained
at 78% lactose conversion. The enzyme showed a strong preference for the formation of 3-(1—3)
and B-(1—6) linkages, and the main transgalactosylation products identified were the disaccha-
rides B-o-Galp-(1—6)-p-Glc, B-b-Galp-(1—3)-p-Glc, B-p-Galp-(1—6)-p-Gal, B-p-Galp-(1—3)-D-
Gal, and the trisaccharides 3-p-Galp-(1—3)-b-Lac, B-b-Galp-(1—6)-D-Lac.

Keywords: Biocatalysis - Food biotechnology - Lactase - Lactic acid bacteria - Transgalactosylation

1 Introduction

Received 27 April 2010
Revised 2 July 2010
Accepted 5 July 2010

The lactic acid bacterium Lactobacillus pentosus is
frequently used as starter culture for silage fer-
mentations and various food fermentation process-
es, including sauerkraut and raw sausage produc-
tion, or olive and tea leave fermentations, to name
a few. Most of L. pentosus subspecies are plant iso-
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lates, generally recognised as safe (GRAS), and ca-
pable of metabolising different pentoses such as ri-
bose, arabinose and xylose [1]. Yet, some sub-
species of L. pentosus have been isolated, e.g. from
human faeces [2] or from raw milk [3], that have
been proposed as potentially probiotic strains. Fred
et al. [4] previously described very effective growth
of L. pentosus on lactose, which could imply high -
galactosidase activity, but this property has not
been studied to date.

Lactic acid bacteria (LAB) and B-galactosidases
have been studied extensively in the past, both from
a fundamental and an applied point of view
B-Galactosidases, e.g. from Bifidobacterium bifidum,
B. infantis [5], Carnobacterium piscicola [6], L. aci-
dophilus [7], L. bulgaricus [8], L. reuteri [9], and Leu-
conostoc lactis [10], have been cloned and charac-
terised in varying detail. Despite of the importance
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of LAB and in particular Lactobacillus spp. for food
technology and dairy applications, and despite of
numerous studies on the gene clusters involved in
lactose utilisation, only few lactobacillal B-galac-
tosidases have been characterised in detail pertain-
ing to their biochemical properties or investigated
for their ability to produce galacto-oligosaccharides
(GOS) in biocatalytic processes [11-13]. These car-
bohydrate-based food ingredients are of interest as
novel and possibly improved prebiotics, or for the
development of synbiotic functional food that could
introduce new dimensions of applications [14].

GOS belong to the prebiotics, which are defined
as a “selectively fermented ingredient that allows
specific changes, both in the composition and/or
activity in the gastrointestinal microbiota that con-
fers benefits upon host well-being and health” [15].
In practice, the beneficial bacteria that serve as tar-
gets for prebiotics and GOS are almost exclusively
bifidobacteria and lactobacilli. An advantage of the
concept of prebiotics to modify gut function is that
the target bacteria are already commensal to the
large intestine, whereas with probiotics allochtho-
nous micro-organisms are introduced and have to
compete against established colonic communities
[16]. GOS have been classified as one of the few
proven prebiotics fulfilling the three criteria (i) re-
sistance to gastric acidity, hydrolysis by mammalian
enzymes and gastrointestinal absorption; (ii) fer-
mentation by intestinal microflora; and (iii) selec-
tive stimulation of the growth and/or activity of in-
testinal bacteria associated with health and well-
being [15]. GOS have been widely investigated for
their prebiotic properties and physiological effects
using in vitro, animal, human, and infant studies,
and functional effects of GOS on human health are
summarised in [16-18].

GOS are produced from lactose using -galac-
tosidases (EC 3.2.1.23), which in addition to their
hydrolytic activity catalyse glycosyl transfer reac-
tions. In this reaction galactosyl residues are trans-
ferred onto suitable acceptors such as another sug-
ar (lactose, the primary reaction products glucose
and galactose, or other oligosaccharides formed),
thus building up complex series of higher oligosac-
charides [19-21]. The spectrum of the oligosaccha-
rides making up these mixtures strongly depends
on the source of the B-galactosidase used for the
biocatalytic reaction, and on the conversion condi-
tions used in their production. Since these differ-
ences in GOS spectrum and yields are a result of
structural and/or mechanistic differences between
B-galactosidases from different sources, a detailed
knowledge on novel, yet-unexplored B-galactosi-
dases from various strains can be of significant in-
terest [20]. Rabiu et al. [22] and Tzortzis et al. [23]
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synthesised a range of GOS mixtures from lactose
using B-galactosidases from different bifidobacte-
ria. Subsequently it was shown that these different
mixtures typically resulted in better growth of that
strain that had served as the source of the enzyme
for GOS production. This concept may serve as the
basis for a new generation of functionally en-
hanced, targeted oligosaccharides, and has in-
creased the interest in 3-galactosidases from ben-
eficial probiotic organisms.

The objective of this work was to study the -
galactosidase from L. pentosus in detail and to com-
pare it to other lactobacillal B-galactosidases isolat-
ed from organisms of typical animal origin. Recent
data indicate that L. pentosus might be of interest as
a beneficial LAB, making it attractive as a probiot-
ic strain, based on, for example, immunomodulat-
ing properties [24] or the reduction of pathogens in
animals [25].

2 Materials and methods

2.1 Strain and culture conditions

L. pentosus KUB-ST10-1 was obtained from the
culture collection of Kasetsart University (Bang-
kok, Thailand). It was isolated from soil of a dairy
farm in Thailand and identified using both the API
50 CH carbohydrate fermentation stripes test (bio-
Mérieux, Inc., Marcy l'Etoile, France) and sequence
analysis of the amplified chromosomal 16S rDNA.
It was stored at -70°C in MRS broth medium (Mer-
ck, Darmstadt, Germany) containing 15% glycerol.
To prepare fresh inocula, it was transferred twice
after an 18-h cultivation period to fresh MRS broth
medium supplemented with lactose (final concen-
tration of 2%).

L. pentosus KUB-ST10-1 was grown anaerobi-
cally in 10 L MRS broth medium containing 2% lac-
tose at 37°C with slight agitation and without pH
control. A preculture, grown overnight in MRS
medium (2% lactose), was used to inoculate the
fresh medium to a final concentration of 1% inocu-
lum. Cells were harvested at an optical density
(ODyy,) of 13 by centrifugation at 8800 x g for 15 min
at 4°C.

2.2 Enzyme purification

B-Galactosidase was purified from the crude ex-
tract using a previously described protocol [9]. Wet
biomass (100 g) was resuspended in 200 mL sodi-
um phosphate buffer (50 mM, pH 6.5) and homog-
enized (APV-2000; Silkeborg, Denmark) to disrupt
the cells. Cell debris was removed by ultracentrifu-

839



Biotechnology

Journal

gation (36 000 x g, 30 min, 4°C) to obtain the crude
enzyme extract.

Ammonium sulphate was added in small por-
tions to the crude extract to a final concentration of
50% saturation under continuous stirring at 4°C.
The precipitated protein was collected by centri-
fugation (6200 x g, 15 min, 4°C), and the pellet was
re-dissolved in 50 mM sodium phosphate buffer
(pH 6.5) containing 1 M ammonium sulphate
(buffer A).

For hydrophobic interaction chromatography,
the dissolved pellet was loaded onto a 20-mL
phenyl-Sepharose fast-flow column (50 mm Xx
200 mm; Amersham, Uppsala, Sweden) that had
been pre-equilibrated with buffer A. Proteins were
eluted by a linear gradient of 0-100% buffer B
(50 mM sodium phosphate buffer, pH 6.5) over ten
column volumes (CV) and at a flow rate of
1.5 mL/min. Fractions with high [-galactosidase
activity were pooled and concentrated by ultrafil-
tration (30-kDa cut-off; Amicon, Beverly, MA).

For affinity chromatography, the concentrated
protein solution was applied to a 5-mL column con-
taining cross-linked (4%) beaded agarose immobi-
lized with p-aminobenzyl-1-thio-B-p-galactopyra-
noside (Sigma, St. Louis, MO, USA) that was pre-
equilibrated with 50 mM phosphate buffer pH 6.5.
The enzyme was eluted using a flow rate of
0.5 mL/min and a linear gradient (0-1 M NaCl in
the same buffer) over ten CV. Active fractions were
pooled, desalted and concentrated by ultrafiltra-
tion. The purified enzyme was stored in 50 mM
sodium phosphate buffer (pH 6.5) at 4°C.

2.3 Enzyme assays

B-Galactosidase activity was determined using
both the artificial chromogenic substrate o-nitro-
phenyl-B-p-galactopyranoside (oNPG) and the
natural substrate lactose as described previously
[9]. When using oNPG as the substrate, the reaction
was performed in 50 mM sodium phosphate buffer
(pH 6.5) and using a 10-min incubation at 30°C, af-
ter which the reaction was stopped. One unit of
oNPG activity (U yps;) Was defined as the amount
of enzyme releasing 1 pmol oNP/min under the as-
say conditions described above. When lactose was
used as the substrate, the reaction was done in
50 mM sodium phosphate buffer (pH 6.5) for
10 min at 30°C, after which the reaction was
stopped. The release of D-glucose was determined
colourimetrically using the glucose oxidase/perox-
idase (GOD/POD) assay [26]. One unit of lactase
activity (U;,.) was defined as the amount of en-
zyme releasing 1 pmol D-glucose/min under the
conditions listed above.
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2.4 Protein analysis and gel electrophoresis

Protein concentrations were determined by the
method of Bradford [27] using BSA as the standard.
The PhastSystem unit (Amersham) and precast
polyacrylamide gels (Phastgel 8-25, Amersham)
were used for performing native and SDS-PAGE.
Samples were treated as described by Laemmli [28]
with slight modifications. The enzyme was diluted
to 1-2 mg protein/mL and incubated with 2 x
Laemmli buffer at 60°C for 5 min. Protein bands
were stained using either Coomassie Blue staining
or 4-methylumbelliferyl-B-p-galactopyranoside
(MUG) as substrate for active staining. For SDS-
PAGE and native PAGE, molecular masses were es-
timated using the Precision Plus Protein Dual Col-
or Kit (Bio-Rad) and the High Molecular Weight
calibration Kit (Amersham), respectively.

2.5 Steady-state kinetic measurement

Catalytic constants were determined at 30°C and
pH 6.5 for the two substrates oNPG and lactose
with their concentrations in 50 mM phosphate
buffer varying from 0.1-22 mM and 0.1-600 mM, re-
spectively. The kinetic parameters were calculated
by non-linear regression, and the obtained data
were fit to the Henri-Michaelis-Menten equation
(using SigmaPlot, SPSS Inc., Chicago, IL, USA).

2.6 Effects of temperature and pH on enzyme
activity and stability

The temperature dependence of (-galactosidase
activity (both oNPG and lactose) was determined
by assaying the enzyme samples over 20-70°C for
10 min. To study thermal stability, enzyme samples
were incubated in 50 mM sodium phosphate buffer,
pH 6.5, at 4, 23, 30, 37, and 42°C. At certain time in-
tervals samples were taken and the residual oNPG
activity was measured. For measuring the pH de-
pendence of B-galactosidase activity three buffer
systems (sodium citrate, 50 mM, pH 4.0-5.5; sodium
phosphate, 50 mM, pH 5.5-7.5; glycine, 50 mM,
pH 7.5-9.0) were used. For determination of the pH
stability, enzyme samples were incubated at vari-
ous pH values and 37°C for up to 72 h, and the re-
maining enzyme activity was measured at certain
time intervals using oNPG as substrate under stan-
dard assay conditions.

2.7 Substrate specificity
To determine the substrate specificity of the L. pen-

tosus B-galactosidase for various structurally relat-
ed substrates p-nitrophenyl-B-D-mannopyranosi-
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de, p-nitrophenyl-B-p-xylopyranoside, o-nitrophe-
nyl-B-p-glucopyranoside and p-nitrophenyl-B-p-
cellobioside were used. Activities were determined
in accordance to standard oNPG assay conditions
using the respective substrate in concentrations of
22 mM.

2.8 Transgalactosylation activity

Purified B-galactosidase from L. pentosus (5 U ypg/
mL reaction mixture) was used for the discontinu-
ous formation of GOS at 30°C using 205 g/L lactose
in 50 mM sodium phosphate buffer (pH 6.5, 2 mM
MgCl,) as substrate. Samples were taken at various
intervals and the composition of the GOS mixture
was analyzed by capillary electrophoresis and
high-performance anion exchange chromatogra-
phy with pulsed amperometric detection as de-
scribed previously [13].

3 Results
3.1 Formation and purification of B-galactosidase
from L. pentosus

L. pentosus KUB-ST10-1 was selected for detailed
studies on its B-galactosidase since this strain grew
very well on lactose, showing high [-gal activity in
a screening in which several LAB were compared
for their ability to form this enzyme activity (data
not shown), and since its B-galactosidase had not
been studied in any detail previously. Batch culti-
vations of L. pentosus were carried out in a 10-L
laboratory fermenter at 37°C without pH control
using lactose-based MRS medium. The biomass
was harvested after 18 h of growth when B-gal ac-
tivity reached a maximum of 644 U /L fermen-
tation broth. B-Galactosidase was purified to ap-
parent homogeneity from the crude cell extract us-
ing a two-step purification protocol based on hy-
drophobic interaction and affinity chromatography.
The enzyme was purified 16-fold to a specific ac-
tivity of 97 U/mg protein, using standard assay con-
ditions with oNPG as the substrate.

3.2 Properties of B-galactosidase from L. pentosus

L. pentosus B-galactosidase is a heterodimer (M,
~107 kDa) consisting of a small (~35 kDa) and large
(~72kDa) subunit as judged by SDS-PAGE (Fig. 1A)
and native PAGE (Fig. 1B). The additional protein
band (~80 kDa) in native PAGE when staining with
Coomassie Blue presumably results from degrada-
tion of the intact ~107-kDa enzyme, as was previ-
ously shown for the related 3-gal from L. reuteri us-
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ing mass spectrometry [9]. Active staining on native
PAGE with MUG vyielded only one band with B-
galactosidase activity, corresponding to the larger
band in Fig 1B. Active staining on the SDS-PAGE
gel after treating the enzyme in SDS buffer at 60°C
for 5 min, thus separating the two subunits without
unfolding, showed that one band corresponding to
the large subunit exhibited activity with MUG (not
shown). In contrast, the small subunit by itself did
not show any activity. When the enzyme was treat-
ed in SDS buffer at ~100°C for 5 min, no activity was
detected after active staining on the gel.

A

- 200 kDa
—— 150 kDa
—— 100 kDa
— 75 kDa
—— 50 kDa
— 37 kDa

A
-

— 25 kDa

; — 669 kDa
—— 440 kDa

— 232 kDa

— 140 kDa

——
| —

5 — 67 kDa

e

Figure 1. SDS-PAGE (A) and native PAGE (B) of purified B-galactosidase
from L. pentosus. (A) Lane 1, molecular weight marker (Precision Plus Pro-

tein Dual Color, Bio-Rad), CBB staining; lane 2, enzyme sample after treat-
ment in SDS buffer at 100°C for 5 min, CBB staining. (B) Lane 1, molecu-
lar weight marker (High Molecular Weight Calibration Kit for electrophore-
sis, Amersham); lane 2, CBB staining.
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Table 1. Kinetic properties of B-galactosidase from Lactobacillus pentosus for the hydrolysis of lactose and o-nitrophenyl-B-p-galactopyranoside (oNPG)

Substrate Method for determination Kinetic parameter L. pentosus
of enzyme activity B-galactosidase
Lactose Release of D-glucose Vi (HMol min™ mg™) 11.3+£0.75
K., (mM) 37.8 +9.41
ke (57 20.1
ko/ Ky (MM 57T 0.532
oNPG Release of ONP Vi (Hmol min~ mg™) 304 +24.6
K, (mM) 1.67 = 0.64
k. (s7) 543
k/K,, (MMs™) 325
3.3 Substrate specificity netics at all pH values studied when analysed in the
In(residual activity) versus time plot (not shown).
To study the substrate specificity of L. pentosus 3- Highest 1, , values were calculated in glycine buffer
galactosidase various structurally related artificial (pH 8.0 and 8.5) where the stability was increased
substrates were tested under standard assay condi- up to 3.2-fold compared to when using sodium
tions and compared to oNPG. No appreciable activ- phosphate buffer at pH 6.5. Highest inactivation
ity was detected when using p-nitrophenyl-p-p-xy- constants, and hence lowest stabilities, were ob-
lopyranoside, o-nitrophenyl-B-p-glucopyranoside, tained in sodium acetate buffer (pH 4.0 and 5.0)
p-nitrophenyl-B-p-mannopyranoside and p-nitro- and glycine buffer (pH 9.0), with 1,,, values of less
phenyl-B-p-cellobioside as substrates for the activ- than 1.5 h.
ity assay. The optimum temperature measured under
standard assay conditions (10 min) for lactose and
3.4 Enzyme kinetics oNPG hydrolysis was 60-65°C and 55°C, respec-

tively (Fig. 3). The effect of temperature on stabili-
Steady-state kinetic studies were performed with ty of B-galactosidase from L. pentosus was investi-
the preferred substrates lactose and oNPG and the gated at the pH value of milk, pH 6.5, both in the ab-
kinetic constants K, v_ .., and k_, were deter- sence and presence of 2 mM MgCl,. Inactivation
mined. The k_,, values were calculated on the basis constants and half-life times were calculated as de-
of theoretical v, values obtained by nonlinear re- scribed above. The addition of 2 mM MgCl, to the
gression using SigmaPlot. Data are summarized in buffer improved stability significantly, increasing
Table 1. The catalytic efficiencies (k_/K_) for the  the half life times 1, of the enzyme at 30, 37 and
two substrates, oONPG and lactose, indicate that 42°C by 3.2-,4.9- and 5.6-fold, respectively (Table 3;
oNPG is the preferred substrate in accordance with Fig. 4).
other microbial B-galactosidases.

3.5 Effects of pH and temperature

Table 2. Kinetic stability of B-galactosidase from Lactobacillus pentosus at
various pH values at 37°C

The pH optimum of L. pentosus B-galactosidase ac-

tivity was pH 8.0 and pH 7.5 in glycine buffer when Buffer PH  Inactivation ionsmnt Halflife
using lactose and oNPG as substrate, respectively in () Tz (h)
(Fig. 2). In general, the enzyme was more active in Sodium acetate 4.0 3770 %107 0.18
the alkaline range (pH 7.0-8.5), and a pronounced Sodium acetate 5.0 504 x107 1.37
effect of the buffer system used on activity was Sodium acetate 5.5 131 x10° 5.31
seen. The effect of different buffers and pH values Sodium acetate 6.0 91.9x 107 7.54
on stability was subsequently investigated in more ~ Sodium phosphate 6.0 63.3x 107 10.9
detail. Catalytic or kinetic stability, i.e. the length of =~ Sodium phosphate 6.5 47.6x10° 14.6
time an enzyme remains active before undergoing Sodium phosphate 70 47.6 107 14.6
irreversible inactivation, was measured at various Sodium phosphate 7.5 95.8 X107 7.24
pH at a constant temperature of 37°C, and the inac- ~ °Peine 75 43.6x 10:2 15.9
tivation constants (k, ) and the half-life times of de- Glycfne 80 147 10_3 47.2
naturation (t,,,) wg;"e determined (Table 2). B- Clycine 85 16010 43.3
1/2 ' Glycine 9.0 1045 x 107 0.66

Galactosidase showed first-order inactivation ki-
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Figure 2. pH optimum of B-galactosidase from L. pentosus using lactose
(A) and ONPG (B) as the substrate. Symbols: (@, sodium acetate buffer;
(O sodium phosphate buffer; (W glycine buffer. Activities are given rela-
tive to standard assay conditions (sodium phosphate buffer, pH 6.5).

3.6 Transgalactosylation activity

To assess the potential of the novel -galactosidase
from L. pentoses for the production of GOS, a dis-
continuous lactose conversion process was studied
at 30°C, using an initial lactose concentration of
205 g/L in 50 mM sodium phosphate buffer (+ 2 mM
MgCl,, pH 6.5) and 5 U \p/mL B-galactosidase ac-
tivity to produce GOS. The maximum GOS yield
(31%) was obtained at a lactose conversion of 78%
(Fig. 5). The newly formed sugar mixture contained
31.5% glucose, 15.9% galactose, 21.9% lactose, 11.4%
non-lactose disaccharides, 18.7% trisaccharides
and 0.6% tetrasaccharides as analysed by capillary
electrophoresis and high-performance anion ex-
change chromatography with pulsed amperomet-
ric detection, and using authentic sugars and the
standard addition technique for comparison. The
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Figure 3. Temperature optimum of B-galactosidase from L. pentosus when
using lactose (@) and oNPG (O) as the substrate. Activities are given rela-
tive to standard assay conditions at 30°C.
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Figure 4. Inactivation kinetics of B-galactosidase from L. pentosus in sodi-
um phosphate buffer (A; 50 mM, pH 6.5) and sodium phosphate buffer
supplemented with T mM MgSO, (B; 50 mM, pH 6.5) at different temper-
atures. Symbols: (A): @, 4°C; O, 23°C; ¥, 30°C; V, 37°C; W, 42°C; (B): @,
30°G; O, 37°C; v, 42°C.
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Table 3. Kinetic stability of B-galactosidase from Lactobacillus pentosus at various temperatures with and without MgCl, supplementation (2 mM)3

Sodium phosphate buffer
(pH 6.5)

Sodium phosphate buffer
(PH 6.5, + Mg?*)

Temperature (°C) Inactivation constant k,, (h™)

Halflife T2 (h)

Inactivation constant k; (h™) Half-life T, , (h)

20 1
10 4

phospho-B-galactosidase. Alternatively, lactose is
taken up by secondary transport systems, and lac-

4 0.5x1073 1386 nd nd
23 0.8x1073 866 nd nd
30 9.0x 1073 77.0 2.8x1073 248
37 46.6x 1073 14.9 9.4x1073 73.7
42 212.7x 1073 3.26 37.7x1073 18.4
a) nd, not determined.

70 nism by which lactose is transported into the cell

v X i

60 - / determines largely the subsequent pathway for the
9 /v \ hydrolysis of this disaccharide. In several Lacto-
2 50 | o \ bacillus species lactose is transported via phospho-
_§ 40 | - _— \ transferase systems, which results in phosphoryla-
E A ° \ tion of lactose concomitant with its uptake. The re-
& 30 ~ o sulting lactose-6"-phosphate is then hydrolysed by
5 2 i
o
@
(=]
3
»

— y——v—r— Vv ———_y

0 4

20 40 60 80

Conversion rate (%)

100

Figure 5. Formation of galacto-oligosaccharides (GOS) by B-galactosi-
dase from L. pentosus during the discontinuous conversion reaction of
205 g/L lactose in 50 mM sodium phosphate buffer at 30°C. (A) Forma-
tion of disaccharides (@), trisaccharides (O), tetrasaccharides (W) and to-
tal GOS (V) during lactose conversion. (B) Time course of reaction for
lactose conversion; symbols: lactose (W), glucose (@), galactose (O).

main GOS products identified were non-lactose
disaccharides, mainly of the B-(1—3) and B-(1—6)
linkage type and the two trisaccharides B-p-Galp-
(1—3)-lactose, and B-p-Galp-(1—6)-lactose.

4 Discussion

The genus Lactobacillus is the largest among the
Lactobacteriaceae and includes more than a hun-
dred described species [29]. Lactobacilli are nutri-
tionally fastidious, metabolize a varying range of
different carbohydrates, and are associated with a
large variety of animals and plants. They are exten-
sively used for fermentations of dairy products,
meat, fish and plant material such as vegetables,
and thus have been investigated intensively for
their industrial applications [30]. Lactose utilisa-
tion is a primary function of lactobacilli and other
LAB used in the fermentation of milk. The mecha-
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tose is further metabolised by B-galactosidase
within the cell [31, 32]. While the organisation of
these lactose genes, which often form operons or
operon-like structures with modular organisation,
has been studied in much detail, the properties of
some of the enzymes encoded by the genes organ-
ised in these operons, including -galactosidases,
have received significantly less attention. It is thus
surprising that the physical and biochemical prop-
erties of B-galactosidases from lactobacilli, which
play an eminent role in the metabolism of the prin-
cipal carbohydrate in milk, have only been charac-
terised in detail in a few instances, and little atten-
tion has been paid to the catalytic ability of these
enzymes with respect to their transglycosylation
reactions [12, 19, 33].

Recently, we reported a comprehensive charac-
terisation of the B-galactosidases from L. reuteri
and L. acidophilus, and pointed out their applica-
bility for the biocatalytic production of GOS [9, 13,
34, 35]. Here, we present the detailed biochemical
characterisation and the transgalactosylation ac-
tivity of a novel B-galactosidase from L. pentosus.
The strain KUB-ST10-1 used throughout this re-
search was isolated from a soil sample in Thailand,
and was selected for further characterisation based
on a screening and its high -galactosidase activity
when grown on lactose. It was of interest to deter-
mine whether a B-galactosidase from a source oth-
er than those traditionally used in the dairy indus-
try may have unique properties or characteristics.
In a recent phylogenetic analysis based on 16S
rRNA genes, the genus Lactobacillus was grouped
into five major divisions [36]. In this grouping, L.
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acidophilus belongs to group A and L. reuteri to
group B, while L. pentosus is a member of group C
[36]; hence it was possible that the latter might dif-
fer in its metabolic activities from the B-galactosi-
dases from other sources recently characterised in
our group.

The structural features of B-galactosidases from
lactobacilli vary extensively. While heterodimeric
structures are in general less frequently encoun-
tered among microbial B-galactosidases, these
seem to prevail among Lactobacillus B-galactosi-
dases. Lactobacillal heterodimeric B-galactosidases
are encoded by two genes, lacL and lacM, and have
been described in L. acidophilus [34, 37], L. coryni-
formis [38], L. helveticus [39], L. johnsonii [40], L.
plantarum [41], L. reuteri [9] and L. sakei [42]. These
B-galactosidases of the LacLM type have been clas-
sified as members of glycoside family GH2 in the
CAZy (carbohydrate-active enzymes) databank
(http://www.cazy.org). In contrast to this, f-galac-
tosidase from L. salivarius was reported to be a
monomer of ca. 30 kDa [43], from L. delbrueckii
subsp. bulgaricus a homodimer of 220 kDa [44], and
from L. helveticus a homotetramer of 257 kDa [45];
L. plantarum forms, in addition to the above-men-
tioned heterodimeric enzyme, a homohexameric 3-
galactosidase of ca. 325 kDa [46]. Some of these lat-
er B-galactosidases are members of glycoside fam-
ily GH42. B-Galactosidase from L. pentosus KUB-
ST10-1 is a heterodimer consisting of two subunits
of approximately 35 and 72 kDa, which is in agree-
ment with the majority of lactobacillal B-galactosi-
dases reported up to now, and is thus also of the La-
cLM type.

The steady-state kinetic constants for B-galac-
tosidase from L. pentosus were determined for the
artificial chromogenic substrate oONPG and the nat-
ural substrate lactose. The k /K  value for oNPG
is significantly higher than that of lactose, indicat-
ing that oNPG is the better substrate. The K  value
of 37.8 mM determined for lactose compares posi-
tively with the Michaelis constants reported for
commercially employed B-galactosidases, e.g. from
Aspergillus niger (54-100 mM), A. oryzae
(36-180 mM), Kluyveromyces fragilis (15-52 mM)
[47] and Kluyveromyces lactis (20 mM) [48]. This
value is, however, somewhat higher than the values
reported for other Lactobacillus B-galactosidases:
13 mM for B-gal from L. reuteri L103 [9], 1.27 mM
for B-gal from L. kefiranofaciens [49], and 4.04 mM
for B-gal from L. acidophilus [34]. The higher
K 1 1actose Value for L. pentosus B-gal as compared to
other lactobacillal enzymes, especially those of
milk origin, could indicate a lesser adaptation of
this soil-isolated strain to lactose utilisation. L. pen-
tosus B-gal is rather specific for the B-(1—4) galac-
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tosyl linkage. When using a range of structurally re-
lated nitrophenyl substrates, essentially no activity
was measured for the B-(1—4)-linked p-glucoside,
D-mannoside, and D-xyloside substrates.

L. pentosus B-galactosidase is optimally active at
pH 7.5 (glycine buffer) and 55°C when using oNPG
as substrate, and pH 8.0 (glycine buffer) and
60-65°C when lactose was used as substrate under
otherwise standard activity assay conditions (10-
min assay). This pH optimum is slightly more alka-
line than reported for most other lactobacillal B-
galactosidases, which show an optimum of 6.5-7.0
[9, 34]; however, we observed a pronounced effect
of the buffer system used on the optimal pH, and
that certainly affected the actual value determined.
The temperature optimum of L. pentosus B-gal of
60-65°C is considerably higher than reported for
most other [-galactosidases from lactobacilli,
which are typically optimally active in the range of
45-50°C [9, 34, 43, 50]. L. pentosus KUB-ST10-1 can
grow at temperatures of up to 45°C. This is higher
than typical growth temperatures observed for
many Lactobacillus spp. The increased temperature
optimum and stability of the L. pentosus B-galac-
tosidase might reflect an adaptation to these high-
er growth temperatures. Because of this increased
temperature optimum we investigated the ther-
mostability of L. pentosus B-gal in more detail, de-
termining the inactivation kinetics at different con-
ditions. With respect to pH, the highest half-life
times t,, were obtained in glycine buffer at
pH 8.0-8.5 and at 37°C (43-47 h). Again, the buffer
system had a pronounced effect on stability, since
the inactivation constants k; determined were ap-
proximately twice as high at pH 7.5 when using
sodium phosphate instead of glycine buffer; how-
ever, the use of glycine buffer might be impractical
for technical applications. When using the former
buffer, the highest stability was observed at
pH 6.5-7.0 with 1, , of 14.6 h. Addition of 2 mM Mg?*
increased stability and hence 1,,, of B-gal activity
significantly by a factor of up to 5.6-fold. For exam-
ple, 1,,, values of ~75 h were obtained at pH 6.5,
37°C and when using phosphate buffer containing
2 mM of Mg?*. This increase in stability and activi-
ty of L. pentosus B-gal could be a considerable ad-
vantage when using technical substrates such as
cheese whey or whey permeates for the production
of GOS, since cheese whey contains approximately
1.5 mM Mg?*. Thus, use of these technical sub-
strates could improve the performance of L. pento-
sus B-gal without the need of adding exogenous
Mg+

B-Galactosidases have recently attained signifi-
cant interest for use in biocatalytic processes for
synthesising oligosaccharides or various galactosy-
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lated compounds; for this purpose various galacto-
sides can serve as the galactosyl donor. In particu-
lar, GOS, which are formed from lactose as a result
of transgalactosylation, have attracted renewed at-
tention in the field of functional food because of
their proven benefits for health [16, 17, 19, 20]. As
GOS are only transiently formed and are in turn
also substrates for B-galactosidase, a maximum
GOS yield of 31% was reached at 78% lactose con-
version when using L. pentosus B-gal. The main
GOS spectrum formed from lactose by this enzyme
is very similar to those found for B-gal from L.
reuteri [13] and L. acidophilus [34]. L. pentosus -gal
shows a high specificity for the formation of -
(1—-6) and B-(1—3) linkages, and hence the main
transgalactosylation products detected were the
disaccharides p-p-Galp-(1—6)-D-Glc, B-pD-Galp-
(1-3)-p-Glc, B-p-Galp-(1—6)-D-Gal, B-pD-Galp-
(1-3)-p-Gal, and the trisaccharides B-p-Galp-
(1-3)-p-Lac, B-p-Galp-(1—6)-p-Lac. In a recent
study [51], a strong prebiotic effect was attributed
to some of these compounds, and it is likely that the
GOS mixture formed by L. pentosus f-gal has a con-
siderable potential as a prebiotic.

In conclusion, this work presented the charac-
terisation and transgalactosylation capacity of a
novel B-galactosidase from L. pentosus. Although
the B-galactosidase described here is not derived
from a proven probiotic Lactobacillus strain, the
physical and biochemical characteristics are quite
similar to those derived from probiotic strains [9,
34] with the exception that it is considerably more
stable at higher temperatures. Also the GOS spec-
trum and yields are comparable with the former
studies, making this novel enzyme, which is pro-
duced by a well-known food-grade organism, in-
teresting for potential applications in food industry.
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Abstract The gene encoding homodimeric [3-galactosidase
(lacA) from Bacillus licheniformis DSM 13 was cloned and
overexpressed in Escherichia coli, and the resulting
recombinant enzyme was characterized in detail. The
optimum temperature and pH of the enzyme, for both
o-nitrophenyl-3-D-galactoside (oNPG) and lactose hydro-
lysis, were 50°C and 6.5, respectively. The recombinant
enzyme is stable in the range of pH 5 to 9 at 37°C and over
a wide range of temperatures (4-42°C) at pH 6.5 for up to
1 month. The K, values of LacA for lactose and oNPG are
169 and 13.7 mM, respectively, and it is strongly inhibited
by the hydrolysis products, i.e., glucose and galactose. The
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monovalent ions Na’ and K in the concentration range of
1-100 mM as well as the divalent metal cations Mg*", Mn*",
and Ca®" at a concentration of 1 mM slightly activate
enzyme activity. This enzyme can be beneficial for applica-
tion in lactose hydrolysis especially at elevated temperatures
due to its pronounced temperature stability; however, the
transgalactosylation potential of this enzyme for the produc-
tion of galacto-oligosaccharides (GOS) from lactose was
low, with only 12% GOS (w/w) of total sugars obtained
when the initial lactose concentration was 200 g/L.

Keywords (3-Galactosidase - Bacillus licheniformis -
Lactose hydrolysis - Transglycosylation - Recombinant

Introduction

[3-Galactosidases ([3-gal, lactase, EC 3.2.1.23) catalyze the
hydrolysis and transgalactosylation of 3-D-galactopyranosides
(such as lactose) (Nakayama and Amachi 1999) and are found
widespread in nature. (3-Galactosidases have been isolated
and characterized from many different sources including
microorganisms, plants, and animals. At present, more than
a hundred putative [(3-galactosidase sequences can be
deduced from various databases, and these can be
classified into four different glycoside hydrolase (GH)
families GH-1, GH-2, GH-35, and GH-42, based on
functional similarities (Cantarel et al. 2009). Microbial [3-
galactosidases have attracted considerable attention for
biotechnological applications, and hence numerous reports
(Halbmayr et al. 2008; Nguyen et al. 2006; Rahim and Lee
1991; Rajakala and Karthigai 2006) and reviews (Husain
2010; Nakayama and Amachi 1999; Park and Oh 2010a)
on the characterization of these enzymes from various
organisms have been published. The hydrolysis of lactose

@ Springer
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or related compounds by [-galactosidase can be used to
improve digestibility, solubility, and sweetness of dairy
products. Furthermore, (3-galactosidases can be conveniently
used to cleave lactose into glucose and galactose, which in
turn serves as an easily metabolizable and renewable substrate
for a number of different fermentations. In addition, [3-
galactosidases can also possess transgalactosylation activity,
which has recently gained considerable interest for the
production of galacto-oligosaccharides (GOS), prebiotics that
can stimulate the growth of beneficial bacteria such as
bifidobacteria and lactobacilli (Macfarlane et al. 2008; Rastall
and Maitin 2002).

Lactose maldigestion and intolerance are caused by
lactase insufficiency or nonpersistence, which results from
a decrease in the activity of the lactose-cleaving enzyme, [3-
galactosidase (lactase), in the brush border membrane of the
mucosa of the small intestine of adults. Lactose intolerance
occurs in 70% of the world’s adult population, and Eastern
Asia has the highest number of lactose malabsorbers with
more than 90% of its population (de Vrese et al. 2001).
Besides lactose maldigestion, crystallization of lactose can
be a problem in dairy products such as ice cream and
sweetened condensed milk. At high lactose concentrations,
crystallization of this disaccharide can occur especially at
low temperatures, resulting in sandiness of the products
(Ganzle et al. 2008). [3-Galactosidases derived from food-
grade organisms can be successfully employed for these
food-related problems related to the milk sugar lactose. The
products of lactose hydrolysis, i.e., glucose and galactose,
are sweeter and better digestible than lactose, thus helping
to alleviate lactose maldigestion. These monosaccharides
are also much more soluble than lactose; hence, sandy
defects in dairy products can be avoided (Ganzle et al.
2008). Furthermore, disposal of large quantities of the
lactose-containing by-products from cheese manufacturing,
whey and whey permeates, causes serious environmental
problems. It is estimated that approximately 177 million
tons of whey, equaling approximately nine million tons of
lactose, are accumulating worldwide, of which roughly one
third is still disposed of in the environment or used as
animal feed (Ganzle et al. 2008). This can be used as a
source of cheap, renewable, and fermentable sugars after [3-
galactosidase-catalyzed hydrolysis for a number of different
large-scale biotechnological processes (Ganzle et al. 2008).

Bacillus licheniformis is a soil-dwelling endospore-
forming microorganism, which has been used extensively
for the industrial-scale production of important enzymes
including thermostable amylase, proteases, [3-lactamase,
and «-acetolactate decarboxylase, as well as for the
production of smaller compounds such as the antibiotic
bacitracin and various organic metabolites, e.g., 2,3-
butanediol and glycerol (Schallmey et al. 2004). Recently,
the complete genome of B. licheniformis strain DSM 13
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was reported, and it was pointed out that its genome
contains several genes encoding enzymes of significant
interest for biotechnological applications (Veith et al. 2004).
Thus, the elucidation of the genome opened the door for further
research on industrially relevant enzymes, and for example, a
recombinant B. licheniformis chitinase (Songsiriritthigul et al.
2010b), endo-f3-mannanase (Songsiriritthigul et al. 2010a),
arabinose isomerase (Prabhu et al. 2008), and «-amylase
(Hmidet et al. 2008) were studied in detail after cloning and
expression of the respective gene. In this paper, we describe
the cloning of (3-galactosidase from B. licheniformis DSM 13
and its expression in E. coli. Furthermore, the properties of the
recombinant enzyme are reported.

Materials and methods
Chemicals and enzymes

All chemicals were purchased from Sigma (St. Louis, MO,
USA) and were of the highest quality available unless
otherwise stated. Glucose oxidase from Aspergillus niger
(Iyophilized, 211 U/mg) was purchased from Fluka (Buchs,
Switzerland), and horseradish peroxidase (POD) (lyophilized,
181 U/mg) was from Sigma. All restriction enzymes were
from New England Biolabs (Beverly, MA, USA). Pfu DNA
polymerase was purchased from Promega (Madison, WI,
USA), while Phusion High-Fidelity DNA polymerase was
from Finnzymes OY (Espoo, Finland), and T4 DNA ligase
was from Fermentas (Vilnius, Lithuania). Isopropyl-{3-D-
thiogalactopyranoside (IPTG) was from Roth (Karlsruhe,
Germany), and the test kits for determination of D-glucose
and D-galactose were from Megazyme (Bray, Ireland).

Bacterial strains and culture conditions

B. licheniformis DSM 13 (ATCC 14580) was obtained from
DSMZ (German Collection of Microorganisms and Cell
Cultures; Braunschweig, Germany). The strain was grown
aerobically at 37°C in nutrient broth (NB) containing 5 g/L
peptone and 3 g/L meat extract. E. coli TOP10 (Invitrogen,
Carlsbad, CA, USA) was grown at 37°C in Luria—Bertani
(LB) broth containing 100 pg/mL ampicillin for maintaining
the plasmid.

Cloning of B. licheniformis [3-galactosidase

The gene encoding (3-galactosidase from B. licheniformis
DSM 13 was cloned by a polymerase chain reaction (PCR)-
based method as previously described (Yamabhai et al.
2008). The oligonucleotide primers for PCR amplification
of the B. licheniformis lacA gene were designed from the
published genome of B. licheniformis DSM 13 (GenBank
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accession number AE017333). The primers lacA F2 GCA
AGC TTC GCT CCA TAT GCCA and lacA R2 GTG GTC
GAC AGA TCT CTC GAG CTC TTT TG containing Ndel
and Xhol restriction sites, respectively, were used for
cloning into the corresponding sites of pMY201 (Yamabhai
2008). The initial denaturation step at 95°C for 5 min was
followed by 35 cycles of denaturation at 95°C for 45 s,
annealing at 55°C for 30 s, and extension at 72°C for
4.5 min. The final cycle was followed by additional 10-min
elongation at 72°C (Yamabhai 2008). The resulting expres-
sion plasmid pOJBlilacA2 encodes the recombinant [3-
galactosidase carrying a C-terminal 10x His-tag followed
by the FLAG tag (Fig. 1). The integrity of the construct was
confirmed by automated DNA sequence analysis (VBC-
Biotech).

Sequence analysis

Assembly and analysis of DNA sequences were done by
Vector NTI. The basic local alignment search tool from the
National Center for Biotechnology Information website was
used for database searches. The comparison of [3-
galactosidase from B. licheniformis DSM 13 with homol-
ogous proteins was carried out using the program ClustalW
followed by Esprit (Gouet et al. 1999).

Expression of the 3-galactosidase gene in E. coli

E. coli TOP10 carrying the pOJBlilacA2 plasmid was
grown in LB medium containing 100 pug/mL ampicillin at
37°C overnight. The overnight cultures (2% inoculum)
were used to inoculate 1,500 mL of TB medium containing
100 pg/mL ampicillin. The cultures were incubated at 37°C
until the optical density at 600 nm reached 0.9. The cultures

pOdJBlilacA2

Fig. 1 Schematic overview of the pOJBIlilacA2 plasmid. The plasmid is
based on the pFLAG-CTS vector (Sigma, St. Louis, MO, USA): fac a
hybrid of #p and lac promoter, RBS Shine-Dalgarno ribosome-binding
site, lacA structural gene of (3-galactosidase from B. licheniformis DSM
13, 10His deca-histidine tag, FLAG octapeptide tag, 7,7, ribosomal
RNA operon compound terminator, Amp r ampicillin resistance marker,
ori (pBR322 ori) origin of double-strand replication of recombinant
plasmid, f7e ori origin for single-strand replication of positive strand
via M13 K07 Helper Phage, lacl repressor of tac promoter
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were then induced by adding 0.01 mM IPTG and further
incubated at 18°C for 45 h. Subsequently, the induced cells
were harvested and washed once with 50 mM sodium
phosphate buffer, pH 6.5, and then 50 g of cell paste in
300 mL of 50 mM sodium phosphate buffer pH 6.5 was
disrupted using a continuous homogenizer (APV-2000,
Silkeborg, Denmark). Cell debris was removed by centri-
fugation (25,000xg, 4°C, 15 min) to obtain the crude
extract.

Protein purification

The crude extract was loaded onto a 15-mL Ni Sepharose 6
fast-flow column (GE Healthcare, Uppsala, Sweden) that
was pre-equilibrated with buffer A (50 mM sodium
phosphate buffer, 0.2 M NaCl, 20 mM imidazole,
pH 6.5). The protein was eluted at a rate of 1.5 mL/min
with a 75-mL linear gradient from 0% to 100% buffer B
(50 mM sodium phosphate buffer, 0.2 M NaCl, 1 M
imidazole, pH 6.5). Active fractions were pooled, desalted,
and concentrated by membrane ultrafiltration with a 10-kDa
molecular weight cutoff (Amicon, Beverly, MA, USA). The
purified enzyme was stored in 50 mM sodium phosphate
buffer pH 6.5 containing 1 mM EDTA at 4°C until used.

Enzyme assays

[3-Galactosidase activity was measured at 30°C and pH 6.5
by using o-nitrophenyl-f3-D-galactopyranoside (oNPG) and
lactose as substrates according to previously published
methods (Nguyen et al. 2006). The range of enzyme
activity units used was between 2,000-10,000 and 40-
250 U/mL for oNPG and lactose, respectively.

Protein determination

Protein concentrations were determined by the method of
Bradford using bovine serum albumin as a standard.

Gel electrophoresis and active staining

Native polyacrylamide gel electrophoresis (PAGE) and
denaturing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) were done using the Phast-
System unit (GE Healthcare, Uppsala, Sweden). Active
staining using 4-methylumbelliferyl 3-D-galactopyranoside
as the substrate was carried out as previously described
(Nguyen et al. 2006). Isoelectric focusing was performed
on a PhastSystem unit according to the manufacture’s
instructions. The p/ marker protein kit (pH 3-10, GE
Healthcare) was used to estimate the p/ value after the
proteins were visualized by staining with Coomassie
Brilliant Blue.
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Steady-state kinetic measurements

All steady-state kinetic measurements were performed at
30°C using oNPG and lactose as the substrates in 50 mM
sodium phosphate buffer (pH 6.5) with concentrations
ranging from 0.1 to 22 mM for oNPG and 1 to 600 mM
for lactose. Furthermore, the inhibition of oNPG hydrolysis
by D-galactose and D-glucose as well as that of lactose
hydrolysis by D-galactose was investigated. The kinetic
parameters and inhibition constants were calculated by
nonlinear regression, and the observed data were fitted to
the Henri-Michaelis—Menten equation using Sigma Plot
(SPSS Inc., Chicago, IL, USA).

pH and temperature dependence of activity and stability

The pH dependence of the enzymatic release of oNP from
oNPG and D-glucose from lactose was measured for the
range of pH 4 and 8, using Britton—Robinson buffer
(containing 20 mM each of phosphoric, acetic, and boric
acid) adjusted to the required pH values, under otherwise
standard assay conditions. To determine the pH stability,
the enzyme samples were incubated at various pH values
and 37°C, and the remaining enzyme activity was deter-
mined at various time intervals using oNPG as the substrate
under standard assay conditions.

The temperature dependence of enzyme activity (both
oNPG and lactose activity) was determined by measuring
the activity over the range of 20-70°C for 10 min. The
temperature stability of the enzyme was studied by incubating
enzyme samples in 50 mM sodium phosphate buffer, pH 6.5
at various temperatures in the range of 4-65°C. At certain
time intervals, samples were withdrawn, and the residual
activity was measured with oNPG as the substrate under
standard assay conditions.

Effect of various cations

To study the effect of various cations on the release of oNP
from oNPG, the enzyme samples were assayed with 22 mM
oNPG (in 10 mM Bis-Tris buffer, pH 6.5) in the presence of
0.04 mM EDTA and various monovalent and divalent
cations with final concentrations of 1.0, 10, and 100 mM
(chloride or sulfate form) at 30°C for 10 min (Hmidet et al.
2008). The measured activities were compared with the
activity of the enzyme solution without added cations under
the same conditions.

Hydrolysis of lactose
Hydrolysis of lactose was carried out in discontinuous mode

using eight lactase units per milliliter of reaction mixture. These
reactions were carried out at two process temperatures (37°C,
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60°C), using either 50 or 200 g/L initial lactose concentration in
50 mM sodium phosphate buffer (pH 6.5) and constant
agitation by shaking at 300 rpm. Samples were withdrawn at
various intervals, and the composition of the sugar mixtures
was analyzed by capillary electrophoresis and high-
performance anion exchange chromatography with pulsed
amperometric detection together with authentic reference
materials following methods described previously (Splechtna
et al. 2000).

Results

Cloning and expression of 3-galactosidase LacA
from B. licheniformis DSM 13 in E. coli

The (3-galactosidase LacA from B. licheniformis DSM 13,
which is encoded by the lacA gene, was amplified, cloned,
and expressed in E. coli TOP10. The lacA gene consists of an
open reading frame of 2,055 bp, encoding 684 amino acid
residues (and a stop codon) with a calculated molecular mass
of 79 kDa (Yamabhai et al. 2008). The recombinant enzyme
was fused with a C-terminal 10x His-tag followed by the
FLAG tag to facilitate purification by one-step affinity
chromatography using Ni-NTA agarose. Gene expression
was optimized by varying the IPTG concentrations (0.01, 0.1,
and 1 mM) and induction temperature (18°C and 25°C). The
highest {3-galactosidase activity produced by E. coli TOP10
carrying pOJBlilacA2 was obtained after 45 h of induction
with 0.01 mM IPTG at 18°C. Using these conditions and
cultivations in shaken flasks, approximately 74 kU of (3-
galactosidase activity per liter of fermentation broth with a
specific activity of 51 U/mg was obtained; this corresponds to
roughly 275 mg of recombinant protein formed per liter.

The His-tagged enzyme was purified to apparent
homogeneity by a single-step purification protocol using a
Ni Sepharose 6 fast-flow column (Fig. 2). The overall yield
was 73%, and approximately 54 kU (200 mg) of purified
recombinant enzyme was obtained per liter of fermentation
broth with a specific activity of 270 U/mg (Table 1).

The recombinant (3-galactosidase from B. licheniformis
showed a molecular mass of ~75 kDa when analyzed by
SDS-PAGE (Fig. 2a). This relates very well to the cal-
culated mass of 78,851 Da for the LacA [-galactosidase
(GenBank AAU43090). Native PAGE analysis (Fig. 2b)
gave a molecular mass of approximately 160 kDa, indicat-
ing that the enzyme is a homodimer consisting of two
identical 79-kDa subunits. Activity staining of the purified
recombinant [3-galactosidase on native PAGE using 4-
methylumbelliferyl (3-D-galactopyranoside as a substrate
also yielded a single band of ~160 kDa corresponding to
the intact homodimer (Fig. 2b). The isoelectric point of
recombinant (3-galactosidase overexpressed in E. coli was
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Fig. 2 SDS-PAGE (a) and native PAGE (b) analysis of (3-galactosidase
(lacA) from B. licheniformis DSM 13 overexpressed in E. coli TOP10.
a Lane 1, recombinant molecular mass markers (Bio-Rad); lanes 2 and
3, Coomassie blue staining of crude extract and purified recombinant (3-
galactosidase, respectively. b Lane 1, high molecular weight markers
(GE Healthcare); lanes 2 and 3, Coomassie blue staining of crude
extract and purified recombinant (3-galactosidase, respectively; lane 4
activity staining with 4-methylumbelliferyl (3-pD-galactopyranoside of
purified recombinant (3-galactosidase. Approximately 5 pg of total
protein was loaded onto each lane

found to be in the range of ~5.5 as analyzed by analytical
isoelectric focusing (data not shown), which corresponds
well to the theoretical value of 5.75.

[3-Galactosidase from B. licheniformis can be classified
as a member of GH-42, based on amino acid similarities
and according to the Carbohydrate-Active Enzymes data-
bank (http://www.cazy.org). The amino acid sequence
alignment of this enzyme with other bacterial GH-42
members is shown in the Electronic Annex 1 in the online
version of this article. Amino acid sequence similarities of
[3-galactosidase from B. licheniformis (GenBank accession
number AAU43090) and those from other bacteria are
76.6% for Bacillus subtilis (3-gal (GenBank accession
number ABQMO01000009), 47.9% for Clostridium perfringens
[3-gal (GenBank accession number BAB79873), 36.9% for
Bacillus circulans [3-gal (GenBank accession number
AAA22258), 35.6% for Bacillus stearothermophilus [3-gal
(GenBank accession number P19668), 26.9% for Thermotoga
neapolitana (3-gal (GenBank accession number AAC24217),
26.8% for Thermus thermophilus (3-gal (GenBank accession
number BAA28362), 25.3% for Thermotoga maritima (3-gal
(GenBank accession number AAD36270), and 24.9% for
Haloferax sp. (strain Aa 2.2) {3-gal (GenBank accession
number AAB40123).

Enzyme kinetics

The steady-state kinetic constants as well as the inhibition
constants determined for the hydrolysis of lactose and
oNPG are summarized in Table 2. The k., values were
calculated on the basis of theoretical v,,,x values obtained
by nonlinear regression using Sigma Plot. The catalytic
efficiencies (k../K,,) for the two substrates, lactose and
oNPG, indicate that oNPG is clearly the preferred substrate,
both because of more favorable K, and k., values.

One of the end products of the 3-gal-catalyzed hydrolysis
of lactose, D-galactose, competitively inhibited both the
hydrolysis of lactose and oNPG with inhibition constants of
0.93 and 0.95 mM, respectively. This competitive inhibition
is surprisingly strong, also as judged on the basis of the ratios
of the inhibition constants for D-galactose during hydrolysis
of lactose and oNPG and the Michaelis constants for these
substrates, Ki,Gal/Km,LaCZO.OOSS and Ki,Ga]/Km,oNPG:0-0697
respectively. In addition, inhibition by the second end
product, D-glucose, was studied with oNPG as the substrate.
Again, glucose is a competitive inhibitor of (3-gal from B.
licheniformis (K; of 83.2 mM, Table 2); however, its
inhibiting effect is only moderate compared to D-galactose
as is obvious from the ratio of K to Ky, (Ki Gr/Km.onpG=0.1).

Effects of pH and temperature

The pH optimum of 3-galactosidase activity is 6.5 for both
lactose and oNPG hydrolysis (Fig. 3a). The enzyme is
stable in the pH range of 5 to 8, and it is most stable at
pH 6.5, retaining more than 90% and 80% of its activity
when incubated at pH 6.5 and 37°C for 5 days and 1 month,
respectively (Fig. 3b).

The optimum temperature of (3-galactosidase activity
was 50°C when using both lactose and oNPG as substrates
under standard 10-min assay conditions (Fig. 4a). The effect
of temperature on the stability of the enzyme was also
investigated. The enzyme was stable over a wide range of
temperatures (4-42°C) and when kept at these temperatures
for up to 1 month (Fig. 4b). The enzyme was most stable at
37°C, retaining ~90% of its activity after 1 month at this
temperature. The enzyme had a half-life time of activity (¢,,)
of approximately 7 days, 5 h, and 30 min at 55°C, 60°C, and
65°C, respectively.

Table 1 Purification of recombinant, His-tagged (3-galactosidase from B. licheniformis

Purification step Total activity Total protein Specific activity Purification Recovery
()] (mg) (U/mg)* fold (%)

Crude enzyme extract 6,000£26 118+1.6 51+0.2 1.0 100

Affinity chromatography (Ni Sepharose fast flow) 4,400+15 16.2+0.6 270+0.9 53 73

# Activity was measured using oNPG as a substrate
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Table 2 Kinetic parameters of recombinant 3-galactosidase from B. licheniformis for the hydrolysis of lactose and oNPG

Substrate Vinax (Hmol min~' mg™") Kin (mM) kear (7 keat/ Ko (MM 571 Ki Ga (MM) KiGiu (mM)
Lactose 13+0.04 169+0.8 34.5+0.1 0.20+0.00 0.93+0.05 -
oNPG 299+2.3 13.7+0.1 785+6.1 57.3+0.05 0.95+0.02 83.2+1.1

Values are the average of duplicate experiments and represented as mean + standard deviation

Effect of various cations on catalytic activity and 60°C. Unconverted lactose and monosaccharides are the
main components of the sugar mixtures at both process
The hydrolysis of oNPG by [(-galactosidase from B. temperatures (37°C and 60°C), and low amounts of GOS
licheniformis was slightly activated by monovalent ions, = were formed. Initially, the reaction proceeded rapidly, and
i.e., Na" and K*. Concentrations of these ions in the range  lactose conversion was significantly faster at 60°C than at
of 1-100 mM exerted these stimulating effects (Table 3).  37°C. Approximately 45% of lactose were hydrolyzed
The effects of K, Mg”>", and Ca®" in the presence of  within the first 3 h of the reaction at 60°C, while ~25%
10 mM Na“ were also tested to determine whether a  were cleaved at 37°C. Thereafter, the reaction slowed down,
possible synergism exits with respect to the activation of =~ most probably as a result of both the unfavorably high K,
the enzyme by cations (Table 4). However, these synergistic ~ and the inhibition by mainly D-galactose (Fig. 5a).
effects were found to be insignificant. The presence of In addition, the formation of GOS was studied at various
1 mM Mn?" together with the presence of 10 mM Na®  conditions as well for -galactosidase from B. licheniformis.
slightly stimulated the activity of the enzyme, while the  For initial lactose concentrations of 200 and 50 g/L and at a
presence of 10 mM Mn?" inhibited the enzyme activity ~ process temperature of 60°C, the maximum GOS yields

by ~40%. were approximately 12% and 7%, respectively (Fig. 5b). The
impact of different reaction temperatures (37°C and 60°C)
Bioconversion of lactose was investigated at the initial lactose concentration of 200 g/

L. GOS yields obtained at 60°C were significantly higher
[3-Galactosidase-catalyzed conversion of lactose is of  than at 37°C, with approximately 12% and 5% of total
interest both for the hydrolysis of this disaccharide as well ~ sugars, respectively (Fig. 5b).
as for the formation of GOS. Lactose hydrolysis with low
levels of GOS formation could be observed for [3-
galactosidase from B. licheniformis when employing initial ~ Discussion
lactose concentrations of both 50 and 200 g/L. The time
course of lactose conversion (50 g/L initial concentration and ~ We have cloned, expressed in E. coli, and studied in detail
pH 6.5 employing 8 Uy ,./mL (3-galactosidase activity, which ~ the biochemical properties of GH-42 [3-galactosidase
corresponds to ~30 mg/L of recombinant (3-gal) and  (LacA) from B. licheniformis. The recombinant enzyme
formation of monosaccharides in discontinuous lactose  showed some properties that are appropriate for application
hydrolysis processes is shown in Fig. 5a for two different  in various processes requiring lactose hydrolysis, for
temperatures, i.e., 37°C, at which the enzyme is most stable, example, its broad pH optimum of 5.5 to 8, its stability at
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Fig. 3 Effect of the pH value on activity and stability of 3-galactosidase =~ shown as residual activity after an incubation at 37°C for 24 h (filled
(lacA) from B. licheniformis. a Optimum pH was determined under  circle), 5 days (filled square), and 1 month (filled triangle). The buffer
standard assay conditions using either oONPG (filled circle) or lactose  system used was Britton—Robinson buffer. Values are the average of
(empty circle) as substrates. b pH stability using lactose as substrate is ~ duplicate experiments with standard deviation shown as error bars
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Fig. 4 Effect of temperature on activity and stability of f3-
galactosidase (lacA) from B. licheniformis. a Optimum temperature
was determined under standard assay conditions (10-min incubation)
and varying temperatures using either oNPG (filled circle) or lactose
(empty circle) as substrates. b Temperature stability using lactose as

process-relevant temperatures, or its insensitivity to Ca*".
So far, there have been many reports dealing with different
facets of the characterization of {3-galactosidases from
various microorganisms, i.e., Kluyveromyces marxianus
(Rajakala and Karthigai 20006), B. subtilis (Rahim and Lee
1991), Lactobacillus plantarum, and Lactobacillus sakei
(Halbmayr et al. 2008), Lactobacillus reuteri (Nguyen et al.
2006), and Bacillus coagulans (Navneet et al. 2002). Our
results indicate that B. licheniformis LacA possesses unique
characteristics that should be valuable for various aspects of
research on 3-galactosidase in the future.

The lacA gene of B. licheniformis when overexpressed in
E. coli resulted in the encoded recombinant homodimeric
[3-galactosidase with a molecular mass of approximately
160 kDa consisting of two identical subunits of ~78 kDa as
shown on native and SDS-PAGE. The amino acid sequence
alignment of (3-galactosidases from B. licheniformis DSM
13 with eight other bacterial enzymes (all from glycosyl
hydrolase family 42, GH-42) revealed the conservation of
Glul41 and Glu312, which are essential for the catalytic
mechanism. Interestingly, E. coli (3-galactosidase is a
homotetramer (Matthews 2005), GH-42 [3-galactosidase
from 7. thermophilus is a homotrimer (Hidaka et al. 2002),
while the (3-galactosidases from L. reuteri and B. licheniformis

Table 3 Effect of Na” and K on the activity of 3-galactosidase from
B. licheniformis DSM13

Cation Relative activity (%)*

1 mM 10 mM 100 mM
Na* 128+0.9 126+0.1 131+0.2
K" 118+0.7 122+0.2 130+0.2

Values are the average of duplicate experiments and represented as
mean =+ standard deviation

#The relative activity is based on standard conditions without added
cations (100%)
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substrate is shown as residual activity after an incubation at pH 6.5 for
24 h (empty square), 5 days (filled square), and 1 month (filled
triangle) in 50 mM sodium phosphate buffer. Values are the average of
duplicate experiments with standard deviation shown as error bars

were proposed to be a heterodimer (Nguyen et al. 2007b) or
homodimer (from this study), respectively.

The specific activity of B. licheniformis LacA compares
well with values reported for other microbial (-
galactosidases, most notably those isolated from various
Bacillus spp.-specific activity of 5.1 and 60 U/mg for B.
circulans and Bacillus megaterium [3-gal, respectively
(Park and Oh 2010a), indicating the high activity of the
B. licheniformis enzyme (O’Connell and Walsh 2007). The
pH optima are slightly different from those reports for
purified (3-galactosidase from B. stearothermophilus
(pH 5.5) (Griffiths and Muir 1978) and B. licheniformis
ATCC 9800 (pH 5.5) (Tran et al. 1998). Analysis of enzyme
stability at various pH and temperature indicated that this
enzyme is very stable when compared to other industrially
used enzymes. While the recombinant B. licheniformis f3-
galactosidase is stable between pH 5 and 9 at 37°C and up
to 42°C at pH 6.5 for up to 1 month, Kluyveromyces fragilis
[3-galactosidase has only 50% remaining activity when
stored at 40°C at pH 67 for 20 h (Ladero et al. 2006). A.
niger {3-galactosidase is stable at pH 2.5-3 at temperature
below 70°C in a 5-min assay (Widmer and Leuba 1979), and
B. circulans (3-galactosidase is stable between pH 5 and 9
and at temperatures below 50°C in a 30-min assay (Fujimoto
et al. 1998). Therefore, this recombinant enzyme is highly
suitable for various biotechnological applications.

The lower Michaelis constant for the chromogenic
model substrate (o0NPG) than that for the natural substrate
(lactose) is in accordance with the properties of [3-
galactosidases from a number of different sources (Nguyen
et al. 2006; Samoshina and Samoshin 2005). The K, value
of 169 mM determined for lactose was found to be quite
high when compared to other {3-galactosidase members of
family GH-42, for instance, 3.7, 2.94, and 2.71 mM for
three isoforms of (-gal from B. circulans, respectively
(Vetere and Paoletti 1998); 6.18 mM for P-gal from
Bacillus sp. MTCC 3088 (Chakraborti et al. 2000); or
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Table 4 Synergistic effect of different cations on (3-galactosidase activity from B. licheniformis

Cation 10 mM Na“™ 10 mM Na® 10 mM Na®™ 10mM Na®" 10mMNa®" 10mMNa" 10mM Na® 10 mM Na*
1 mM K" 10mM K"  1mMMn* 10 mM Mn** 1 mM Mg®> 10 mM Mg®>® 1 mM Ca®" 10 mM Ca®"
Relative activity (%)* 123+0.8 126+1.1 136+1.3 78+2.9 134+1.5 137+0.3 135+0.1 136+1.3

Values are the average of duplicate experiments and represented as mean+ standard deviation

#The relative activity is based on standard conditions without added cations (100%)

42 mM for (3-gal from Thermus sp. IB-21 (Kang et al.
2005). However, this K, value is comparable to those
reported for commercial fungal and yeast enzymes that are
commonly employed in biotechnological applications (36—
180 mM for 3-gal from Aspergillus oryzae and 54-99 mM
for 3-gal from A. niger) (De Roos 2004).

Various degrees of inhibition as well as different inhibition
types by both end products D-galactose and D-glucose are
commonly found for 3-galactosidases from different organ-
isms, such as Bacillus (Geobacillus) stearothermophilus
(KiGa=2.5 mM) (Goodman and Pederson 1976), L. reuteri
(Ki Gal» Kigrn=115 and 683 mM, respectively) (Nguyen et al.
2006), Arthrobacter sp. (Kiga=12 mM), Kluyveromyces
lactis (Ki Gat, Ki.gru=45 and 758 mM, respectively), Thermus
sp. (KiGa» Kign=3 and 50 mM, respectively), and Caldi-
cellulosiruptor saccharolyticus (K Ga, Kicn=12 and
1,170 mM, respectively). While a competitive inhibition is
prevailing with D-galactose, which typically is a much
stronger inhibitor, the inhibition by D-glucose can be of the
competitive, noncompetitive, and uncompetitive type (Park
and Oh 2010a). Interestingly, different GH-42 f3-
galactosidases can vary considerably in their inhibition by
D-galactose. 3-Gal from B. licheniformis shows, as reported
in the result section, an unexpectedly high end-product
inhibition (K; Ga=0.93 mM; K;Ga/Km ac=0.0055), which
was almost equally pronounced as that observed in B.

Q0

100

80

60 -

40

Carbohydrates
(% mass of total sugars)

20

3 5 24

Time (h)

Fig. 5 Bioconversion of lactose. a Time course of lactose conversion in
discontinuous batch processes. The reactions were carried out using an
initial lactose concentration of 50 g/L in 50 mM sodium phosphate
buffer (pH 6.5) and 8 Up,/mL (3-galactosidase activity both at 37°C
[lactose (filled triangle), glucose (filled square), galactose (filled circle))
and 60°C [lactose (empty triangle), glucose (empty square), galactose
(empty circle)]. The amounts of sugars at various time intervals are
reported as percentage of mass of total sugars. b Formation of GOS
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stearothermophilus (3-gal (Kiga=2.5 mM; K;Ga/Km1ac=
0.023) (Goodman and Pederson 1976). In contrast, the GH-
42 (-gal from C. saccharolyticus is much less affected by its
end product D-galactose (KjGa=12 mM; K Ga/Km 1ac=0.4)
(Park and Oh 2010b) as judged by the KjGa/Km ac ratio.
This inhibition of [3-galactosidase activity by its end
products can be a serious technological problem, as close
to complete hydrolysis of lactose, either when aiming at
producing the hydrolyzate as a renewable feedstock for
further fermentations or at food applications, can only be
achieved by a significantly prolonged conversion time or by
adding disproportionate amounts of enzyme. Very few
studies have addressed structure/function relationships of
[3-galactosidases with respect to this end product inhibition.
Some recent preliminary data, however, indicate that some
variants of the C. saccharolyticus 3-gal, in which active site
residues were exchanged, show reduced inhibition (Park and
Oh 2010a). Because of this pronounced inhibition, (3-gal
from B. licheniformis could be an excellent model protein for
future structure/function studies, e.g., in directed evolution
approaches or by approaches of semi-rational design, in
order to obtain a better fundamental understanding of end-
product inhibition of (3-galactosidases.

The observations of the effects of various cations are in
agreement with the reports on the requirements for
monovalent and divalent metal ions for optimal activity

=y - N
o o o
L L

Relative amount of GOS T
(4]

(% mass of total sugars)

=)
ol}

20 30 40 50 60

% Lactose conversion

10 70

during lactose conversion at different temperatures and initial lactose
concentrations. The reactions were performed at 60°C, using 50 g/L
(empty triangle) and 200 g/L. (empty square) of lactose in 50 mM
sodium phosphate buffer (pH 6.5) as substrates, and at 37°C, using
200 g/L lactose in 50 mM sodium phosphate buffer (pH 6.5) (filled
circle) as substrate. The relative amount of GOS (percent mass of total
sugars) at different levels of lactose conversion is shown
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and stability for a number of different (3-galactosidases
(Nakayama and Amachi 1999; Nguyen et al. 2007a;
Nguyen et al. 2006). Ca>" is a known inhibitor of some
[3-galactosidases (Garman et al. 1996; Smart et al. 1985),
but interestingly, it could to some extent activate 3-
galactosidase from B. licheniformis (Table 4) when added
in concentrations of 1-10 mM, which also correlates to
concentrations of free calcium in milk or whey. This
property can be advantageous for applications in lactose
conversion processes directly in milk or when using
lactose-rich substrates based on whey with high level of
free Ca®" in solution. In addition, we found that 10 mM of
Cu”’, Zn*", and Fe*" inactivated (-galactosidase activity
by 100%, 94%, and 66%, respectively (data not shown).

The results of transglycosylation reaction analysis are in
accordance with the previous observations that an increase
in the initial lactose concentration is one of the main factors
for GOS formation in addition to enzyme source, temper-
ature, and pH of the reaction condition (Gosling et al. 2010;
Park and Oh 2010a; Zarate and Lopez-Leiva 1990).
Furthermore, the effect of the reaction temperature on
GOS yields is remarkable. Generally, higher temperatures
in processes aiming at GOS formation are thought after
since an increase in temperature improves the solubility of
lactose, which is relatively low at ambient temperatures,
and increased lactose concentrations are one of the main
factors affecting GOS yields (Gosling et al. 2010). A
positive effect of the reaction temperature on GOS yields
has been reported in very few studies (Boon et al. 2000;
Hsu et al. 2007), but it was concluded from a comparative
study using four different (3-galactosidases that the effect of
temperature is small (Boon et al. 2000). An increase in the
process temperature from 37°C to 60°C at a constant
lactose concentration of 200 g/L (585 mM) could more than
double the GOS yields attained when using [3-galactosidase
from B. licheniformis. The different maximal yields were
however obtained at different levels of lactose conversion,
as can be expected from a kinetically controlled reaction,
indicating that the conversion process has to be investigated
over the entire range of lactose conversion for conclusive
results. The GOS yield observed in this work was not as
high as expected. 3-Galactosidases from family GH-42 are
thought to have lesser activity for both hydrolysis and
transfer than GH-2 [3-galactosidases, yet no systematic
study has been aimed at this comparison of the two GH
families (Gosling et al. 2010). The rather low GOS yields
obtained with (-galactosidase from B. licheniformis,
however, seem to corroborate this observation.

One weakness of this enzyme is its strong inhibition by
the end products, mainly D-galactose, which slows down
the hydrolysis process considerably when accumulating
during the hydrolysis process. Nevertheless, the hydrolytic
property of (3-galactosidase from B. licheniformis, an
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organism that has been widely used for the production of
food-approved enzymes, could be beneficial for partial
lactose removal in food products, or for improving the
quality of dairy products by increasing their solubility and
sweetness. It is generally accepted that 50-80% lactose-
reduced milk will satisfy the physiological requirements of
the majority of lactose-intolerant groups (Indyk et al. 1996).
This strong inhibition by D-galactose together with the fact
that the enzyme is encoded by a single gene should make it
an attractive starting point for detailed structure/function
studies on end product inhibition of [3-galactosidases,
which is not well understood at present and which hampers
the efficient utilization of lactose as a renewable sugar, as
well as for further improvements by various techniques in
directed evolution (Arnold and Volkov 1999).
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