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UNANYRANWIDINE

Lactic acid bacteria are interesting cell factories for the expression of hydrolytic
enzymes as many of them are generally recognized as safe and require only a simple
cultivation process. Lactobacillus plantarum is considered as a potential cell factory
because of its GRAS (generally recognized as safe) status and long history of use in food

applications.

The first part of the research project involves the overexpression of a chitosanase

(CsnA) and a B-mannanase (ManB), from Bacillus licheniformis and Bacillus subtilis,

respectively, in Lactobacillus plantarum. ManB and CsnA could be efficiently produced
and secreted in L. plantarum using pSIP-based expression vectors containing either an

erythromycin resistance or the alr gene as selection marker.

The second part of the research project involved the display the two enzymes on
the surface of L. plantarum for potential application as whole-cell biocatalysis. The results
indicated that mannanolytic and chitinolytic enzymes can be anchored to the cell surface
of L. plantarum in active forms. This approach, with the enzyme of interest being displayed
on the cell surface of a food-grade organism can be applied in various production

processes relevant for food industry.

Finally, in the last part of the research project, we demonsrate the success in the
development and application of food-grade expression system for the production of
recombinant proteins, of which a food-grade enzyme technology developed in our
laboratory was used for the production of soluble CHOS from chitosan, derived from chitin
of shrimp and prawn shells, in a lactic acid solution. The results indicated that well-
characterized chitosan oligosaccharides could be produced using well developed food-
grade enzyme technology in our laboratory. The CHOS products could be further applied
for food and feed industry.

The information and knowledge created from this research project were used for 2

pulications in a high-impact international journal, and in 2 Ph.D. and 2 Master Thesis.
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1.1 anuaAywaznuvaslyninisivy

FEUUMINANLUSAUd M UERaIMNIIN0IMNS (Food-grade expression system) t0uszuunis
uansponvesulugadniituiussdanudidyinniy Insamgludaguildiinisduniuaside
deanioules uaslusiulng edredeiiles tieadayaduiuduldiundndasiemsluguuuy
e wadl Lifesanieules wieldsiu Tngiamedildiniswauduulndy dnsuldly
goamnssue sty lidaswnouldann Adidinlussaud vieanmisuiuudaiugnssy audl
amnsRtestugunmvesiuilanlonss Aewaviunlddsdedlaiunissuseslasaniuiiisades
o Wu@a1du FDA (Food and Drug Adminstration) luuseine ansgeiasn 38 EFSA
(European Food Safety Authority) Tunguussimauszanauglsy dndudsemalnessdnsiiaiunm
fio o8 (psFmsomsuazen) Tudagtuiieules mo slafinaniuandeiiafiiunisdauyag
#gN331 %38 GMO (genetically modified organism) fisis1edeglusnemseulusiildsunissuses
dmiugnamnssue1msiidavillag AMFEP (Assodiation of Manufacturers and Formulators of
Enzyme Products) (Olempska-Beer et al., 2006)

TalalUseulsenisdAguesnisuszendldlusiu lnanniziauladanudasiugnssy
(recombinant enzyme) lugaamnisuemise a1unsouanlaluliinagindnisnanatnumas
sysudun hlduiavsldiends Jeddunulunsnaaiininit suieilemaianisuuiteuan
139U Wy mycotoxin Idesndn Bnviadanuisaldiinisnaiug dmnssudugsluntsiam
s vieweulul WiflanautRdumezimnzaudenisssgndldlugnaivnssuussianeeg 16
p819iUsEaNENN Memaila directed evolution [19] dudediiausensdnaey Asluaunsald
A5n13W8A recombinant protein ‘17156‘] 1 7114 antibiotic 18U selection marker ¢ Fedfoevinas
WEUUITZUUNITHER ﬁi’mmLﬁ@iﬁi’fﬁm%’uqmamnsﬁumms (Food-grade expression system) A®
#oalafld antibiotic 18 selection marker warAITASITURILIENT self-cloning Fsazvillgsy
nsveusulunduiuilaa (Peterbauer et al,, 2011) uenantundugadidrtiiu vio host fixldly
NSPUIUNINAN recombinant enzyme tu matluqgadnilliumssoniuinvasads viedaniug
GRAS (generally recognized as safe) @17l9u Bacilli %39 Lactic acid bacteria ﬁgfﬂ,ﬂu
9AEMNTINEIMNTA99 aniduiane iy (Konings et al., 2000) Tutlagiiu Ussmalunguiiiaun
ud lAfnsITulas AU TEUUAINER recombinant protein Tagtanig toulwil e food grade
expression system 1nneA35 dululssmalve ldnudsienunisudauaznisussendld food-
grade expression system lunsuin woules vielusiu dufugnanunssnonmsunou e
NIzMaiiuyarAuAanYRs uaze s Wunseiiddguesnd

]



Tnsimsisedazldioulan o vin Ao wouled beta mannanase (ManB) uaw chitosanases
(Csn) iluuvuiasslunsiannszuumuanieenvesBudmivgaamnsmens dudulusiud
i itouasitaunndeunihiudluiesfoinseaumaluladtaninues shndilasinside
Tnglusueulasilfinnsidsuasimuneulsflungy hydolase iflanuddgregnaimnssy
9113 Wwavatevia 819y teulwsl mannanase (Songsiriritthigul et al., 2010a), chitinase
(Songsiriritthigul et al., 2010b), chitosanase (Pechsrichuang et al., 2013), protease (subtilisin)
(Phrommao et al.,, 2011) , transglutaminase, (Sinsuwan et al., 2012) beta-galactosidase
(Juajun et al.,, 2011; Maischberger et al., 2010) Jusu samsldvinnnsideuaziaunalulad
Aswanuaudverwuulnl Tnglidedlddninnansdndae (Pansr,  2009) lnesiaoulesd uway
waufvefd schv  Aldwannty Hulushuliuudeiugnssufignuandeszuunsnisuansoan
sasfuludionundisy £ coli (Yamabhai et al, 2011) fifiUszansanw Hauuuinannisluead way
ndsponuuenisad Snadsldinisiaumeiafiugnlumsuiuusamantfioules wae Wiy
prawmalla DNA shuffling (Songsiriritthigul et al., 2009) wag walulag@inwuuiRna (Kay et
al,, 2001) yihlnludagdu viesufuRnisilieuleyl uazuaufved funaulavatesils Aansiilulsy
Iiielianunsandsliainszuy Food-grade expression system Lﬁaﬁlﬁmmia‘dizqﬂﬂ%}lﬁﬁﬂu
gnANMNTINE WS HatumsuussUonmslildnanSusllaifidyad iy vioadanandusionmis
wuulud Fedoduuinnssufionaimundu wuamanisdestu warsnwilsawuulng Tnanisld
LuATise LAB fifueufiveriianansaindnidolsa weansie Snmamsimunszuunsnanlusiu
dmfugaamnssuermsiiagldwantumnd ferailuussendldlunisudnlusfiudug e
gaamnssuatmsiuswrasialudnme

1.2 IngUsaeAvan1sivy

Wiy uazUszgndldszuunisuanieonyesdudniugnamnisuemis food-grade
expression  system  lun1swdsmeuleyl dusuuszyndldlugnainnssuenmis Insuiady
fnguszasitosail

121 ievhnsleauBuvaseulsl Afidneninlunsussyndldlu gnamnssuemsils
fiannTusnneunthiudluiosjiRmaegunaluladnmuasiamiilasins 1w
wulesl chitosanase Waz/u3e beta-galactosidase Waz/wse mannanase 11lu
nandila  pSIP409 Lﬁ'al,l,amaaﬂiu Food grade expression system fifi
Lactobacillus plantarum \Jutwaaisntiy Tnow3sudisunisinauduiuuuiill
vi3olalil native signal peptide titegilassasauuulnazyinlildnandmnniign

122 dievhnismaniieiimungay (optimization) lunisdnlieulesl uazuoudved
wdnoonuundian lnenisuiuidasutladerisg wu mnududuves arsdni
an1eeinee) lun1sudn W aaumgil USuna oxygen @1 pH wartaafnzaly
MsnsEAuLAAURe



1.2.3  weliasieinuaudfgaduadl (Biochemical analysis) vedioulesl waziauiuafi
gNNANTUAIETEUUTLATRINTUNNT war wansdnan nlunisinluimuieldassly
QNANMNTIUDINNT

1.3 Y2ULIAYDINITIVY
Tasens3deil Wunsiteamsluszduresufjoinig Tnsadldiansioules Aldwauty
wuarluieslfufinisvesimiilasenis b siia uUeuieuiu lae Food-grade expression
system Fgldfwadidntiu wie host cell Ao Lactobacillus plantarum Faduszuuild Alanine
Racemase (alr) 1u selection marker wagldnsyurunistnyinuy quorum sensing A28 peptide
pheromone wia SpplP

1.4 QU dUNAZIY LAZNTBULUIANMUANYDILATINTIY

fuvenoulesilundy  hydrolases fineq MlnaantAvunzanlunisuszgndldlusefu
gaamngsu uazuanseanldily £ coli ldimuudrtusnniglufosufiinig amsatun
wansoonly Food-grade expression system i Lactobacillus plantarum WUy host lanmae
ndnUudadeseg lumsinsiaes uagnisdnthnsuanseenvesdulinuvay weilunsdid
FoansUssulindreenunnisuen enasndudealinisusuuazm sisnal peptide Mianzaudmdu
svuumMskanseani Tneszuumsnaneulesily Lactobacillus pantarum idwanaiin pSIP409 &
14 Alanine Racemase 1Ju selection marker wagldiuulng pheromone wiin SpplP tWudadni
Tidunanseandadusvuuiiglflueidded Wussuuineanlunsuszondlflugpamnssu
a3 e Tldeaiivatestu  antibiotic 8ava Latobacillus plantarum Tadudeiidanius
GRAS (generally recognized as safe) iszgnldeglugnamnssuanmsiiuiy uagll promoter 7
1% pheromone #fiuszansnmgs lunsimiliduuansesn endnlildoulufluuiinasnn log
laisinns$alva Aevnlaild peptide SpplP nsedu wuin promoter axlsivihanuias yilkaruguans
wanteulelliie wagerauszndlilunsdlil louluiidesninan fivdewadsne (Diep et al,
2009) Snvediaisalaune Samnzausenisiilvldase

o Lactobacillus  plantarum AlesuntswaunTuldauisondnieulederailuldlu
ﬂizmumswﬁﬂLﬁaLLﬂﬁgﬂmmi \UN"IKER oligosaccharide ¥ila GOS, COS, %30 MOS Fadu
a15Uszean prebiotics alaen1sneuludiiatneenulUld wieldide Lactobacillus patarum
Idrinunsiaudasiugnssalaensidunssuiunaiin dudofindaueuived wnduuuudaosmes
msasrsuianssy fldumadentvallums aansudeuansfivarnidos uaznistlastuuasynw
Tsa luswamafeafunislidnusuudestugnese (GM rice) TunswAnuaufuef sold rotavirus
Fsanunsailudsegndlilunisdostulsariosidudnludsemasinay Mifisfinssenuaniou
Wil (Tokuhara et al,, 2013)



Ui 2
NUNIUITTUNTTULAZETAUNANNYIVDY

UlYF1MTUYAEIMNTIUDIMNT (Food Enzyme) (James and Simpson, 1996)

woules] 1Buansmadann fignianvszendldmsgmamnssusnusneg Wudiuauain
wmszieuledandidiFisvainvarsannsovhauldaluanedliguuse liflveadegnduesnin
nszuv ilrinaluladieules [Wumedamanaluladinmi azern (Jufinsiudinden
wsngAunsiaunAddy touluingundniigninunldlusedvanamnssy Astoulesflungu
hydrolase 1y carbohydrases, proteases, wae lipases Fafdruutanianisnainlusy Sovas o
voseulesiflilugnamnssuiionun lnsieulwififduuidunsnainuiniiaafeeuleflunga
proteases fiflarunyfie¥asas bo drulngjedlugnamnssy wadnnen wararsvedaiiainy
aven (detergent) dmiuieulwsifigninuussgndlilugnaimnssueimatu Aflduutseguin
et dulngidueulsilungy hydrolases Gslunisuszgndldluemiaiu Svannslily
N3TUIUNMIHANDMIS (food  processing) waziinadlifudiunilavesems 1w lunszuiums
AR A0IRN YuNEU HARSIuLANeY ThaSusan I warRndula savldlunsauenems
dosnieulesifiazinndssgndldlugramnssueimstu fanuisidestugunimvesgiuilan
Tngass msazidieulssiunld Jefedldiunisiuseslasaniduiifsadeaneu ssAnsiivimind
ny1adey warfusesnstieuledluuszendlilugnamnssuemsiuazuandsiululuudas
Useina 919U FDA  (Food and Drug  Adminstration) ludseina ansgewdsni wse EFSA
(European Food Safety Authority) Tunguiszimausznauglsy lulszimdlngesdnsiiaunufe
98, (89AN19IMTUATE1) (Magnuson et al., 2013)

euliielueimsan uas amsdnsagusnge daulugiesldarunsaviaulauda (in
active) nsadnazgniinaglumadiueims wulesdluemsiiniudasndy sglimelisnenui
vliAnfin deaunasdiunesnln teuluddrmnnildlugnamnssomsty Wueulesflungy
hydrolases lauf carbohydrase, protease, Wag lipase %agﬂﬁmﬂsﬂumzmumﬁLLUsgﬂmms
uwuiisniamanil wagnmenmitsuuss erfiunsld audeu uswiu vie arnadl faunisld
wulnflugaamnssunisuusglemsiaduismsiiuinsdeduindon ifu wazaonfesie
HUSLAA

wuledansssuyd dmsumsldlugaainssuemvis uu erawnseuls 9ndad Wy wazqa

v
4 v ¢

T Tunsdlveseulwiaindnd odniazdeslasuniinsivaeuinUannsie Lazdaslasunisnses
gnApIuIIAIgINaUeNe N dueuluianiivuazaadnty agdesiunmnsiaasuliuilain
laflansanasdudouluarsadneuluiesouls egrslsinunismisulilaeuleivdunauin
wazUsans Wiiisanaieldlugnamnssuemsiu Mlaenlaenisadnainiivwavdnd daulvg
Y = a 9 Al v a s v a =1
wdnnseulangadndlalade wazanusandaeulesindeanisiatuliuiauin lag vnduie
sdwlngavriilesnisdesdulelusmsasadenduvesnal (submerged culture) #3onT1HAR



Tugtiuy solid-state fermentation (n1suiinuuermsnds) Fddutlagtuduiiftuniu maeld
nandmnnng wasdunismenealdvssleninnveanieannsinuaslinndy egrdlsfiaunis
THqatnansssusdduunaslunsudneulediy fdesidafe oraflarsfividu  mycotoxin
Yudou uazmsnsedulindaluuiuaanminlgdliietn vieohlallfiasluuensd

uwnasvaaeulaiiannsotanldlugaavnssemis & b undsde ) 91ndelTinly
59507 (wild type) fiindedoinvasnse wulunszinzands Tuemsvdinene ffinslduniu
sreviang1IUlenilaavidiu uaz ) wulindndomadafugimnssy (recombinant
enzyme) toulwiusniilsdinsiunldlugnaivnssuemsie rennin w3e chymosin aMnnszINE
anialae Christian  Hansen Tud a.6. ecoe dmsugnamnssunisndnda Tudagiuieulsd
chymosin miﬁuamammamuu LUuLauisawmmamsuumstquIastummmim 1PUNIINANIN
o E coli K12 OE)LUULEJ‘LJVL"UM@G]LL‘Ua\TWUﬁﬂi’ilIWJLLiﬂ‘Vﬂ(ﬂi‘Uﬂﬁi‘Ui@xﬂ@ﬂ FDA  983Uszine
an3gewing (Olempska-Beer et al, 2006) ludl A.f. booe AMFEP  (Association  of
Manufacturers and Formulators of Enzyme Products) Ihusznasedoioulesidmsutlu
PIAMINTTUEWTIMLATT @bo 118013 deludrutuiioulssd o e1siindntuaindaidind
HIUNSAALURIRUENTIU %138 GMO (genetically modified organism)

TalaTeulsenisdrdgvesnisussendldiouleddnulasiugnssy (recombinant
enzyme) Tugaawnssuemsae awnsandalaludsinagandieulyiainumasssuyunn vili
Ugildienit Fedldunulunisndaiinndt saukeilonaiinnisvudeuainarsdug Wy
mycotoxin dtiasndn BnisdaannsaldiBnasmeiugiansrudugilunisiamunieuledlis
anauTRT vz auren1sUsegndldlugranvnssuussinnanee Tdeg1eiiusgansnmeae
wiatla directed evolution (Amold and Moore, 1997) @udadifnuszn1sdnasy Aeliaiunsaly
A5n15W8A recombinant protein Vi"a“] 14 714 antibiotic 1fu selection marker ¢ Fedfoevinas
WAILITZUUNITHER aj’wwaLﬁal%ﬁm%’uqmammsummi (Food-grade expression system) A
Fodlalld antibiotic 18y selection marker uazAITaEd19TUAEIZNS self-cloning Swazsildsunis
pousulunguiuilnn uenvindusduwadidatou vie  host Aagldlunszurunisudn
recombinant enzyme Hu mmﬂuaa%wﬁié’%’umiaau%’udmaaﬂﬁa nIodan Uz GRAS (generally
recognized as safe) ©1%L¥1 Bacilli %39 Lactic acid bacteria Usztnnsinge (Peterbauer et al.,
2011) fignltlugnanynssuemseineg adunaemuu luilagiu Ussmalunguiimuindy 163
NTITBUATWAIUITEUUNITHAR recombinant enzyme #18 food grade expression system 110
woms didludszwelne lanulisneaunisudataznisussendld food-grade expression system
Tunswdn woulesl dmsuanaimnssueonmsuineu



FTUUNTUANNDBNVDITUFINTUARINNTTUDINNT (Food-grade Expression System). 1l Lactic
acid bacteria (Peterbauer et al., 2011)

wuAfisaUssianuanfinesdn (Lactic acid bacteria, LAB) 1ununfisengulugydn Gram
2N T52UU metabolism Ad1BARiY Aoanusanannsa lactic ¢ wuafide LAB [uideuuaiiiie
ﬁﬁamuzﬂaaﬂﬁwiawwﬁ Inglu ansgosni Sonanuzilin generally recoenized as safe
(GRAS) diluamamglsuiFund qualified presumption of safety (QPS) inszidununaiiFedld
Wuunflunszurunisudnemsusenanangg dmsundnsueionisuesau wasdnd Tusseziian
b nenssuTund dnsduaiidedednlusesu Tuana vesuafidelunguil ienswanildly
geamnssuemsiuduuin Tnglanzog19ds wuailde Lactobacillus lactis Fuduvialdsy
nsfnwiduaiuiniign uas uuaiielungu Lactobacilli way Streptococci inlwluilagiu
annsathanuiluyszgndldlunsimunaneiius dmsunisafrandnsusifidesnislusedu
gnanunssu vied Ul fuuuaiise probiotic Wieanm Snvedsdinisiamssuunisndn Wiy
woulwsl waz  metabolite #1949 shemadaiugimnssy elvamnsandaldluyinnags vinls
Ulavslaine mnzanfunisussgndlilussdugnamnssu

ogalsfinm BausfuuaiSelungy LAB awilaniug GRAS udt LAB Tiflaniand@idu GMO Ao
I@sunisufuwsaiiugnssy azdesldsunisnsvdeu wazBudunou Yasadedensldiduamsiag
psAnIsAuTedie Wy FDA rou Sanisi1 LAB #ilésunmsuiuudsiusnssululdlugnamnssy
915l AgnAIUANEEINATIASA D TIT Y WwaRE L w3 host  strain Tlarldlunisadis
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Abstract

Background: Heterologous production of hydrolytic enzymes is important for green and white biotechnology since
these enzymes serve as efficient biocatalysts for the conversion of a wide variety of raw materials into value-added
products. Lactic acid bacteria are interesting cell factories for the expression of hydrolytic enzymes as many of them
are generally recognized as safe and require only a simple cultivation process. We are studying a potentially food-
grade expression system for secretion of hydrolytic enzymes into the culture medium, since this enables easy harvest-
ing and purification, while allowing direct use of the enzymes in food applications.

Results: We studied overexpression of a chitosanase (CsnA) and a p-mannanase (ManB), frem Bacillus licheniformis
and Bacillus subtilis, respectively, in Lactobacillus plantarum, using the pSIP system for inducible expression. The
enzymes were over-expressed in three forms: without a signal peptide, with their natural signal peptide and with the
well-known OmpA signal peptide from Escherichia coli. The total production levels and secretion efficiencies of CsnA
and ManB were highest when using the native signal peptides, and both were reduced considerably when using the
OmpA signal. At 20 h after induction with 12.5 ng/mL of inducing peptide in MRS media containing 20 g/L_ glucose,
the yields and secretion efficiencies of the proteins with their native signal peptides were 50 kU/L and 84 % for ManB,
and 79 kU/L and 56 % for CsnA, respectively. In addition, to avoid using antibiotics, the erythromycin resistance gene
was replaced on the expression plasmid with the alanine racemase (alr) gene, which led to comparable levels of pro-
tein production and secretion efficiency in a suitable, alr-deficient L. plantarum host.

Conclusions: ManB and CsnA were efficiently produced and secreted in L. plantarum using pSIP-based expression
vectors containing either an erythromycin resistance or the alr gene as selection marker.

Keywords: [-Mannanase, Chitosanase, L. plantarum, pSIP, Alanine racemase, Secretion, Food-grade, Bacillus, Signal
peptide, OmpA

Background

Heterologous production of hydrolytic enzymes is
important for green and white biotechnology since such
enzymes serve as green industrial biocatalysts for the
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conversion of biomass into value-added products [1].
Lactic acid bacteria (LAB) are interesting hosts for the
production of such enzymes because many of these bac-
teria are generally recognized as safe (GRAS), carry the
qualified presumption of safety (QPS) status, and are easy
to cultivate [2]. While LAB may not be the most efficient
cell factories, their safety and food-grade status make
them particularly attractive for producing enzymes that
are to be used in e.g. food processing. One attractive host
is Lactobacillus plantarum, as it had been widely used
for foods, and hence is food-grade and even considered

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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a probiotic [3] with potential benefits to human health
[4]. To facilitate downstream processing in large-scale
biotechnological applications, secretion of the over-
expressed enzymes into the culture medium is desirable
[5]. Therefore, lactobacillal expression systems based on
the so-called pSIP vectors [6, 7] have been developed
recently for the efficient secretion of heterologous pro-
teins in L. plantarum [8).

In the present study we selected two extracellular,
hydrolytic enzymes from Bacillus, a B-mannanase from
Bacillus licheniformis (BIManB) and a chitosanase from
Bacillus subtilis (BsCsnA), to study secretory produc-
tion in L. plantarum. Both enzymes are of interest for
biotechnological applications, namely the conversion
of hemicelluloses (mannans) and chitosan into manno-
oligosaccharides (MOS) [9] and chito-oligosaccharides
(CHOS) [10], respectively. For comparative purposes,
these enzymes were overproduced in three forms: with
no signal peptide, with their native (Bacillus) signal pep-
tide, and with a signal peptide derived from the Escheri-
chia coli OmpA protein. In addition, we compared two
different selection markers, one based on antibiotic
(erythromycin) resistance, and the other based on com-
plementation selection using alanine racemase (alr). The
engineered production strains were evaluated in terms of
enzyme yields and secretion efficiencies.

Results

Construction of expression vectors

Genes encoding a mannan endo-1,4-B-mannosidase or
1,4-B-D-mannanase (EC 3.2.1.78), commonly named
B-mannanase (ManB), from B. [licheniformis strain
DSM13 [11] and a chitosan N-acetylglucosaminohy-
drolase or chitosanase (EC 3.2.1.132) (CsnA, previously
termed Csn) from B. subtilis strain 168 [12] were initially
cloned into pSIP409 [7]. Subsequently, the erythromycin
resistance gene (ers”) in the pSIP409-based constructs
was replaced with the alanine racemase gene (alr) [13,
14] to generate food-grade pSIP609 expression vec-
tors, as shown in Fig. 1. Each gene was cloned in three
forms: with no signal peptide (B/[ManB_noSP and BsC-
snA_noSP), with their native signal peptides (B/[ManB_nt
and BsCsnA_nt) or with the E. coli OmpA signal peptide
(BIManB_OmpA and BsCsnA_OmpA). The ability of the
signal peptides to direct the secretion of these enzymes
in E. coli has previously been reported [12, 15].

Expression and secretion of BIManB and BsCsnA in L.
plantarum

Recombinant strains of L. plantarum were grown in
3-L fermenters using MRS medium as described in the
“Methods” section. The pH of the culture was controlled
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at 6.5 using a 3 N NaOH solution. Enzyme activities were
determined in both culture supernatants and cell lysates
to calculate volumetric activities at different time points
during the cultivations (Fig. 2; Table 1). Both Bacillus
enzymes were secreted when using either of the two sig-
nal peptides, yet using the native signal peptides resulted
in both the highest total production levels and the high-
est secretion efficiencies, While these data show that the
OmpA signal peptide from Gram-negative E. coli does
function in Lactobacillus, they also indicate that signal
peptides from Gram-positive bacilli work better.

The genome of L. plantarum WCFS1 does not encode
any known B-mannanase or chitosanase (www.cazy.org;
[16]). Since mannanase activity in certain L. plantarum
strains has however been reported [17], we checked
the intrinsic P-mannanase and chitosanase activities
in L. plantarum WCFS1 and its alr derivative TGL02,
which were used as host strains in this study. Using the
same fermentation and analytical procedures as above,
we could not detect any chitosanase activity in the cell
lysate or the culture supernatant of either strain. As for
B-mannanase activity, we did not detect any activity in
the lysates, while a trace amount of f-mannanase activity
was detected in culture supernatants (about 150 units/L;
ie. less than 1 % of typical values shown in Fig. 2). Thus,
the enzyme activities reported and discussed in this
study are essentially devoid of background activity from
the host bacterium.

Purification and analysis of secreted BIManB and BsCsnA

ManB and CsnA produced using the native or the E. coli
signal peptide were purified from culture broths and cell
lysates by single-step immobilized metal affinity chroma-
tography (IMAC) and analyzed by SDS-PAGE. Figure 3
shows that all recombinant enzymes could be purified
to a high degree of homogeneity. Routinely, 12 or 9 mg
of purified ManB, and 25 or 12 mg of purified Csn, for
constructs containing the native or the E. coli signal pep-
tide, respectively, could be obtained from 1 L of culture
medium. These rather low purification yields in the range
of 20-30 % result from strict pooling of only the purest
and most active fractions from the IMAC step. The spe-
cific activities of purified ManB and CsnA were approxi-
mately 1800 and 800 U/mg, respectively, for all samples
of purified protein. Determination of the N-terminal
sequences of the purified proteins by Edman degradation
(Fig. 4) showed that the native Bacillus signal peptides of
both ManB and CsnA were correctly processed by the L.
plantarum secretion machinery. For technical reasons
the two OmpA signal peptides contained minor varia-
tions (Fig. 4), which led to slight variations in processing.
For ManB, the protein secreted with OmpA had the same
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pSIP409 /

BiManB_noSP
BiManB_nt

BManB_OmpA

BICsnA_noSP
BICsnA_nt
BICsnA_OmpA

with aT are terminator sequences

Neol Xhol  Ncol Xhol
[EZZ chitosanase (CsnA ) gene
Nco Xhol  Ncol Xhol [T Mannanase (ManB) gene
I I Native signal peptide
Nco Xhol ~ Neo Xhol I ompa
- 0 His-tag
Ncol Xhol

Fig. 1 Vector construction. Both pSIP409 and pSIP609 vectors were used for expression of B licheniformis B-mannanase (BManB) and B. subtilis
chitosanase (BsCsnA). Enzyme expression was under the contral of the P, -, promoter (also known as P,
19-residue peptide pheromone IP-673. The vectors contain an erythromycin resistance (erm®) or an alanine racemase (alr) gene as selection marker,
for pSIP409 and pSIPE09, respectively. Polyhistidine tags were incorporated C-terminally to facilitate one-step affinity purification. The 256, repli-
con allows DNA replication in L. plantarum. Each enzyme was cloned in three forms, two of which contain a signal peptide for secretion (native or
OmpA). The genes marked in red constitute the two-component systerm needed for peptide-pheromone driven induction; the grey areas marked

pSIP609 /
BiManB_noSP
BIManB_nt

BManB_OmpA

BICsnA_noSP
BICsnA_nt
BICsnA_OmpA

PspplP

seoc) [32], which can be induced by the

N-terminal sequence as the protein secreted with its
native signal peptide, while CsnA secreted with OmpA
contained an additional serine residue at its N-terminus.

Expression of BIManB and BsCsnA using a food-grade
vector system

To demonstrate the applicability of the secretory pro-
duction of recombinant ManB and CsnA in the food
biotechnology industry, the antibiotic selection marker
in the pSIP409/B/IManB and pSIP409/BsCsnA expres-
sion vectors was replaced with the alanine racemase
(alr) gene [13, 18]. Based on the results of the experi-
ments described above, only constructs with native signal
peptides were used. The resulting expression plasmids,

pSIP609/BIManB and pSIP609/BsCsnA (Fig. 1) were
transformed into L. plantarum strain TLGO2, which is
an D-alanine auxotroph [14]. The cultivation conditions
were similar to those used for strains harboring pSIP409-
derived vectors, except that no antibiotic was added in
the culture media. Figure 5 shows a comparison of the
volumetric activities of B/ManB and BsCsnA using either
erm® or alr as selection marker, at various time points
after induction. For both enzymes, production levels
were higher for the constructs with the erm® selection
marker, and this was almost exclusively due to higher lev-
els of secreted enzymes. The level of intracellular enzyme
activities was hardly affected by the change in the resist-
ance marker, and, consequently, the calculated secretion
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Fig. 2 Production and secretion of B. licheniformis B-mannanase (8/ManB, a) and B. subtilis chitosanase (BsCsnA, b) using pSIP409-type constructs
containing the native or the OmpA signal peptide. The recombinant L. plantarum strains were batch-cultured in 3-L vessels with pH contrel at pH
6.5. After harvesting at various time points, volumetric enzyme activities in both the culture supernatant and the cell lysate were determined as
described in the "Methods" section. Data given are the average of two independent experiments = their standard deviation. The fines connecting
the points are drawn for illustration purposes only. Key data, supplemented with data for the constructs without signal peptide are summarized in
Table 1

Table 1 Yields and secretion efficiency for production of BIManB and BsCsnA in L. plantarum WCFS1 harboring various

expression constructs based on the pSIP409 vector

Enzyme Type of SP Volumetric activity (per liter) % Secretion Specific activity (U/mg)

efficiency —

Broth Cell extract Total Broth Cell extract
ManB Native SP 424+13kU 8+02kU 50+ 15kU 83.7 139 47
OmpA SP 16 £ 0.6 kU 7+03kU 234+ 09kU 716 84 39
Ne 5P 5+02kU 20+09kU 25+ 1.0kU 190 - 92
GCsnA Native SP 63 +05kU 36+14kuU 99+19kU 63.7 195 168
OmpA SP 94+003kU 13+01kU 224+013kU 412 S0 97
No SP 1+£005kU 15+ 07 kU 16+ 08kU 6.7 - 65

The data were obtained from the culture harvested at 24 h after induction as described in “Methods" section. Data given are the average of two independent
experiments + their standard deviation. Percentage secretion efficiency was calculated by dividing the enzyme activity in the culture broth by the total enzyme

activity (broth + cell extract) x 100

efficiencies were lower when using the alr-based vec-
tors. A summary of total volumetric activity and secre-
tion efficiency obtained using alr selection is provided
in Table 2. The expression and secretion of recombinant
BiManB and BsCsnA with the food-grade L. plantarum
expression system could also be detected by SDS-PAGE
analysis of culture supernatants (Fig. 6a-c), showing
strong enzyme bands. For the CsnA-producing strain,
we assessed the effect of increased glucose supply; as
expected, higher cell densities were obtained (Fig. 6), but
total enzyme production was only marginally increased
and the secretion efficiency went slightly down (Table 2).

Discussion

In this study we show that a B-mannanase (B/ManB)
from B. licheniformis as well as a chitosanase (BsCsnA)
from B. subtilis can be expressed and secreted efficiently
in L. plantarum using the pSIP expression system. Both
enzymes were produced and secreted at high levels
compared to the levels previously obtained using E. coli
expression systems [11, 12], also when using a potentially
food-grade vector system that does not depend on the
use of an antibiotic resistance selection marker. When
estimated from the specific activities of the purified
enzymes (1800 U/mg for ManB and 800 U/mg for CsnA),
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Fig.3 SDS-PAGE analysis of culture supernatants and purified 8IManB and BsCsnA. The Coomassie-stained gels illustrate the purification of 8.
licheniformis ManB (a) and 8. subtilis CsnA (b) from culture supernatants. For crude culture supernatants, 20 L of sample was loaded, whereas for
the purified enzymes a total of 20 and 5 ug protein of ManB and CsnA samples, respectively, were loaded. M indicates the Kaleidoscope protein
standard (Bio-Rad). Detailed information an the protein contents and enzyme activities in these samples are provided in Table 1

total yields of recombinant proteins were ~28 mg/L
medium for ManB produced with its native signal and
a pSIP409-based vector, and ~127 mg/L of recombi-
nant CsnA, again when using the native signal and a
pSIP409-derived vector, 24 h after induction (Table 1).
The amount of secreted, extracellular recombinant pro-
tein for these constructs was ~23 mg/L medium for
ManB and ~79 mg/L for CsnA, showing again the effi-
cient secretion of these recombinant enzymes. Replace-
ment of the selection marker from erm® to alr led to
slightly lower expression levels (~22 mg of total ManB
and ~17 mg of secreted ManB per L medium; ~86 mg of
total CsnA and ~39 mg of secreted CsnA per L medium;
calculated from data given in Table 2 and the specific
activities of the purified enzymes). The lower overall
expression levels with the alr marker could reflect dif-
ferent plasmid copy numbers due to different selec-
tive pressures. Indeed, a previous comparative study on
intracellular expression of B-galactosidases showed that
alr selection led to lower plasmid copy numbers and
slightly lower protein production levels [14]. Since the
difference in expression level primarily concerned the
secreted fraction of the produced protein, one could also
speculate about connections between cell wall metabo-
lism (which is effected by the alr mutation) and protein
secretion.

It should be noted that further optimization can be
done to obtain higher production levels with the various
expression set-ups developed here. Possible variables

include the glucose concentration and the glucose-feed-
ing regime, the amount of inducing peptide added as
well as the time point of induction, the cultivation tem-
perature, and the harvesting time [19].

The potential of using pSIP vectors for both intracel-
lular protein production and protein secretion has been
previously reported for model enzymes such as nucle-
ase (NucA) and amylase (AmyA) [20] as well as other
enzymes including B-glycosidases [21], oxalate decar-
boxylase [22, 23], cellulases and xylanases [24], and
L-arabinose and D-xylose isomerases [25]. Most of these
studies used pSIP vectors with the erm antibiotic selec-
tion marker, with the exception of studies on the expres-
sion of intracellular B-galactosidase [14], and L-arabinose
and D-xylose isomerase [25], in which the food-grade alr
selection marker was used. The present results underpin
the usefulness of the alr selection marker for food-grade
applications.

Notably, since the pSIP vector is a modular plas-
mid, existing constructs could easily be modified to suit
desired purposes [7]. For example, the p256 replicon,
which only functions in a limited range of lactobacilli
[26] could be exchanged to allow broader host range. This
could be useful because lactobacilli have different prop-
erties when it comes to e.g. probiotic activity, acid pro-
duction, production of antimicrobial compounds such as
bacteriocins, and the ability to interact with the human
mucosa [5]. Notably, if the alr selection marker is to be
used, application of pSIP vectors in other lactobacilli
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Fig.4 Signal peptide cleavage sites. N-terminal sequence analysis of purified secreted proteins was performed by Edman degradation. The
sequences of the native Bacillus signal peptides and the £ coli OmpA signal peptide are underlined. Arrows indicate the cleavage sites as deduced
from sequence analysis. The first five amino acids obtained by Edman degradation are colored and boxed. Amino acids in red indicate extra amino
acids that were introduced during genetic engineering of the fusions between the Bacillus enzymes and the £ colif OmpA signal peptide
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Fig.5 Effects of the selection marker on production of 8IManB (a) and BsCsnA (b). The figures show the volumetric activities in culture superna-
tants and cell lysates of L. plantarum strains harboring pSIP409-based or pSIP609-based expression vectors, which are based on using erm” or alr as
selection marker, respectively. All conditions were as in Fig. 2. Data given are the average of two independent experiments + their standard devia-
tien. The lines connecting the points are drawn for illustration purpeses only
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Table 2 Yields and secretion efficiency for production of BIManB_nt and BsCsnA_nt by L. plantarum TLGO2 (p-alanine

auxotroph), measured 20 h after induction

Enzyme Glucose (g/L) Volumetric activity (per liter) % Secretion efficiency
Broth (kU) Cell extract (kU) Total (kU)
ManB 20 31+08 9402 4041 782
CsnA 20 314+05 38407 69412 45.1
CsnA 40 33401 50422 83+23 365
Data given are the average of two independent experiments =+ their standard deviation
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Fig. 6 Production of BIManB and BsCsnA using a foad-grade expression system. L. plantarum TLGO2 strains, harboring pSIP609/8/ManB_nt
[(BIManB_nt{alr)] or pSIP60S/BsCsnA_nt [(BsCsn_nt (alr)], were cultured in 3-L batch fermentations in MRS medium, containing 20 or 40 g/L glucose
as indicated. The upper panels show Coomassie-stained SDS-PAGE gels with culture supernatants collected at various time points (20 pL of sample
per lane). The battom panels show the time course of the cultivation corresponding to the SDS-PAGE samples. The pH of the batch cultivation was
kept constant at 6.5. Note that doubling the amount of glucose led to a doubling of 0D, but only to a small increase in enzyme production levels
(Table 2)

would require the engineering of D-alanine auxotrophs
for each host strain [14].

The native signal peptides of the two Bacillus hydrolytic
enzymes functioned well in that they gave good secretion
efficiencies, comparable to those obtained with the bet-
ter performing signal peptides of L. plantarum itself, as
assessed in previous genome-wide signal peptide-screen-
ing studies [20]. Since Bacillus also is a Gram-positive
bacterium, it is not surprising that the native Bacillus

signal peptides were efficient in directing secretion of
heterologous proteins in Gram-positive L. plantarum.
The Bacillus ManB signal peptide seemed particularly
efficient reaching secretion efficiencies in the order of
80 %, and should perhaps be considered for use in secre-
tion of other heterologous proteins in L. plantarum.

The data presented above show that the choice of the
signal peptide not only affects the secretion efficiency but
also the total expression level. This has been observed
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before [8, 20] and is likely due to effects of the 5" part of
the gene sequence and/or the amino acid sequence of
the N-terminal part of the translated protein on overall
translation efficiency [27]. The level of protein produc-
tion apparently determines the secretion efficiency as
well. It is likely that when the protein is expressed above
a certain critical amount, saturation of the secretion
machinery will occur [28, 29]. The latter could be the
case for BsCsnA, which is expressed at more than three-
fold higher levels and even secreted in higher amounts,
but with a lower overall secretion efficiency compared to
BiManB (Table 1). Possibly, enzyme size also plays a role;
the better produced BsCsnA (~30 kDa) is smaller than
BiManB (~41 kDa).

Conclusions

An efficient expression and secretion system for food-
grade production of a f-mannanase (ManB) and a chi-
tosanase (CsnA) in L. plantarum has been established.
Our results indicate that native Bacillus signal peptides
can be used for efficient expression and secretion of het-
erologous proteins in L. plantarum, providing an alterna-
tive for homologous, and, in a sense, more “food-grade”
lactobacillal signal peptides. The modular pSIP vectors
and the alr selection marker provide useful tools for the
expression of heterologous proteins in L. plantarum.

Table 3 Oligonucleotide primers used in this study
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Methods

Materials

Plasmids CsnNative-pMY202 and CsnOmpA-pMY202
containing the chitosanase (csnA) gene from B. subtilis
with its native or the OmpA signal peptide, respectively,
and a C-terminal His-tag [12] were used as templates
for amplification of chitosanase constructs in this study.
The plasmid manBOmpA-pMY202 [11] was used as
template for amplification of the B. licheniformis manB
gene containing the OmpA signal peptide. B. licheni-
Jormis DSM13 (NCBI accession number NC006322.1)
genomic DNA was used as a template for amplifying a
manB variant containing the native signal peptide. E. coli
Topl0 and MB1259 cells were used for molecular clon-
ing with the pSIP409 and pSIP609 vectors, respectively.
L. plantarum strains WCFS1 [30] and TGLO2 [14] were
used for expression studies with pSIP409 and pSIP609,
respectively.

Constructs based on pSIP409 (antibiotic selection)

Because of the internal Ncol restriction site in the manB
and csn genes, preventing straightforward restriction
cloning, a sticky PCR-based method [31] was used to
insert the two genes in between the Ncol and Xhol sites
of the pSIP409 expression vector. All oligonucleotide
primers used in this study are listed in Table 3 and were

Construct Name

Sequence (5/-37)

BsCsnA_nt BsubCsnfwNcollong
BsubCsnfwNcolshort
6HisXholrviong
6HisXholrvshort
BsCsn_OmpA & BIManB_OmpA FlagNcolfwlong
FlagNcolfwshort
6Hisxholrviong
BHisXholrvshort
BliManBfwNcollong

B.liManBfwNcolshort

BiManB_nt

B.liManBeHisXhollong
BliManBeHisXholshort
B.SubMatCsnNcolFwlong
B.SubMatCsnNcolFwshort

BsCsnA_noSP

6HisXholrvlong
6HisXholrvshort
BiManB_noSP

6HisXholrviong
BHisXholrvshort

B.LimanBMatfwNcollong
B.LimanBMatfwNcolshort

CATGAAAATCAGTATGCAAAAAGCAGATTTTTGG
AAAATCAGTATGCAAAAAGCAGATTTTTGG
TCGAGTCAATGGTGATGGTGATGGTG
GICAATGGTGATGGTGATGGTG
CATGAAAAAGACAGCTATCGCGATTG
AAAAAGACAGCTATCGCGATTG
TCGAGTCAATGGTGATGGTGATGGTG
GICAATGGTGATGGTGATGGTG
CTAGAAAAAAAACATCGTTTGTTCAATCT
AAAAAAAACATCGTTTGTTCAATCTTCG
TCGAGTCAATGGTGATGGTGTTCCACGACAGGCGTCA
GTCAATGGTGATGGTGTTCCACGACAGGCGTCA
CATGGCGGGACTGAATAAAGATC
GCGGGACTGAATAAAGATCAAAAGC
TCGAGTCAATGGTGATGGTGATGGTG
GICAATGGTGATGGTGATGGTG
CATGGCACACACCGTTTCTCCGGTG
GCACACACCGTTTCTCCGGTG
TCGAGTCAATGGTGATGGTGATGGTG
GICAATGGTGATGGTGATGGTG

The primers used for the construction of each construct by sticky-PCR based method are listed. Note that primers 6HisXholrvlong and 6HisXholrvshort were used for
every construct except for BIManB_nt. The long and short primer pairs were used to generate sticky 5' or 3’ ends as previously described [28]
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designed to allow cloning into the Ncol and Xhol restric-
tion sites of the pSIP plasmids. Generation of sticky
PCR products was performed as previously described
with some modification [31]. The PCR reaction mixture
(total volume of 50 pL) contained 10 pM of each primer,
10 mM dNTPs, 1.25 units of Pfu DNA Polymerase and
10x Pfu Buffer with MgSO,, provided by the manufac-
turer (Promega, Madison, USA). The amplification condi-
tions for the csn gene were as follows: initial denaturation
at 95 °C for 2 min, followed by 30 cycles of 95 °C for
45 s, annealing at 55 °C for 30 s, and extension at 72 °C
for 2 min, followed by a final extension step at 72 °C for
10 min. The amplification conditions for the manB gene
were as follows: initial denaturation at 95 °C for 2 min,
followed by 30 cycles of 95 °C for 45 s, annealing at 50 °C
for 30 s, and extension at 72 °C for 2.5 min, followed by
a final extension step at 72 °C for 10 min. All PCR prod-
ucts and vectors were separated using 1 % agarose gels in
1x TAE containing 0.2 pg/mL of ethidium bromide and
visualized under a UV transilluminator. The PCR prod-
ucts and vectors were purified using the Wizard® SV gel
and PCR Clean-Up system (Promega, Madison, USA).
For constructing complete gene inserts, approximately
equal amounts of PCR products were mixed together in
a PCR tube and heated at 95 °C for 5 min, and then the
denatured products were briefly mixed in a vortex mixer.
The re-annealing was done in a thermal cycler machine
by reducing the temperature slowly from 95 to 25 °C. The
total time for re-annealing was in the order of 2-3 h.
Plasmid pSIP409 [32] was digested with Ncol and Xhol,
and gel-purified before being used in ligation reactions.
In these reactions the molar ratio of linearized vector to
re-annealed insert was approximately 1:15. The amount
of linearized vector used for each ligation reaction was
50-100 ng. Ligations were performed for 16 h at 16 °C in

Table 4 Plasmids used in this study
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the presence of T4 DNA ligase in a final volume of 25 pL.
T4 DNA ligase was heat-inactivated (65 °C for 15 min)
before transformation of the ligation mixtures into com-
petent E. coli TOP10 cell. Transformants were selected
on LB agar containing 800 pg/mL erythromycin; plates
were incubated at 37 °C for 16 h.

Construction of food-grade expression vectors (pSIP609
series)

Food-grade expression vectors for the production of
recombinant B/ManB and BsCsnA were constructed
by replacing the erm® gene with the alr obtained from
pSIP609 [14]. The erm® genes in pSIP409/BsCsnA_nt,
pSIP409/BsCsnA_OmpA,  pSIP409/BIManB_nt and
pSIP409/BIManB_OmpA were exchanged with the alr
gene using the restriction sites BamH]I and Clal, result-
ing in pSIP609/BsCsnA_nt, pSIP609/BsCsnA_OmpA,
pSIP609/BIManB_nt and  pSIP609/BIManB_OmpA,
respectively. A list of all plasmids used in this study is
shown in Table 4.

Transformation of L. plantarum

Lactobacillus plantarum competent cells were pre-
pared and transformed by electroporation as previ-
ously described [33]. To transform the competent cells,
2-5 pg of plasmid DNA was added to 40 pL of electro-
competent cells. The mixture was then transferred to
chilled cuvettes. After drying and cleaning the outside
of the cuvette it was placed into the electroporator, after
which the cells were electroporated at 1.5 kV, followed
by incubation on ice for 2 min. After adding 500 pL of
MRS medium containing 0.5 M glucose and 0.1 M MgCl,
the cells were transferred to a clean 1.5 mL tube and
incubated at 30 °C without agitation for 1-2 h. Finally,
the cells were plated out on MRS agar plates containing

Plasmid Description Reference
pSIP408gusA erm, pSIP401 derivative, gusA controlled by PsppQ [7]
pSIP60SgusA pSIP409 derivative, erm replaced by alr [34]
CsnNative-pMY202 pFLAG-CTS derivative, csn_nt controlled by tac 2
CsnOmpA-pMY202 pFLAG-CTS derivative, csn_OmpA controlled by tac 2]
manBOmpA-pMY202 pFLAG-CTS derivative, manB_ompA controlled by tac [11]
pSIP4089/BsCsnA_nt erm, pSIP409 derivative, csn_nt controlled by PsppQ This work
pSIP408/8sCsnA_OmpA erm, pSIP409 derivative, csn_OmpA controlled by PsppQ This work
pSIP409/8sCsnA_noSP erm, pSIP409 derivative, csn controlled by PsppQ This work
pSIP60S/BsCsnA_nt alr, pSIP409 derivative, csn_nt controlled by PsppQ, erm replaced by alr This work
pSIP409/B8/ManB_nt erm, pSIP409 derivative, manB_nt controlled by PsppQ This work
pSIP409/6ManB_OmpA erm, pSIP409 derivative, man8_OmpA controlled by PsppQ This work
pSIP408/8/ManB_noSP erm, pSIP409 derivative, manB controlled by PsppQ This work
pSIP609BIManB_nt alr, pSIP409 derivative, manB_nt controlled by PsppQ, erm replaced by alr This work
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200 pg/mL of erythromycin (for pSIP409-type vectors
transformed to L. plantarum WCEFS1) or containing no
antibiotics (for pSIP609-type vectors transformed to L.
plantarum TGL02). Colonies appeared after incubation
at 37 °C for 16 h.

Expression of BIManB and BsCsnA in L. plantarum

Batch fermentations with pH control were carried out in
3-L MRS medium using a BIOSTAT B plus bioreactor (Sar-
torius, Germany). Recombinant L. plantarum strains were
taken from a glycerol stock stored at —80 °C, re-streaked
on appropriate MRS plates (with or without antibiotic,
depending on the L. plantarum strain; see above) and
grown overnight at 37 °C. Five to ten colonies were picked
and grown in 5 mL MRS broth overnight, then sub-cul-
tured into two flasks of 100 mL of MRS, and cultivated at
37 °C without shaking for 18—24 h. The two overnight cul-
tures were pooled together, mixed well and after measuring
the cell density at 600 nm (Ultrospec 2000, Pharmacia bio-
tech, UK) they were used to inoculate 3 L of MRS medium
to an ODy,, of ~0.1. After incubation at 30 °C with 100 rpm
agitation under anaerobic condition to an ODgy, of ~0.3,
the cultures were induced with 125 ng/mL of IP-673
(amino acid sequence of IP-673 is Met-Ala-Gly-Asn-Ser—
Ser-Asn-Phe-Ile-His-Lys-Ile-Lys-Gln-Ile-Phe-Thr-His-Arg;
[34]). During further cultivation (30 °C with 100 rpm), the
pH was controlled at pH 6.5 using 3.0 M sodium hydroxide.
To monitor enzyme production, 40—50 mL of culture broth
were harvested at 0, 3, 6, 9, 12, 18, 20, and 24 h after induc-
tion. The cells and culture supernatant were separated by
centrifugation at 4000 rpm for 15 min at 4 °C (swing angle
rotor, Centrifuge 5804, Eppendorf, Belgium), after which
the cells were washed twice with lysis buffer (20 mM Tris—
HCl, 150 mM NaCl, pH 8.0), and re-suspended in 3-4 mL
of the same buffer. The cells were broken using a sonica-
tor (Vibra-Cell Sonicator, Sonics & Materials, Inc, USA)
at 25 % amplitude, pulse 5 s, 3 min for 2 rounds on ice.
The cell lysate fraction was collected by centrifugation at
13,000 rpm, 4 °C for 45 min (Thermo Scientific, USA).

To measure the enzyme activity in culture superna-
tants, 3—5 mL of culture supernatant containing secreted
enzymes were dialyzed with 10 mM Tris—HCI buffer, pH
8.0 with stirring at 250 rpm, at 4 °C for 8—12 h, using the
snake skin dialysis tubing, 10 kDa kit (Thermo scientific,
USA). The dialyzed fraction of approx. 4-7 mL was col-
lected and kept on ice for no longer than 6 h before the
enzyme activity was determined.

Enzyme activity assay

ManB and CsnA activities in both lysates and supernatants
were determined using the DNS method as previously
described [11, 12]. For BIManB, an appropriately diluted
enzyme solution (0.1 mL) was incubated with 0.9 mL
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of pre-heated 0.5 % (w/v) locust bean gum (dissolved in
50 mM sodium citrate buffer, pH 6.0) at 50 °C for exactly
5 min, with mixing at 800 rpm. The amount of reducing
sugars liberated in the enzyme reaction was assayed by
mixing 100 pL of the reaction mixture with 100 uL DNS
solution, followed by heating at 100 °C for 20 min, cooling
on ice, and dilution with 300 pL of de-ionized water, before
measuring the absorbance at 540 nm, using 1-5 pmol/mL
of pD-mannose as standards. The reactions were done in
triplicate and we report mean values together with their
standard deviation. The substrate solution was prepared
by suspending 0.5 % (w/v) locust bean in 50 mM sodium
citrate buffer, pH 6.0. The suspension was then dissolved
at 80 °C, using hot plate stirrer at 200 rpm. (RCT CL, IKA
Laboratory, Germany), followed by heating to the boil-
ing point, cooled and stored overnight with continuous
stirring. After that insoluble material was removed by
centrifugation.

For BsCsnA, the reaction mixture consisted of 40 uL of
appropriately diluted sample and 160 L of 0.5 % chitosan
(w/v) (in 200 mM sodium acetate buffer, pH 5.5, and pre-
incubated at 50 °C for 30 min). The reaction was incubated
in a Thermomixer Comfort (Eppendorf AG, Hamburg,
Germany) at 50 °C for 5 min, with mixing at 900 rpm. The
reaction was stopped by adding 200 pL of DNS solution,
and the mixture was centrifuged at 12,000¢ for 5 min to
remove the remaining chitosan that was precipitated. The
colour in the supernatant was developed by heating at
100 °C for 20 min and cooling on ice. The reducing sugar
in the supernatant was determined by measuring OD at
540 nm, using 1-5 pmol/mL of p-glucosamine as stand-
ards. The reactions were done in triplicate and we report
mean values with standard deviations.

The final volume of culture supernatant after dialy-
sis was taken into account when the volumetric enzyme
activity was determined. Units of enzyme activity were
defined as the amount of enzyme that liberates 1 pmol of
reducing sugar (using D-mannose or D-glucosamine as a
standard) per minute under the standard assay conditions.

Gel electrophoresis

Denaturing sodium dodecyl sulfate-polyacryamide gel
electrophoresis (SDS-PAGE) was performed using the
method of Laemmli [35] with 12 % (w/v) polyacryamide
gels. The protein samples were briefly heated (3 min) in the
loading buffer at 100 °C using a heat block (Eppendorf),
and then cooled on ice before loading. Protein bands were
visualized by staining with Coomassie brilliant blue R-250.

Protein determination

Protein concentrations were determined using the
method of Bradford [36] with bovine serum albumin as
standard.



22

Sak-Ubol et al. Microb Cell Fact (2016) 15:81

N-terminal protein sequencing

Proteins in culture supernatants were separated by
SDS-PAGE and electroblotted onto a PVDF membrane
(Bio-Rad) in 50 mM borate buffer containing 10 % (v/v)
methanol, pH 9. After blotting, the membrane was
stained with Coomassie blue for 3 min, followed by
destaining with 40 % (v/v) methanol, 10 % (v/v) acetic
acid. Bands were cut out of the membrane and analyzed
by a commercial provider using Edman degradation on
an Applied Biosystems Procise 492 protein sequencer
(Protein Micro-Analysis Facility, Medical University of
Innsbruck, Austria).
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Abstract

Background: Lactobacillus plantarum is considered as a potential cell factory because of its GRAS (generally recog-
nized as safe) status and long history of use in food applications. Its possible applications include in situ delivery of
proteins to a host, based on its ability to persist at mucosal surfaces of the human intestine, and the production of
food-related enzymes. By displaying different enzymes on the surface of L. plantarum cells these could be used as
whole-cell biocatalysts for the production of oligosaccharides. In this present study, we aimed to express and display
a mannanase and a chitosanase on the cell surface of L. plantarum.

Results: ManB, a mannanase from Bacillus licheniformis DSM13, and CsnA, a chitosanase from Bacillus subtilis ATCC
23857 were fused to different anchoring motifs of L. plantarum for covalent attachment to the cell surface, either via
an N-terminal lipoprotein anchor (Lp_1261) or a C-terminal cell wall anchor (Lp_2578), and the resulting fusion pro-
teins were expressed in L. plantarum WCFS1. The localization of the recombinant proteins on the bacterial cell surface
was confirmed by flow cytometry and immunofluorescence microscopy. The highest mannanase and chitosanase
activities obtained for displaying L. plantarum cells were 890 U and 1360 U g dry cell weight, respectively. In reactions
with chitosan and galactomannans, L. plantarum CsnA- and ManB-displaying cells produced chito- and manno-
oligosaccharides, respectively, as analyzed by high performance anion exchange chromatography (HPAEC) and mass
spectrometry (MS). Surface-displayed ManB is able to break down galactomannan (LBG) into smaller manno-cligosac-
charides, which can support growth of L. plantarum.

Conclusion: This study shows that mannanolytic and chitinolytic enzymes can be anchored to the cell surface of
L. plantarum in active forms. L. plantarum chitosanase- and mannanase-displaying cells should be of interest for the
production of potentially ‘prebiotic’ cligosaccharides. This approach, with the enzyme of interest being displayed on
the cell surface of a food-grade organism, may also be applied in production processes relevant for food industry.

Keywords: Cell-surface display, Whole-cell biocatalyst, Lactobacillus plantarum, Mannanase, Chitosanase, Lipoprotein
anchor, Cell wall anchor
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Background
The display of enzymatically active heterologous proteins
on the bacterial cell surface is an attractive strategy for
many biotechnological applications, such as development
of whole-cell biocatalysts and biosensors [1]. One of the
most attractive features of cell-surface display is that
enzyme molecules are simultaneously synthesized and
self-immobilized on the bacterial cell surface, and the
living whole-cell biocatalyst can then be easily obtained
from the cultivation [2-4]. Anchoring of a secreted
enzyme to the bacterial cell wall enables the direct use
of microbial cells as immobilized biocatalyst, simultane-
ously with or immediately after the fermentation step.
This offers the known advantages of immobilization,
such as reuse of enzyme, stabilisation, etc., while avoiding
tedious enzyme purification steps, simplifying enzyme
applications, and providing cost benefits [3, 5].

In principle, there are two different ways of anchoring
a secreted protein to the bacterial surface: via covalent
attachment to the cell membrane or the cell wall, or non-
covalently via a protein domain that interacts strongly
with components of the cell wall or the membrane. Both
systems have been used in lactic acid bacteria (LAB),
primarily in Lactococcus lactis and different lactobacilli
[6, 7]. Covalent attachment to the membrane can be
attained by lipoprotein anchors, which typically consist
of an N-terminal signal peptide containing the lipobox
motif in its C-terminal part. Following secretion of the
protein by the Sec pathway, a diacylglycerol transferase
covalently links a conserved cysteine in the lipobox to a
phospholipid in the membrane, while the signal peptide
is removed by a lipobox-specific peptidase. Anchoring of
a recombinant protein to the cell membrane can thus be
achieved by fusing a heterologous protein downstream
of a suitable lipoprotein anchor. The use of lipoanchors
for heterologous protein display has received relatively
little attention in LAB, compared to other methods of
surface display. Covalent anchoring to the cell wall can
be achieved by employing the sortase (SrtA) pathway.
Here, the secreted protein carries a C-terminal anchor
containing the so-called LPxTG motif (LPQTXE in L.
plantarum [8],) followed by a hydrophobic domain and a
positively charged tail [9]. The hydrophobic domain and
the charged tail keep the protein from being released into
the medium, thereby allowing recognition of the LPxTG
motif by a membrane-associated transpeptidase called
sortase [9-11]. The sortase cleaves the peptide bond, e.g.
between threonine and glycine in the LPx TG motif, and
links the now C-terminal threonine of the surface pro-
tein to the pentapeptide cross bridge of peptidoglycan
[6, 7, 10-13]. Two major differences exist between these
two methods of covalent attachment: (1) The protein is
attached either to the membrane or the cell wall, and
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therefore, sortase-mediated anchoring results in a more
peripherally displayed protein. (2) The protein is attached
to the cell surface via its N terminus with the lipobox
approach, while the sortase-mediated cell wall anchor
attaches the protein via its C terminus.

Lactobacillus plantarum WCFS1 is a well-studied
member of the lactobacilli, which has been exploited as
a host for cell-surface display of heterologous proteins,
particularly for proteins with medical interest [1, 7, 14—
17]. For example, cancer antigens have been expressed
on the surface of L. plantarum using LPx TG anchoring,
and it was shown that the recombinant bacteria induced
specific immune responses in mice [17, 18]. In another
study, an invasin protein, a virulence factor from the
enteropathogenic bacterium Yersinia pseudotuberculo-
sis, was covalently bound to the outer leaflet of the cell
membrane using lipoprotein anchors and some of the
resulting strains were powerful activators of NF-kB when
interacting with monocytes [16]. These studies show the
potential of anchoring functional proteins on the surface
of L. plantarum using different anchoring methods.

In the present study, our aim was to display enzymes
on the cell surface of L. plantarum and use the bacteria
as whole-cell biocatalysts for the production of prebi-
otic oligosaccharides. For that purpose, we expressed
and displayed a mannanase from Bacillus licheniformis
DSM13 (ATCC 14580) and a chitosanase from Bacillus
subtilis 168 (ATCC 23857) on the cell surface of L. plan-
tarum WCFS1. Both enzymes are of interest for food
and biotechnological applications. Mannanases (EC
3.2.1.78) release B-1,4-manno-oligosaccharides (MOS)
from mannans, whereas chitosanases (EC 3.2.1.132)
release chito-oligosaccharides (CHOS) from chitosans.
The immobilization of active mannanase or chitosanase
through cell-surface display could result in safe, stable
food-grade biocatalysts that can be used in the produc-
tion of MOS and CHOS in efficient and “food-grade”
processes.

Results

Surface display of ManB and CnsA in Lactobacillus
plantarum

To display mannanase (ManB) and chitosanase (CnsA)
on the surface of L. plantarum two anchors were
exploited. The enzymes were N-terminally anchored
to the cell membrane using a 75 residue lipoprotein
anchoring sequence derived from the Lp_1261 protein
of L. plantarum [16] (Fig. 1). In addition, to achieve cell
wall anchoring, the enzymes were fused to an LPxTG
anchor derived from the Lp_2578 protein sequence,
also known as “cwa2” [17]. For immunodetection
of the proteins, a Myc-tag was fused to the enzyme
sequences as shown in Fig. 1. To test the expression of
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Fig. 1 Schematic overview of the expression cassette for N-terminal
lipoprotein anchoring (a) and C-terminal cell wall anchoring (b) of
mannanase (ManB) and chitosanase (CsnA) in L plantarum. The vec-
tors are derivatives of previously described plasmids [16,17,31]. The
inserts containing the manB or csnA sequence fused with a Myc tag
for protein detection. All parts are easily interchangeable using the
indicated linker (L) restriction sites (Sall and EcoRl or Miul). See text for
more details

the target enzymes, the cells were harvested 2 h after
induction and Western blot analysis of the crude, cell-
free extracts was performed using anti-Myc antibodies
for detection. Figure 2 shows that all four recombinant
bacteria produced the expected proteins. Target pro-
teins with cell wall anchor showed slightly higher size
than expected, which is most likely a result of the pres-
ence of cell wall fragments associated with the target
protein. The protein extracts from strains harbouring
pSIP_1261ManB and pSIP_1261CsnA showed addi-
tional bands of smaller mass, which are most likely rep-
resenting processed and unprocessed proteins. Mass
differences such as those observed here are commonly
reported in literature [19-21]. The discrepancy in size

200
120

100
80
60
50

40 =

30 -
20 .

Fig. 2 Western blot analysis of cell-free extracts from transformed
and induced Lactobacillus cells harboring various expression vectors.
(1) pEV, negative control; (2) pSIP_1261ManB (lipoprotein anchar;
predicted protein size of 51 kDa); (3) pSIP_1261CsnA (lipoprotein
anchor; predicted protein size of 37 kDa); (4) pSIP_ManBcwa2 (cell
wall anchor; predicted protein size of 62 kDa); (5) pSIP_CsnAcwa2
(cell wall anchaor; predicated protein size of 51 kDa). Lane M indicates
a molecular mass marker
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may be due to binding to peptidoglycans for LPxTG
anchors (larger size than expected, multiple bands)
and incomplete processing (multiple bands) or prote-
olysis (multiple bands) for lipo-anchors. The anchored
proteins are likely to contain peptidoglycan fragments
of various sizes, which explain a certain degree of het-
erogeneity. Flow cytometry confirmed surface display
of the target enzymes in three of the four recombi-
nant bacteria (pSIP_1261ManB, pSIP_ManBcwa2, and
pSIP_CsnAcwa2; Fig. 3a) Even though CsnA produc-
tion was clearly shown by Western blotting for the
strain carrying pSIP_1261CsnA (Fig. 2), we could not
observe a shift in the fluorescence signal for this strain
compared to the control strain (Fig. 3a). Immunofluo-
rescence microscopy confirmed surface localization of
the Myc-tag in strains carrying pSIP_1261ManB, pSIP_
ManBcwa2, pSIP_CsnAcwa2, while again no signal was
obtained with pSIP_1261CsnA (Fig. 3b). Hence, it was
confirmed that the cell wall anchor mediates surface
localization of both ManB and CsnA, whereas the lipo-
anchor mediates surface expression of ManB.

Enzymatic activity and stability of ManB

and CnsA-displaying cells

To test the functionality of the surface-displayed
enzymes, we measured the enzyme activities of living
recombinant bacteria. The highest enzymatic activi-
ties of ManB or CnsA-displaying cells were 890 and
1360 U per g of dry cell weight, respectively (Fig. 4a),
which were obtained with the strains carrying plas-
mids for cell wall anchoring, pSIP_ManBcwa2 and
pSIP_CsnAcwa2, respectively. The mannanase activity
of the strain harboring the plasmid pSIP_1261ManB
was determined to be ~460 U/g dry cell weight
(Fig. 4a). Interestingly, significant chitosanase activity
of ~740 U/g dry cell weight was found for the strain
carrying pSIP_1261CsnA (lipo-anchored CsnA), even
though surface localization of CsnA could not be con-
firmed by both flow cytometry or immmunofluores-
cence microscopy.

One advantage of immobilizing enzymes on the sur-
face of bacteria is that they can easily be separated from
the culture medium and reused. To test the stability
of ManB and CsnA-displaying cells, we measured the
enzyme activity during four repeated cycles with a wash-
ing step between the cycles to remove proteins released
from lysed cells. The enzymatic activities of Lactobacil-
lus cells harboring pSIP_CsnAcwa2 and pSIP_1261ManB
decreased slightly as indicated by activity losses of ~14
and 22 %, respectively, after four assay/washing cycles,
confirming that these enzyme-displaying cells can be
reused for several rounds of biocatalysis at 37 °C (Fig. 4b).
Significant losses in enzymatic activity were observed for
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Fig. 3 Surface localization of ManB and CsnA in L. plantarumn cells. The panels show representative flow cytometric (a) and microscopic (b)

analyses of L. plantarum cells harboring plasmids designed for cell-surface display of ManB and CsnA.The L. plantarum strains harboring ManB-
or CsnA-encoding plasmids are denoted by different colors in the flow cytometry histograms (a) and different numbers in the micrographs (b):
pSIP_1261ManB (blue, 1), pSIP_1261CsnA (red, 2), pSIP_ManBcwaz2 (green, 3),
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pSIP_CsnAcwaz2 (purple, 4). L. plantarum harboring an empty vector

cells harboring pSIP_ManBcwa2 and pSIP_1261CsnA,
with only 70 and 15 % of the initial mannanase and chi-
tosanase activity being retained after the second cycle,
respectively. After the fourth cycle, 90 % of chitosanase
activity and 50 % of mannanase activity were lost from
cells carrying pSIP_1261CsnA and pSIP_ManBcwa2,
respectively (Fig. 4b).

Formation and analysis of oligosaccharides

The conversion of locus bean gum (LBG) to manno-
oligosaccharides (MOS) by ManB-displaying cells was
analyzed by high performance anion exchange chroma-
tography (HPAEC) of supernatants from the enzyme
activity assay, which confirmed the presence of a range
of different MOS in the reaction mixtures already after
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5 min of catalysis at 37 °C (Fig. 5). The conversion of chi-
tosan to chito-oligosaccharides (CHOS) by CsnA-dis-
playing cells was analyzed by HPAEC and direct infusion
ESI-MS, and formation of deacetylated chito-oligosac-
charides ranging from DP2 to DP6 was indeed observed
(Fig. 6). Altogether, the results described so far indicate
that ManB and CsnA displayed on L. plantarum cells are
catalytically active and can convert their polymeric sub-
strates into oligosaccharides.

Growth of ManB-displaying Lactobacillus plantarum cells
onLBG

To test whether bacteria having the mannanase anchored
on the surface may utilize LBG as a carbon source, the
bacteria were cultivated in MRS broth containing differ-
ent carbohydrates (glucose, mannose, LBG, or a mixture
of glucose and LBG). After 12 h of incubation at 37 °C
the number of colony forming units (cfu/ml) in the cell
cultures was determined. Figure 7 shows fold increase
in viable cells on different media in comparison with the
growth in MRS medium without any added carbohydrate
source. L. plantarum carrying the empty vector pEV,
which contains neither the ManB-encoding gene nor the
signal and anchoring sequences, grew as expected very
well in MRS broth containing glucose or mannose. The
growth of this strain in MRS broth containing LBG was
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poor, which is similar to the growth in MRS medium with
added carbohydrate, because this strain carries the empty
vector without ManB-encoding gene, therefore LBG was
not broken down into smaller manno-oligosaccharides
to support its growth. When this strain is grown in MRS
medium containing 1:1 mixture of glucose and LBG, the
increase in the number of living cells is mainly due to the
presence of glucose in the medium. The growth of both
strains producing ManB was considerably lower com-
pared to the control strain (pEV), which is a well-known
characteristic of recombinant lactobacilli that overpro-
duce heterologous proteins. This was most pronounced
for the strain harboring the lipoprotein-anchor, which
showed lower cell numbers on all carbohydrates tested
compared to the strain with the cell wall anchor. Inter-
estingly, in contrast to the control strain, both strains
displaying ManB showed notable growth on MRS con-
taining LBG as the sole carbohydrate. These observations
show that surface-displayed ManB is able to break down
galactomannan (LBG) into smaller MOS (including man-
nose, Fig. 5) and that these MOS can support growth of
L. plantarum. However, the growth on MRS containing
LBG as the sole carbohydrate was not comparable with
the growth when glucose/mannose were included in the
medium (Fig. 7) because the cells prefer monosaccha-
rides such as mannose or glucose for their growth. When

D

0 5 10 15 20 25 30
min
Fig. 5 Formation of manno-cligosaccharides (MOS) from LBG by mannanase-displaying L plantarum cells. The picture shows HPAEC chromate-
grams of supernatants from the activity assay displayed in Fig. 4 (freshly harvested cells). (A) pSIP_ManBcwa2; (B) pSIP_1261ManB; (C) Standards:
mannese, M1, mannobiose, M2, mannotriose, M3, mannchexaose, M6; (D) empty vector, pEV as negative control, Note that degradation of LBG
galactomannan by a mannanase is expected to yield a wide variety of products (for which there are no standards), as is indeed observed in traces
(A) and (B)




31

Nguyen et al. Microb Cell Fact (2016) 15:169 Page 7 of 14

5.0 o
25 A A
00 N
2 4 6 8 10 12 14 16 min
b 100 523.12 C 50225

66335

4034
332274922

Relatve Abundance

33111 41277

54

101363 119216
200 400 1200 200 400 600 800 1000 1200

miz "z

Fig. 6 HPAEC chromatogram (a) and direct infusion ESI-MS analysis (b, €) of deacetylated chito-oligosaccharides (CHOS) obtained upon incubating

L. plantarum cells harboring pSIP_1261CsnA (b) or pSIP_CsnAcwa2 (c) with chitosan. The HPAEC chromatograms include a negative control (pEV)

and a substrate blank containing chitosan without addition of cells. Standards for deacetylated oligomers are not easily accessible. It is known from

earlier work [37] that chitosan oligomers elute between 7 and 14 min, as is observed; the presence of such oligomers was confirmed by MS analysis.

The MS-spectra show deacetylated CHOS from DP.2 to DP 6 {{M + H]": m/z341 (DP2), 502 (DP3), 663 (DP4), 824 (DP5), 985 (DP6); and double

charged species of the same compounds; [M + 2H**:m/z251 (DP3), 332 (DP4), 412 (DP5), 493 (DP6)}

these sugars depleted in the medium, the cells will then  as producers of flavoring enzymes, antimicrobial pep-

consume other oligosaccharides for their growth. tides or metabolites that contribute to the flavor, tex-
ture and safety of food products [22-24]. LAB have for
Discussion a long time been used in the production of a wide range

Lactic acid bacteria are important microorganisms in  of foods without adverse effects on humans [25]. Nowa-
the food and beverages industry. Over the past decades, days, LAB receive increasing attention because of their
LAB have been used not only as starter cultures, but also  potential application in probiotic products [26]. Due to
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Fig. 7 Growth of ManB-displaying L. plantarum cells. Growth of L plantarum strains harboring plasmids designed for cell-surface display of ManB
(pSIP_1261ManB and pSIP_ManBcwa2) was tested using MRS containing the indicated carbohydrates. The growth was determined after 12 h of
incubation at 37 °C and the fold increase in the number of colony forming units (cfu/ml) for each culture in cormparison with the growth in MRS
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their food-grade status and probiotic characteristics, sev-
eral LAB are considered as safe and effective cell factories
for food applications [23, 24]. Lactobacillus plantarum,
one of the best-studied LAB for this purpose, is a versa-
tile lactic acid bacterium, which is encountered in a range
of environmental niches including dairy, meat and espe-
cially vegetable fermentations. Moreover, it is commonly
found in the human gastrointestinal tract. Thus, the
improvement of genetic tools for efficient protein expres-
sion, secretion and cell surface display in lactobacilli is an
important aspect in further development of LAB as food-
grade cell factories and carriers of recombinant enzymes
for food/feed applications.

The use of enzymes in food technology has found wide
application. Economical, sustainable and smart use of
these biocatalysts could involve immobilization, where
the enzyme after extraction from the fermentation pro-
cess is bound onto a suitable food-grade carrier. The
immobilization process adds to the costs of the biocata-
lyst preparation, and hence is restricted to more costly
enzymes that are used in food technology, while cheaper
enzymes are only used one time and then discarded. In

this study we investigated an approach that is based on
the use of food-grade L. plantarum both as the cell fac-
tory and as carrier for enzyme immobilization. This will
enable the direct use of the microbial cells straight after
the fermentation step.

We explored this concept using a mannanase and a
chitosanase, which are relevant for the production of
health-promoting and potentially prebiotic oligosac-
charides. The two anchors employed were also from
L. plantarum, a lipoprotein-anchor derived from the
Lp_1261 protein and a cell wall anchor (cwa2) derived
from the Lp 2578 protein. Both anchors were success-
fully used to display the enzymes on the cell surface of L.
plantarum WCFSL, but differences were observed. Flow
cytometry and immunofluorescence microscopy con-
firmed surface localization of ManB with both anchors
and of CsnA with cell wall anchor. Surface localization
of CsnA with the lipoprotein anchor could not be con-
firmed by flow cytometry and immunofluorescence
microscopy. We speculate this could be the smaller size
of CsnA (~30 kDa; ManB has a mass of ~41 kDa) and the
attachment of the N-terminus of the lipoprotein anchor
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to the plasma membrane rather than the cell wall as with
cwa2. The Myc-tag of CsnA might be buried in the cell
wall and thus not sufficiently exposed for recognition by
the antibody used for Myc detection. However, this type
of discrepancies is not an unusual observation. For exam-
ple, a similar observation was previously reported for a
membrane anchor (Lipobox domain, Lip) when using it
to display an anti-DEC-205 antibody (aDec) at the sur-
face of L. plantarum [27]. The anchored aDec was not
detected at the surface with flow cytometry, however the
anchored protein was found to be functional. Activity
measurements showed that lipoprotein anchored CsnA is
produced, but that the activity is not stably bound to the
cell surface (Fig. 4b). It is thus conceivable that the lipo-
anchoring of CsnA did not work as anticipated.

Anchored ManB and CsnA were able to convert LBG
and chitosan to oligosaccharides. Based on the known
specific activities of the purified soluble enzymes
(1800 U/mg for ManB and 800 U/mg for CsnA) [28], the
amounts of active surface-anchored protein using cell
wall anchor system are in the range of ~0.5 mg per g dry
cell weight for ManB and ~1.7 mg per g dry cell weight for
CsnA. The strains producing cell wall anchored enzymes
gave highest activities. It is worth to mention that no
enzymatic activities were detected in the culture medium
and Western blotting of the supernatants of enzymatic
reactions (after separating the cells) showed no bands
(data not shown) indicating that there was no release (or
cell lysis) from the cells. Thus, the activities reported here
are indeed from surface-anchored enzymes. Notably, it is
not possible to say whether this higher activity is caused
by higher efficiency in enzyme production, secretion
and anchoring, or by a more exposed localization of the
enzyme and hence better accessibility of the active sites.

When anchoring a chitosanase from Paenibacilius
fukuinensis to the surface of Saccharomyces cerevisiae
cells by fusion to the C-terminal half of a-agglutinin,
1.626 mM of free D-glucosamine were formed after 6 h
of incubation with glycol chitosan [3]. Cell wall-anchored
CsnA in our study produced 11.0 mM of free reducing
end equivalents after 5 min of incubation with chitosan
(data not shown) suggesting that chitosanase surface
display in L. plantarum seems relatively effective. Dis-
played mannanase activities of 460 and 890 U/g dry cell
weight, using the lipoprotein anchor and the cell wall
anchor respectively, obtained are significantly higher
than a reported activity of 62.3 U/g dry cell weight for a
mannanase (manl) from B. subtilis HB002 that had been
anchored to the cell-surface of Yarrowia lipolytica [29].
Although direct comparisons of the various systems is
difficult, our present data do seem to indicate that display
of enzymes on the Lactobacillus cell surface compares
well to yeast-based systems.
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The stability of the displayed enzyme is an important
parameter for success. In this respect, our study revealed
considerable differences between the various constructs.
CsnA displayed using the cell wall anchor and ManB dis-
played using the lipoprotein anchor were relatively stable,
retaining approximately 85 and 80 %, respectively, of their
initial activities after four cycles of substrate hydrolysis.
On the other hand, CsnA displayed using the lipoprotein
anchor and ManB displayed using the cell wall anchor
showed significantly lower stability. We have no proper
explanation for these differences, which could related to
different protease susceptibilities of the various fusion
proteins and/or to variations in protein shedding. As it
stands, it is not possible to make general statements as to
the applicability of an anchoring motif. Different combi-
nations of enzymes and anchors may have to be tested to
obtain optimal results, and this is relative simple with the
modular pSIP system.

Conclusions

We have demonstrated successful anchoring of two dif-
ferent glycoside hydrolases onto the surface of L. plan-
tarum. The displayed enzymes are active and some of
the enzyme-producing cells showed good stability as
whole cell biocatalysts. Surface anchoring of secreted
enzymes in lactobacilli may yield safe, stable, food-grade
whole-cell biocatalysts that can be used in different pro-
duction processes relevant for the food industry. In addi-
tion, the use of lactobacilli rather than other bacterial
species often used as microbial cell factories may help
to overcome the reluctance of the food industry when it
comes to introducing these novel biological production
processes.

Methods

Chemicals, enzymes and plasmids

All chemicals were purchased from Sigma (St. Louis,
MO, USA), unless stated otherwise, and were of the high-
est quality available. All restriction enzymes and cor-
responding buffers were purchased from New England
BioLabs (Frankfurt am Main, Germany. The plasmids
pSIP409-ManB-native and pSIP409-CsnA-native con-
taining the mannanase gene manB from B. licheniformis
DSM13 (ATCC 14580) or the chitosanase gene csnA
from B. subtilis 168 (ATCC 23857) [28] were used as tem-
plates for amplification of these two genes, respectively.
All plasmids used in this study are listed in Table 1.

Bacterial strains, media and culture conditions

The bacterial strains used in this study are listed in
Table 1. Lactobacillus plantarum WCFS], isolated from
human saliva as described by Kleerebezem et al. [8], was
originally obtained from NIZO Food Research (Ede, The
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Table 1 Strains and plasmids used in this study
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Strain or plasmid Relevant characteristic (s)

Reference source

Strains
L plantarum WCFS1 Host strain [8]
E coliTOP10 Host strain Invitrogen
Plasmids
pEV Erm’; pLp_2578sAmyA derivative, no signal sequence, no man or ¢sn (negative contral) [e]
pSIP409-ManB-native Erm’; spp- based expression vector pSIP409, for expression of manB its native signal peptide [28]
pSIP409-CsnA-native Erm’; spp- based expression vector pSIP409 for expression of csnA with native signal peptide [28]
plp_1261InvS Erm'; pSIP401 derivative with the lipoanchor sequence from Lp_1261 fused to part of the inv [el
gene)
plp_3050_DC_Ag85B_E6_ Erm"; pSIP401 derivative encading the Lp_3050 signal peptide ([32]) translationally fused to (Unpublished)
cwa2 the hybrid antigen DC-Ag85B-ESATS, followed by the cell wall anchor (cwa2) from Lp_2578
(cwa2 comprises 194 residues of Lp_2578; [17])
pSIP_1261ManB Erm'’; pLp_12611nvS derivative with manB-myc instead of the inv gene This study
pSIP_1261CsnA Erm’; pLp_12611nvS derivative with csnA-myc instead of the inv gene This study
pSIP_ManBcwa2 Erm"; pLp_3050_DC_Ag85B_E6_cwa2 derivative with manB-myc instead of the gene fragment  This study
encoding DC_Ag85B-E6
pSIP_CsnAcwa? Erm"; pLp_3050_DC_Ag85B_E6_cwa2 derivative with csnA-myc instead of the gene fragment  This study

encoding DC_AgB5B-t6

Netherlands) and maintained in the culture collection of
the Norwegian University of Life Sciences (NMBU), As,
Norway. Escherichia coli TOP10 (Invitrogen; Carlsbad,
CA, USA) was used in subcloning of DNA fragments and
was grown in brain heart infusion (BHI) broth (Oxoid
Ltd.; Basingstoke, UK) at 37 °C. L. plantarum was grown
in deMan, Rogosa and Sharpe (MRS) broth (Oxoid) at
37 °C without agitation. When needed, erythromycin was
supplemented to media to final concentrations of 200 pg/
ml and 5 pg/ml for E. coli and L. plantarum cultivations,
respectively.

DNA manipulation

Plasmids were isolated from E. coli cells using the
Nucleospin Plasmid Miniprep Kit (Macherey—Nagel;
Bethlehem, PA, USA). PCR amplification of DNA was
performed using Phusion high-fidelity DNA polymerase
F530-S (New England BioLabs) and the primers listed in
Table 2, which were purchased from Operon Biotechnol-
ogies (Cologne, Germany). The sequences of PCR-gener-
ated inserts were verified by DNA sequencing performed
by a commercial provider (Microsynth; Vienna, Austria).
PCR products and DNA fragments obtained by digestion
with restriction enzymes were purified using the Nucleo-
Spin Extract II Kit (Macherey—Nagel), and the DNA con-
centration was estimated using the Qubit™ dsDNA BR
assay (Invitrogen). Ligation of DNA fragments was per-
formed using T4 DNA ligase (Fermentas; Vilnius, Lithu-
ania) and In-Fusion Cloning Kit (Clontech; Mountain
View, CA, USA) following the manufacturers’ instruc-
tions. All plasmids were transformed into E. coli One

Shot TOP10 chemically competent cells (Invitrogen) fol-
lowing the manufacturer’s protocol. After obtaining the
plasmids in sufficient amounts, they were transformed
into electrocompetent cells of L. plantarum WCFS1
according to the protocol of Aukrust and Blom [30].

Plasmid construction

A schematic overview for the construction of the
expression cassette for secretion and anchoring of both
ManB and CsnA is presented in Fig. 1. The two anchor-
ing sequences used in this study were taken from
pLp_1261InvS and pLp_3050_DC_Ag85B_E6_cwa2
(Table 1), which are derivatives of the pSIP401 vector
that has been developed for inducible gene expression in
lactobacilli [31]. The plasmids contain N-terminal signal
peptides derived from the genes encoding Lp_1261 [16]
and Lp_3050 [32], respectively. The total length of the
Lp_1261 anchor is 75 residues, including 22 amino acids
of the SP. The cell wall anchor sequence comprises 223
C-terminal residues from Lp_2578, of which 189 resi-
dues are the linker region followed by the LPQTSE motif,
which is followed by a hydrophobic stretch and a posi-
tively charged C-terminal [16, 17, 33]. The C-termini of
the target genes, manB and csnA, were fused to a 30-bp
fragment encoding the myc tag (GAACAAAAACT
CATCTCAGAAGAGGATCTG), as shown in Fig. 1.

For construction of pSIP_ManBcwa2 a manB-myc
fragment was generated by three PCR steps: PCRI1
with primers Man3050F and ManR1, PCR2 with prim-
ers Man3050F and ManR2, and PCR3 with prim-
ers Man3050F and 3050R3 to introduce a C-terminal
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Table 2 Primers used in this study
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Primer Sequence® 5'— 3/ Restriction site underlined
Man3050F TGCTTCATCAGICGACCACACCGTTTCTCCGGT Sall
ManR1 TGAGATGAGTTTTTGTTCTTCCACGACAGGCGTCAAAGAAT

ManR2 TCAGATCCTCTTCTGAGATGAGTTTTTGTTCTTCCACGAC

3050R3 GTTCAGTGACACGCGTCAGATCCTCTTCTGAGATG Miul
Man1261F GATTGCGGCGGICGACCACACCGTTTCTCCGGT Sall
1261R3 CCGGGGTACCGAATTCTTACAGATCCTCTTCTGAGATG EcoRl
Csn3050F TGCTTCATCAGICGACGCGGGACTGAATAAAGATC Sall
CsnR1 TGAGATGAGTTTTTGTTCGTCGACAGATCCTTTGATTAC

CsnR2 CAGATCCTCTTCTGAGATGAGT TTTTGT TCGTCGACAGA

Csn1261F GATTGCGGCGAICCACGCGGGACTOAATAAAGATC Sall

* The nucleotides in italics are the positions that anneal to the DNA of the target gene (manB or cnsA)

Mlul site. The resulting PCR fragment (~1047 bp) was
ligated into the Sall/MIul-digested vector pLp_3050_
DC_Ag85B_E6_cwa2 using In-Fusion® HD Cloning Kit
(Clontech) yielding the plasmid pSIP_Mancwa2.

For construction of pSIP_1261ManB, the manB-myc
fragment generated from the PCR2 step described above
was used as the template for a PCR reaction with primers
Man1261F and 1261R3. The resulting PCR fragment was
ligated into the Sall/EcoRI-digested vector pLp_1261InvS
[16] using In-Fusion cloning kit (Clontech; Mountain
View, CA, USA) yielding the plasmid pSIP_1261Man.

For  construction of  pSIP_CsnAcwa2  and
pSIP_1261CsnA, a similar cloning strategy was used.
The primer pairs Csn3050F/CsnR1, Csn3050F/CsnR2,
and Csn3050F/3050R3 (Table 2) were used for the
construction of pSIP_CsnAcwa2, whereas the primer
pair Csnl261F/1261R3 (Table 2) was used to con-
struct pSIP_1261CsnA. In-Fusion cloning kit (Clon-
tech; Mountain View, CA, USA) was used for the
ligation during the construction of pSIP_CsnAcwa2 and
pSIP_1261CsnA.

Gene expression in Lactobacillus plantarum

To generate the four expression strains, pSIP_ManBcwa2,
pSIP_1261ManB, pSIP_CsnAcwa2 and pSIP_1261CsnA
were transformed into electro-competent L. plantarum
WCFS1 and transformants were selected on MRS
agar plates containing 5 pg/ml erythromycin. For gene
expression, overnight cultures of L. plantarum WCEFS1
harboring the plasmids were diluted in 50 ml of fresh
pre-warmed MRS broth containing 5 pg/ml erythromy-
cin to an ODg, of ~0.1, and incubated at 37 °C without
agitation to an ODggy, of 0.3. Gene expression was then
induced by adding 25 ng/ml of the peptide pheromone
1P-673 [34]. Cells were harvested 2 h after induction at
an ODy,, of approximately 0.8—-1.2 by centrifugation at
4000x g for 10 min at 4 °C, washed twice with phosphate

buffered saline (PBS) containing 137 mM NacCl, 2.7 mM
KCl, 2 mM KH,PO,, and 10 mM Na,HPO, (pH 7.4), and
then re-suspended in 1 ml of PBS containing 20 ul of
50 mM PMSE

Western blotting

The cells obtained as described above were disrupted
with glass-beads (<106 pm; Sigma) using a FastPrep-24
instrument (MP Biomedicals, Solon, OH) by shaking at
speed 6.5 for 45 s. Proteins in the cell-free extracts were
separated by running 10 % NuPAGE Novex Bis—Tris
gels (ThermoFisher Scientific; St. Leon-Rot, Germany)
following the protocol provided by the manufacturer.
Subsequently, electroblotting was performed using the
iBlot Dry Blotting system (Invitrogen) according to the
manufacturer’s instructions. Monoclonal murine anti-
Myc antibody was obtained from Invitrogen and used as
recommended by the manufacturer. The protein bands
were visualized by using polyclonal rabbit anti-mouse
antibody conjugated with horseradish peroxidase (HRP)
(Dako, Denmark) and the SuperSignal West Pico chemi-
luminescent substrate from Pierce (Rockford, IL, USA).

Flow cytometry and indirect immunofluorescence
microscopy

Cell staining for flow cytometry was carried out as pre-
viously described [16] with some modifications. One ml
of cell culture (ODg,, of ~0.5) was harvested 2 h after
induction, and cells were resuspended in 50 ul PBS con-
taining 1 % of BSA (PBS-B) and 0.4 pl of the monoclonal
anti-Myc antibody (Invitrogen; diluted 1:5000 in PBS-B).
After incubation at RT for 30 min, the cells were cen-
trifuged at 5000xg for 3 min at 4 °C and washed three
times with 500 pl PBS-B. The cells were subsequently
incubated with 50 pl PBS-B and 0.8 pl polyclonal rabbit
anti-mouse antibody (FITC conjugated; ThermoFisher
Scientific) diluted 1:2500 in PBS-B for 60 min in the dark,
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at room temperature. After collecting the cells by centrif-
ugation (4000xg, 3 min at 4 °C) and washing five times
with 500 pl PBS, the stained cells were analyzed by flow
cytometry using a MACSQuant analyzer (Miltenyi Bio-
tec; Bergisch Gladbach, Germany), following the manu-
facturer’s instructions.

For indirect immunofluorescence microscopy, the
bacterial cells stained with monoclonal anti-c-Myc anti-
body and goat anti-mouse Alexa Fluor® 488 (IgG H&L)
(Abcam; Cambridge, UK) were visualized under a Leica
TCS SP5 II confocal laser scanning microscope (Leica
Microsystems; Mannheim, Germany) using a 488-nm
argon laser (FITC photomultiplier tube [PMT]) and a
bright field (BF) PMT for transmitted light. The fluores-
cence detection window was set between 505 and 550 nm
and the images were acquired with a PL APO 63x/1.40
oil immersion objective.

Enzyme activity measurements

Enzymatic activities were determined following methods
described previously [3, 29, 35, 36] with some modifica-
tions. The reaction mixtures consisted of 100 pl of a sus-
pension the enzyme-displaying cells in PBS and 900 pl of
a 0.5 % (w/v) galactomannan solution (locust bean gum,
LBG; Megazyme, Bray, Ireland) for mannanase activity,
or 400 pl of a 0.5 % (w/v) chitosan solution (PT Biotech
Surindo, Jawa Barat, Indonesia) for chitosanase activity.
The galactomannan solution was prepared by dissolving
LBG in 50 mM sodium citrate buffer (pH 6.0) at 50 °C for
30 min. Chitosan was completely dissolved in 1 % acetic
acid at 50 °C after 30 min, and then the pH of the solution
was adjusted to 5.5.

Enzyme-displaying cells were collected from the cul-
tures 2 h after induction by centrifugation at 4000xg for
5 min at 4 °C. Cell pellets obtained from 100 ml culture
were washed twice with PBS and re-suspended in 100 pl
of PBS. The mannanase or chitosanase-displaying cells
were incubated with LBG or chitosan solutions, respec-
tively, at 37 °C with mixing at 600 rpm for 5 min. The
cells were removed by centrifugation (5000xg, 4 °C, and
2 min) and the amount of reducing sugars released in the
supernatant of the enzymatic reaction was determined
by the dinitrosalicylic acid (DNS) assay. Briefly, 100 pl of
the reaction supernatant were mixed with 100 pl of DNS
solution, followed by heating at 99 °C for 10 min, cool-
ing on ice for 5 min, and dilution with 800 pl de-ionized
water, before measuring the absorbance at 540 nm using
1-5 pmol/ml of D-mannoese or D-glucosamine as stand-
ards for the mannanase and chitosanase assay, respec-
tively. One unit of mannanase or chitosanase activity
was defined as the amount of enzyme releasing 1 pmol of
reducing sugars (or reducing end equivalents) per minute
under the given conditions. The reactions were done in
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triplicates and the standard deviations were always less
than 5 %.

As an extra control, cells obtained after the incubation
with substrate were washed with 500 pl with PBS and
collected by centrifugation (5000xg, 4 °C, 3 min). The
cells were then re-suspended in 100 pl of PBS and man-
nanase or chitosanase activities were re-measured. This
procedure was repeated for four cycles of activity meas-
urements with intermediate washing steps to evaluate the
stability of ManB and CsnA-displaying cells.

High performance anion exchange chromatography
(HPAEC)

Separation of the oligosaccharides released from locust
bean gum during the activity assay described above
was carried out by HPAEC analysis on an ICS-3000
system from Dionex (now Thermo Scientific; Sunni-
vale, CA, USA) with pulsed amperometric detection.
The system was equipped with a CarboPac PA-1% col-
umn (2 x 250 mm) connected to a 50 mm CarboPac
PA-1 guard column (Dionex). Separation of manno- or
galactomanno-oligosaccharides was performed with a
multi-step linear 1 M NaOAc gradient, going from 0.1 M
NaOH to 0.1 M NaOH/0.1 M NaOAc over 35 min, then
to 0.1 M NaOH/0.3 M NaOAc over 25 min, and finally
0.1 M NaOH/1 M NaOAc over 5 min, prior to recondi-
tioning with 0.1 M NaOH for 9 min. Soluble manno-oli-
gosaccharides (DP 1, 2, 3 and 6; Megazyme) were used
as standards. Before analysis, the supernatants from the
activity assay were centrifuged to remove any insoluble
material.

Separation of the oligosaccharides released from chi-
tosan during the activity assay described above was also
carried out by HPAEC analysis. The analysis was per-
formed with the same instrument and column as above,
but the separation was achieved by isocratic elution with
25 mM NaOH for 18 min as described in [37].

Direct infusion mass spectrometry

Direct infusion mass spectrometry was performed
on a Velos Pro LTQ linear ion trap mass spectrom-
eter (Thermo Scientific) with electrospray ionization
(ESI) interface. A continuous flow of 0.2 ml/min of
1 mM formic acid/acetonitrile (30/70) and accurate
2 pl injections were supplied by an UltiMate 3000
RSLC UHPLC system (Dionex, now Thermo Scien-
tific) directly linked to the ESI-interface without any
chromatographic separation. The ESI was operated at
4 kV positive mode with sheath gas and auxiliary gas
flow in the spray of 30 and 5 (arbitrary units), respec-
tively. The ESI-probe was heated to 250 °C for better
vaporization of the mobile phase. Data were collected
with full scan acquisition in the mass range from
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150-2000 mz for 24 s and averages of 8-9 consecutive
scans were used for illustrations.

Growth of recombinant ManB-displaying Lactobacillus
plantarum cells on LBG

ManB-displaying L. plantarum cells (strains carrying
either the plasmids pSIP_1261ManB or pSIP_ManB-
cwa2) were harvested 2 h after induction and then grown
in MRS broth containing 25 ng/ml of the peptide phero-
mone IP-673 and 20 g/l of different carbohydrates (glu-
cose, mannose, LBG, or a 1:1 mixture of glucose and
LBG), or no added carbohydrate substrate. After 12 h
of incubation at 37 °C, the number of colony forming
units (cfu/ml) for each culture was determined. The fold
increase in the number of living cells in MRS medium
with different carbohydrates in comparison with that in
MRS medium without any added carbohydrate source
was evaluated.

Abbreviations
ManB: mannanase from Bacillus licheniformis DSM13 (ATCC 14580); CsnA:
chitosanase from Bacillus subtilis ATCC 23857
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Abstract. Chitosan oligosaccharides (CHOS), hydrolyzed oligomers of chitosan, have been
shown to have several biological and physicochemical properties which are beneficial to human
health and beauty. In this study, we have developed a food-grade enzyme technology for the
production of soluble CHOS from chitosan, derived from chitin of shrimp and prawn shells, ina
lactic acid solution. The bioconversion yields were 100%, and the products were kept in
lyophilized form. Even though CHOS can be produced chemically, physically and
enzymatically, production of CHOS using enzyme technology is preferable due to several
advantages, most importantly, the process is environmental-friendly, and the final products can
be precisely control by regulating the bioconversion reaction. In this research, well-characterized
chitosan oligosaccharides were produced using well developed food-grade enzyme technology
in our laboratory. The CHOS products could be further applied for food and feed industry. The
result from this study is an example of innovation for bio-circular green economy (BCG), of
which wastes are converted into profitable high-value product using green technology.

1. Introduction

Chitosan oligosaccharides (CHOS), which are expected to be utilized as functional foods,
pharmaceuticals ingredient and bioactive compound, are hydrolyzed oligomers of chitosan. Chitosan
oligosaccharides can be produced partially through enzymatic reaction or chemically hydrolyzed. At
high temperature with strong acidic condition, chitosan is hydrolyzed, result in large amount of
glucosamine (chitosan monomer) [1]. Disadvantage of chemical reaction method is needs of highly
convenient system to control the progress of the reaction and generation toxic wastes. Chitosan
oligosaccharides production using enzymatic hydrolysis has few advantages over high performance
chemical reaction such as mild reaction condition and ability to generate low monosaccharide final
products [2]. The hydrolysis of chitosan using enzymatic methods is better than chemical reagent-
catalyzed methods and physical methods because of the predictability and controllability as well as less
demand of energy [3]. Moreover, the enzymatic methods are highly specific with minimal chemical
modification of the products. Enzyme concentrations, pH, temperature, and reaction duration are critical
factors in controlling the CHOS production using enzyme-catalyzed reaction. Chitosan oligosaccharides
are found to hold plenty of potential biological properties and physicochemical properties which are
beneficial to human health and beauty. Of particular importance, CHOS and its derivatives have been
demonstrated to possess several biological activities including anti-inflammation, immunostimulation,
anti-tumor, anti-obesity, antihypertension, anti-Alzheimer’s disease, tissue regeneration promotion,
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drug and DNA delivery enhancement, anti-microbial, anti-oxidation and calcium-absorption
enhancement [1, 4-8]. In this study, we aimed to produce CHOS using a well-developed food-grade
enzyme technology from Lactobacillus plantarum expression system that has been previously
established in our laboratory. The reaction conditions were performed in a lactic acid solution. The
products were analysed by thin layer chromatography (TLC) and kept in a lyophilized form.

2. Materials and Methods
2.1. Bacteria and Plasmid
Lactobacillus plantarum TLGO02: [9, 10]

pSIP609/BsCsnA_nt [9]

2.2. Chitosan

Food grade chitosan was supported by Marine Bioresource Co.ltd Thailand. Chitosan (Off-white yellow
appearance) used in this study is highly purified chitosan with percentage of purity >90%, produced
from chitin of dried shrimp shell from tropical ocean. The degree of deacetylation (DD) was higher than
90%, pH 6-8 with water insolubility and solubility in acid solutions (99%). Chitosan particle size was
smaller than 1.5 mm with less than 1% ash content.

2.3. Expression of Chitosanase using Food-Grade Expression system

Production of Chitosanase was carried out as previously described [9]. In short, batch fermentation with
pH control was carried out in 3-L MRS medium using a bioreactor. Recombinant L. plantarum strains
was taken from a glycerol stock stored at -80 °C, re-streaked on appropriate MRS plates and grown
overnight at 37 °C. Ten colonies were picked and grown in 5 mL MRS broth overnight, then sub-culture
into two flasks of 100 mL of MRS and cultivate at 37 °C without shaking for 18-24 h. The two overnight
cultures were pooled together, mixed well and after measuring the cell density at 600 nm, they were
used to inoculate 3 L of MRS medium to an OD 600 of ~0.1. After incubation at 30 °C with 100 rpm
agitation under anaerobic condition to an OD600 of ~0.3, the cultures were induced with 12.5 ng/mL of
IP-673 (amino acid sequence of IP-673 is Met-Ala-Gly-Asn-Ser—Ser-Asn-Phe-Ile-His-Lys-Ile-Lys-Gln-
[le-Phe-Tr-His-Arg). During further cultivation (30 °C with 100 rpm), the pH was controlled at pH 6.5
using 3.0 M sodium hydroxide. Chitosanase enzyme was secreted into the fermentation broth.

2.4. Concentration and purification of BsCsn46A4

Bio-separation process, which were mainly centrifugation and crossflow filtration, were employed for
the downstream processing of BsCsn64A. The culture broth was concentrated using cross-flow
concentrator (Viva Flow 200, Satorious) after filtered with 0.2 microns filter. One-step purification
technique was used to purify secreted enzymes with HisPur Ni-NTA Resin (Thermofisher).

2.5. Enzyme activity assay
Chitosanase activity assay was carried out as previously described [9, 11]. In short, reaction mixture

consisted of 40 pL of appropriately diluted sample and 160 pL of 0.5 % chitosan (w/v) (in 200 mM
sodium acetate buffer, pH 5.5, and preincubated at 50 °C for 30 min). The reaction was incubated in a
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Thermomixer Comfort (Eppendorf AG, Hamburg, Germany) at 50 °C for 5 min, with mixing at 900
rpm. The reaction was stopped by adding 200 pL of DNS solution, and the mixture was centrifuged at
12,000g for 5 min to remove the remaining chitosan that was precipitated. The color in the supernatant
was developed by heating at 100 °C for 20 min and cooling on ice. The reducing sugar in the supernatant
was determined by measuring OD at 540 nm, using 1-5 umol/mL of d-glucosamine as standards. The
reactions were done in triplicate and the mean values with standard deviations are reported.

2.6. Protein determination

Protein concentrations were determined using the BCA method with bovine serum albumin as standard.
Analysis were operated according to the company instruction.

2.7. SDS-PAGE analysis

As described previously [9], denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using the method of Laemmli using 12 % (w/v) polyacrylamide gels. The
protein samples were briefly heated (10 min) in the loading buffer at 100 °C with a heat block
(Eppendorf), and then cooled on ice before loading. Protein bands were visualized by staining with
Coomassie brilliant blue R-250.

2.8. Production of Chitosan oligosaccharides in lactic acid

Chitosan oligosaccharides was produced using enzymatic hydrolysis method, of which enzyme usage
conditions were 0.05 and 0.1 pg per 1 mg of chitosan, respectively. Chitosan at 1% w/v was dissolved
using 2% lactic acid solution, and the pH was adjusted to 5.5 using sodium hydroxide (1 N). Chitosan
substrate solution was pre-incubated for 30 min at 37 °C. The reaction mixture was proceeded for 48
hours. BsCsn46A was added 3 times, at the start of the reaction, 12 hours and at 24 hours of reaction.
The reaction mixture was then heated to inactivate enzyme activity at 100 °C for 20 min, then cool down
before being centrifuged and filtered to remove all the precipitate in the solution. Chitosan
oligosaccharides was obtained as dried powder.

2.9. Lyophilization of CHOS

Lyophilization was carried out (GAMMA 2-16 LSC, CHRIST, Germany) using freeze-dryer where the
product mixture was totally frozen before the operation. The condenser was set to -90°C and the shelves
were set to -20°C. The samples were left in the freeze-dryer chamber for up to 72 hours with vacuum
pressure at 0.001 Pa. After freeze-drying, samples were collected and kept at -20°C.

2.10. Thin Layer Chromatography

Dried CHOS powder was weighted and dissolved in distilled water and a solution of 100mg/mL was
prepared. Two and 3 pl of the samples were spotted onto the TLC silica plate with the distance from
each sample of 0.5 cm. Hot air blower was used to dry the sample after each 1pl of spotting. The prepared
plate was then left stand in a mobile-phase saturated beaker (14 mL isopropanol, 4 mL water and 2 mL
ammonia) for about 2 hours until the visible mobile phase wet through to the top of the plate, then the
plate was dried, and the same chromatography was repeated. After that, the plate was dried, and rapidly
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soaked in 10% sulfuric acid in ethanol for about 1-2 mins before the visualization was done by heating
the plate at 150°C with a plate heater until the spots on the plate became visible.

3. Results and Discussions
Expression and purification of BsCsn46A using food-grade expression system

Lactobacillus plantarum TGLO2 was used as expression host for the production of food-grade
chitosanase. According to previous report [9], the major proportion of the expressed enzyme is found in
the bacterial culture supernatant which was reproducible in this experiment. After the expression for 20
hours, the culture supernatant was collected by centrifugation, filtered and then subjected to
concentration process using a cross flow concentration system with a molecular weight cut off filter
membrane of 10,000 Da. Then, the concentrated culture broth was subjected to the purification process
using gravity-flow column chromatography technique. The enzyme could be well purified using resin
affinity beads with high affinity specific binding to histidine tag and well-engineered histidine tag on
the recombinant enzyme as demonstrated in Fig.1. The enzyme molecular weight of the expressed
enzyme was approx.32 kDa as previously shown [9, 12]. The purified enzyme was then subjected to the
concentration process in order to reduce the sample volume and increase enzyme concentration.

Figure 1. SDS-PAGE of chitosanase using food grade expression system. Purified
protein was obtained from culture broth after 20 h of induction with 0.1
mM IPTG and were separated by SDS-PAGE on 15% gels.
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Table 1. Enzymatic activity and protein concentration of BsCsn46A

Induction time  Enzymatic activity (Total units®)

(h)
Culture Broth 20 16.0+1
Purified enzyme 20 162.0+1
Concentrated purifies 20 413.0+1
Induction time (h) Protein conc (mg/L)
Culture Broth 20 4.0£1
Purified enzyme 20 680.0+1
Concentrated purifies 20 780.0+1

3.1.1. Production of Chitosan oligosaccharides using Food Grade BsCsn464

At different time points of hydrolysis reaction, CHOS samples were collected and were subjected to
TLC (Figure 2). Two different enzyme concentration were used, 0.05 and 0.1 pg per mg of chitosan,
respectively. Hydrolyzed chitosan oligosaccharides samples were collected from the reaction at different
time ranging from 5mins, 10 mins, 30 mins, 60 mins, 2 hours, 4 hours, 6 hours, 12 hours 18 hours, 24
hours and 48. As shown in the TLC result, the final products were gradually shorter during the course
of the reaction time. However, no monomer could be observed by TLC. This phenomena confirmed
previous observation[13]. The reaction solution was then subjected to lyophilization using a freeze dryer.
The dried CHOS powder was then dissolved in water at a concentration of 100 mg/mL for TLC analysis
(Figure 3). The sample was fully water soluble, indicating that the water-insoluble chitosan was totally
depolymerized by the enzyme during hydrolysis reaction. The sample of early stage of hydrolysis,
specially at time points, 5 mins, 10 mins, 30 mins, | hours, 2 hours, 4 hours, 6 hours, 12 hours, 24 hours,
30 hours and 36 hours, respectively, were not subjected to lyophilization and solubility testing. Judging
from the TLC result, there were high molecular weight chitosan in the reaction inside the reaction
solution until 24 hours of the reaction. To these time points, dimers and trimers CHOS molecules were
merely visualized on the silica gel plate while only larger hydrolyzed molecules such as tetramers and
pentamers could be observed. After second enzyme addition at 24-hour time point, shorter chain of
hydrolyzed product was seen more while larger and longer molecules were fading out of the TLC plate.
Still, no monomer sample was visualized even at 48 hours of the reaction. In this study, the purified
food-grade enzyme was used, however, it should be possible to produce CHOS using crude enzyme
directly from the culture broth, which would be cheaper. This future perspective for agriculture and
animal applications of CHOS; however, is currently limited due to the complexity of the bacterial media
(MRS). Further investigation on the development of host strain to be able to grow in cheaper media
without addition of inducing peptide, will be more beneficial. Freeze-drying the final product is also an
important step of the production process since it helps with product storage, transportation. as well as
longer the final product shelf life. More investigation on the optimal storage condition of the CHOS
products must be further explored.
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Figure 2. Thin layer chromatography of chitosan oligosaccharides produced by food
grade enzyme. 2 different enzyme concentration were used, 0.05 and 0.1 pg,
respectively. Hydrolyzed chitosan oligosaccharides samples were collected
from the reaction at different time from 5mins, 10 mins, 30 mins, 60 mins,
2 hours, 4 hours, 6 hours, 12 hours, 24 hours and, more enzyme was added
again at 24 hours and samples were collected at 6 hours, 12 hours and 24

hours after second enzyme addition.

STD A B

Figure 3. Final CHOS lyophilized product after lyophilization using freeze dryer. A:
CHOS hydrolyzed for 48 hours using 0.05ug of BsCsn46A per mg of chitosan,
enzyme was added at time 0, 12, 24. B: CHOS hydrolyzed for 48 hours using
0.1pg of BsCsn46A per mg of chitosan, enzyme was added at time 0, 12, 24.
C: Thin layer chromatography analysis of final CHOS product dissolved in
water after lyophilization (A: CHOS hydrolyzed by 0.1ug enzyme per mg of
chitosan, B: CHOS hydrolyzed by 0.05pug of enzyme per mg chitosan for 48
hours)
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Conclusion

According to our previous studies and this study, we demonstrated that BsCsn46A can be used to
efficiently converse chitosan into a mixture of variety of soluble chitosan oligosaccharides with various
degree of polymerization from shortest DP2 to longest DP6 as expected from the enzyme natural
characteristics [13]. The results indicated the potential application of food-grade enzyme technology
from Lactobacillus plantarum for the production of CHOS for agriculture and animal feed applications
after further investigation.
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