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Abstract　 Functionalsaccharideisa generalterm thatis often usedto refertothefunctional
oligosaccharides,functionalsaccharidealcohols,andfunctionaldietaryfibers．Thesefunctionalsaccharides
exhibitsomehealthbenefitingeffects,suchashavinglowcalorie,preventingdentalcaries,andregulating
intestinaldisorders．Functionalsaccharidesarewidelyusedinfood,healthproducts,andthehealthcare
fields．Thepreparationoffunctionalsaccharidesisaccomplished mainlythroughreactionsinvolving
transglycosylation,isomerization,orhydrolysiscatalyzedbyglycosyltransferases,saccharideisomerases,
andglycohydrolases,respectively．However,thepoorcatalyticpropertiesofnaturalenzymesandlow
fermentation yields have restricted thelargeＧscaleindustrial production offunctionalsaccharides．
Therefore,molecular modificationandefficientexpression ofkeyenzymesforfunctionalＧsaccharide
preparationareveryimportantforpromotingthelowＧcostlargeＧscaleproductionoffunctionalsaccharides．
Inthisreport,therecentadvancesinfunctionaloptimizationandexpressionpreparationofenzymesrelated
tofunctionalsaccharidesarereviewed．
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１　Introduction

Withtherapideconomicdevelopmentandcontinuousimprovementsinlivingstandards,foodswith
nutritionalvalues,desirableflavors,andhealthbenefitingfunctionshavebeengraduallyacceptedby
consumersandbecomeanewtrendinthefoodindustry．Somesaccharides,suchasoligosaccharides,
dietaryfibers,andsaccharidealcohols,arethespecialfoodcomponentsexhibitingspecialbioactive
physiological effects． Functional oligosaccharides cannot be digested and absorbed by human
gastrointestinaltractand,instead,directlyenterintothelargeintestine,which willbedigestedby
bifidobacteria．Asaresult,functionaloligosaccharidesarealsoconsideredtopossesslowcaloriecontents,
whichpreventstherapidincreaseofbloodsugarandbloodlipidlevels[１]．Functionalsaccharidealcohols
referto polyhydroxylalcohols obtainedthrough hydrogenation ofsaccharides,resultingin polyol
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sweeteners,predominantlycomposedofxylitol[２],sorbitol[３],and maltitol．Functionalsaccharide
alcoholshave multiplefunctions．Forexample,theyaredifficulttobefermentedbyacidＧproducing
bacteria,andcanpreventdentalcaries．Additionally,theirmetabolicprocessdoesnotinterferewiththe
functionofpancreaticisletsandglucosemetabolism,andtheycanpromotetheproliferationofbeneficial
intestinalbacteriaandimproveintestinalfunction．Dietaryfibersrefertothesumofthefoodcomponents
thatcannotbedigestedbyhumandigestiveenzymes．Inrecentyears,dietaryfibershavebeenconsidered
theseventhnutrientandabioactiveingredientbesidesthewater,carbohydrates,proteins,fats,minerals,
andvitamins,whichisoftenreferredtoasthe“lifeoasis”．

Inthepreparationoffunctionalsaccharides,substratehydrolysis,transglycosylation,andisomerization
arethemainproceduresthataremainlycatalyzedbybiocatalysts/enzymes．Therefore,enzymesarethe
keyfactorin productionoffunctionalsaccharides．Inthiscontext,thecharacterization,functional
optimization,andefficientpreparationofnovelenzymesforfunctionalsaccharidepreparationareofgreat
significanceforpromotingthemodernizationoftheproductionoffunctionalsaccharidessoastofitthe
rapidrequirementofthepublichealthindustry．

Keyenzymesinvolvedinthepreparationoffunctionalsaccharidesincludeglycosyltransferases [４],
saccharideisomerases [５],and glycohydrolases [６]．Glycosyltransferasesforfunctionalsaccharide
preparationincludeglucosyltransferase,galactosyltransferase,andfructosyltransferase,whichtransfer
glycosylgroupsfromthedonortotheacceptor．Saccharideisomerasesincludeglucoseisomerase,mannose
isomerase,andsucroseisomerase,whichenabletheconversionofsaccharideisomers．Glycohydrolases
refertoenzymes,includingvariousamylasesandglucosidases,capableofdegradingcellulose,starch,or
otherpolysaccharidestomonosaccharides,disaccharides,andevenpolysaccharides．Herein,wemakea
reviewoftherecentadvancesinfunctionaloptimizationandexpressionofenzymespreparationrelatedto
thefunctionalsaccharideproduction．

２　Molecularmodificationofenzymes

Thekeyenzymesforfunctionalsaccharideproductionareusuallythemultifunctionalenzymescapableof
catalyzingsaccharidehydrolysis,transglycosylation,and/orisomerizationsimultaneously．Inaddition,
theydo notexhibitthesubstratespecificity,instead,theyarecapableofproducingcomplexand
changeableproducts．Therefore,naturalenzymesusuallyneedtobemodifiedtoenhancetheircatalytic
performanceinordertoimprovetheirefficientsynthesisofspecificfunctionalsaccharides．Bioinformatics
analysisofexistingnaturalenzymesincombinationwithmolecularbiologytechniques,suchasdirected
evolution,siteＧdirected mutagenesis,andtruncatedexpression,areusedtodesignand modifynatural
enzymestoachievethedesirablepropertiesnecessaryforbetterandwiderutilization．
２．１　Directedevolution

Directedevolutionreferstotheactofmimickingnaturalevolutionary mechanisms (e．g．,random
mutation,recombination,andnaturalselection)soastoconstructalibrarycontainingnumerousmutants．
IncombinationwithselectionmethodsrelatedtoapreＧdeterminedevolutionarydirection,thismethodcan
beusedtodirectionallyscreenandselectvaluablenonＧnativeproteinmoleculesinordertoobtainmutants
exhibitingoptimizedperformance．Themostcommonlyusedstrategiesfordirectedevolutionofenzymes
includeerrorＧpronepolymerasechainreaction(PCR)[７]andDNAshuffling[８]．

ErrorＧpronePCR generatesalargenumberofrandom mutantscontainingacertaingenethrough
mismatches,fromwhichthedesiredindividualsareselected．DNAshufflingusesDNAasestohydrolyze
theparentgeneormutatedgenetoproducerandomfragments,whicharethensubjectedtoPCRwithout
primerstogeneratealargenumberofmutants．Table１liststheenzymeswithexcellentperformance
obtainedusingerrorＧpronePCRandinvitro homologousＧrecombinationtechnology．Shim etal．[９]
screenedaM２３４T/F２５９I/V５９１A mutantofcyclodextrin (CD)glucosyltransferase(CGTase)byerrorＧ
pronePCR,resultinginanenzymeexhibitinga１０Ｇfolddecreaseincyclizationactivityanda１５Ｇfold
increaseinhydrolyzingactivity．TheadditionofCGTasereducedtheretrogradationrateofbreadbyas
muchasthelevelthatwasobservedbythecommercialantiＧstalingenzymenovamylduringa７Ｇdaystorage
at４℃．NoCDwasdetectedinbreadtreatedwithCGTase,whereas２１mgofCDper１０gofbreadwas
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producedinbreadtreatedwithwildＧtypeCGTase．Rentschleretal．[１０]constructedamutantlibraryofβＧ
galactosidasebyerrorＧpronePCRandobtainedamutantexhibitinga＞２Ｇfoldincreaseinspecificactivity．
Tangetal．[１１]screenedtwohighlythermostablemutantsafterthreeroundsofshufflingofmaltogenic
amylasefrom Bacillusthermoalkalophilus ET２,eachhavingoptimalreactiontemperaturesof８０℃,
whichwas１０℃ higherthanthatofwildＧtype．Tocreatexylanasevariantspossessingboththermaland
alkalinestabilityinasingleenzyme,Stephensetal．[１２]usedonemutantwithhighthermostabilityand
theotherwithhighalkalinestabilityfrom ThermomyceslanuginosusxylanaseDSM ５８２６ (xynA)as
templatesforDNAshuffling,resultinginthescreeningoftwoxylanasemutants(S３４０andS３２５)with
boththermalandalkalinestability．Melzeretal．[１３]obtainedaCGTasemutantlibraryofalkaliphilic
Bacillussp．GＧ８２５Ｇ６byacombinationoferrorＧpronePCRandDNAＧshufflingtechnology,resultingina
mutantwithsevensubstitutedaminoacids．TheCD８Ｇsynthesizingactivityofthemutantwasincreasedby
１．２fold,andtheproductratioofCD７∶CD８shiftedto１∶７ascomparedwith１∶３fromthewildＧtype
enzyme．AnotherCGTasevariantwithnineaminoacidsubstitutionswasactiveatapHrangeof４．０to１０．
０．ComparedwiththewildＧtypeenzyme,whichwasinactiveatpH＜６．０,themutantretained７０％ofits
CD８ＧsynthesizingactivityatpH４．０．

Table１　EnzymesobtainedusingerrorＧpronePCRandDNAshuffling

Improved
property

Enzyme Site Improvements
Secondarystructure

orsubsite
Ref．

Selectivity Cyclodextrin
Glucosyltransferase

M２３４T/
F２５９I/V５９１A

The hydrolyzing activity of the
mutantwasincreased１５Ｇfold,and
thecyclizationactivitywasreduced
１０ＧfoldascomparedwithwildＧtype

＋１,＋２ [９]

Specificactivity βＧGalactosidase S４３２T/A７６２V Thespecificactivityofthemutant
wasincreased２Ｇfold

αＧhelix,Loop [１０]

ThermoＧstability Maltogenicamylase N１４７D/F１９５L/
N２６３S/D３１１G/
A３４４V/
F３９７S/N５０８D

Theoptimaltemperaturewas１０℃
higherthanthatofwildＧtype,and
the halfＧlife was ２０Ｇfold greater
thanthatofwildＧtypeat７８℃．

Loop,αＧhelix,

βＧsheet
[１１]

pHstability Cyclodextrin
Glucosyltransferase

E３９K/T６６S/L７１P/
I１０１L/S４６１G/
E４７２G/V６０５A/
N６０６K/R６８４H

Compared with the wildＧtype
enzyme,whichisinactivebelowpH
６．０,themutantretained７０％ofits
CD８ＧsynthesizingactivityatpH４．０

Loop,βＧsheet [１３]

Thermostability
andpHstability

Xylanase A５４T/K３０E/
W４０R/T５７A/K８０R
(S３２５),W４０R/
T５７A/K８０R(S３４０)

S３４０ retained ５４％ stability at
８０℃and６０％ stabilityatpH１０;
S３２５ displayed ８５％ stability at
８０℃and６０％stabilityatpH１０

Loop,βＧsheet [１２]

Product
specificity

Cyclodextrin
Glucosyltransferase

N１８７D/A２４８V/
V２５２E/H３５２L/
D４６５G/
E５６０V/E６８７G

IncreasedγＧcyclodextrinspecificity;
theproductratio of CD７∶ CD８
changedfrom１∶３to１∶７

＋１,＋２ [１３]

２．２　SiteＧdirectedmutagenesis
SiteＧdirectedmutagenesisisanimportantapproachtomodifyenzymegenes．Enzymeswithexcellent

propertiescanbeobtainedafterexperimentalvalidationthroughtheintroductionofbeneficialmutationsat
specificsites,with mutationsateithersingleormultiplesites．SiteＧdirected mutagenesisisarational
designthatcanonlybesuccessfullyimplementedonthebasisofafullunderstandingofenzymestructure
andfunction,aswellastheircatalyticmechanismsandactivesite(s)．Table２liststheenzymeswith
desirablepropertiesobtainedbysiteＧdirected mutagenesis．Theimprovedpropertiesoftheseenzymes
includeincreasedthermostabilityandsubstrateconversion,selectivity,and productspecificity．To
improvetheenzymethermostability,Duanetal．[１４]introducedaminoacidswithhighBＧfactorsintosucrose
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Table２　EnzymeswithexcellentpropertiesobtainedbysiteＧdirectedmutagenesis

Improved
property

Enzyme Site Improvements

Secondary
structure,
subsite,
ordomain

Ref．

Thermostability Sucroseisomerase E１７５N,K５７６D,
K１７４D,G１７６D,
S５７５DandN５７７K

ThehalfＧlivesofE１７５N,K５７６D,and
E１７５N/K５７６D mutants were ２．３０Ｇ,
１．７８Ｇ,and７．６５Ｇfoldlongerthanthatof
thewildＧtypeenzymeat４５℃

loop [１４]

Pullulanase D５０３F,D４３７H,
D５０３Y,D４３７H/
D５０３Y

The thermostability of the D４３７H/
D５０３Y double mutantincreased to an
optimaltemperature６０℃,andthehalfＧ
lifeat６０℃ was４．３Ｇfoldlongerthanthat
ofthewildＧtypeenzyme

loop [１５]

Substrate
conversion

LＧarabinoseisomerase K３２０R/N４７５K,
V４０８A/N４７５K,
K４２８N/N４７５K,
C４５０S/N４７５K

DＧtagatose conversion by the C４５０S/
N４７５Kmutantwas２０％ higherthanthat
ofwildＧtype

Loop,αＧ
helix,βＧ
sheet

[１６]

βＧGalactosidase F３５９Q,F４４１Y YieldsofGOSreached５０．９％ forthe
wildＧtypeenzyme,５８．３％ for F３５９Q,
and６１．７％forF４４１Y

－１,＋１
site

[２３]

Selectivity maltooligosyltrehalose
synthase(MTSase)

Y２９０F,Y３６７F,
F４０５YandY４０９F

Compared with wildＧtype MTSase,
MTSase F４０５Y showed decreased
hydrolysis:transglycosylation rations,
whereas MTSases Y２９０F,Y３６７F,and
Y４０９Fshowedincreasedratios．

＋１site [１８]

αＧGlucosidase Asn６９４wasreplaced
by Ala,Leu,Phe
andTrp

N６９４FandN６９４W mutationsledtothe
accumulation of larger amounts of
isomaltoseandisomaltotrioserelativeto
thoseachievedwiththewildＧtypeenzyme

＋２site [１９]

Product
specificity

Sucroseisomerase Q２９９E,ΔQ２９９and
Y２９６D

The Q２９９E mutant increased the
conversion rate of isomaltulose from
９０．２８％ to９４．１６％,Q２９９E,ΔQ２９９,
andY２９６Dshowedsignificanteffecton
productspecificity

Not
available

[２０]

Branchingenzyme M３４９T,M３４９S,
M３４９HandM３４９Y

M３４９Tand M３４９Sshowed２４．５％ and
２１．１％ increasesinspecificactivityas
compared withthatof wildＧtype GBE,
respectively．Additionally, M３４９T and
M３４９S displayed ２４．２％ and １７．６％
enhancements in the αＧ１,６Ｇglycosidic
linkageratio ofpotatoＧstarch samples,
respectively

Catalytic
domain

[２１]

Cyclodextrin
Glucosyltransferase

D１４５A,R１４６A/
D１４７P,R１４６P/
D１４７A

The R１４６A/D１４７P and R１４６P/D１４７A
double mutantsexhibitedαＧCDtototal
CD production ratios of ７５．１％ and
７６．１％,whichexceeded６３．２％fromthe
wildＧtypeenzyme

－７site [２２]
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isomerasetoobtainamutantwithahalfＧlife７．６５ＧfoldlongerthanthatofwildＧtype．Theyalsoscreeneda
pullulanaseD４３７H/D５０３YTmutantexhibitingahalfＧlife４．３ＧfoldlongerthanthatofthewildＧtypevariant
[１５]throughsequencealignmentandstructuralsimulation．Withregardtotheincreasedsubstrate
conversion,Ohetal．[１６]screenedanLＧarabinoseisomeraseC４５０S/N４７５KmutantexhibitingatagatoseＧ
conversionrateincreasedby２０％ ascompared withthewildＧtypevariantfollowingacombinationof
randomandsiteＧdirectedmutagenesis．Wuetal．[１７]obtainedaβＧgalactosidaseF４４１Ymutantcapableof
agalactooligosaccharideyieldof６１．７％ (wildＧtype:５０．９％)throughmultipleＧsequencealignments．To
increasetheenzymeselectivity,mutationslocatednearsubsite＋１ofmaltooligosyltrehalosesynthasewere
performedbyTsueiyunetal．[１８]inordertoaltertheratioofhydrolysistotransglycosylation．MTSase
selectivitycouldbechangedbyaltering hydrogen bondingand/orhydrophobicinteractionsbetween
substrateandenzymeatpositionsnearsubsite＋１oftheenzymeＧsubstratecomplex．Mutationofamino
acidsatsubsite ＋２ ofαＧglucosidase performed by Min etal． [１９]altered the hydrolysis and
transglycosylationreactions,resultinginaccumulationoflargeamountsofisomaltoseandisomaltotriose．
Besides,Liuetal．[２０]obtainedsucroseisomerase Q２９９E,ΔQ２９９,and Y２９６D mutantsexhibiting
significantimprovementsinproductspecificity．Liuetal．[２１]alsofoundthatabranchingＧenzymeM３４９T
mutantobtained through multipleＧsequence alignment and structural analysis displayed a ２４．２％
enhancementintheαＧ１,６ＧglycosidiclinkageratioinpotatoＧstarchsamples．Wangetal．[２２]masked
subsite－７oftheactivesitebyremovinghydrogenＧbondinginteractionsbetweentheenzymeandsubstrate
toblocktheformationoflargerCDs,resultinginincreasedspecificityfortheproductαＧCD．
２．３　Truncatedexpression

PreviousstudiesdemonstratedthatcertainregionsofenzymeＧencodinggenesarenotrequiredfor
enzymaticactivity [２４;２５];therefore,modificationmethodsinvolvingrandomorspecifictruncationof
genesareoftenusedtoincreaseenzymeＧexpressionlevelsortoimproveenzymeproperties．Truncationcan
beselectedatsinglesiteormultiplesites,andthetruncatedenzymecanbedirectlyobtainedbytruncation
atspecificsites,orenzymeswithexcellentpropertiescanalsobescreenedbyrandomtruncationand
constructionofatruncationlibrary．Duanetal．[２６]usedaD４３７H/D５０３Y (DM)mutantofpullulanase
fromBacillusderamificansasastartingstraintoconstructthreeNＧterminaltruncationvariantsfromthe
originalDMthatlackedtheCBM４１domain (DMＧT１),theCBM４１andX２５domains(DMＧT２),orthe
CBM４１,X２５,andX４５domains(DMＧT３)．Aftertheexpression,DMＧT３existedasaninclusionbody,
whereas７２．８％and７４．８％ ofthetotalpullulanaseactivitiesofDMＧT１andDMＧT２,respectively,were
secretedintothemedium．Theactivitiesofthetruncatedenzymeswere２．８Ｇand２．９Ｇfoldhigherthanthat
oftheDMenzyme,respectively．Baietal．[２７]reportedthatanNＧterminaltruncation(aminoacids１—
７３３)of４,６ＧαＧglucanotransferase(４,６ＧαＧGTase;GTFB)enzymesfromLactobacillusreuteriwasstrongly
enhancedinitssolubleexpressionofGTFBＧΔNinEscherichiacoli,whichwas~７５Ｇfoldhigherthanthat
offullＧlengthwildＧtypeGTFB．

Thestructuralmodificationsofkeyenzymesinvolvedinfunctionalsaccharideproductionhavebeen
analyzed．MutationsitesthatcanincreasethethermostabilityandpHstabilityofenzymesareusually
locatedinloopsandβＧsheets,withenzymestabilitiesincreasedbyalteringinteractionsbetweenamino
acids．Incontrast,mutationsitesthatchangeenzymeselectivityareusuallylocatedinthesubstrateＧ
bindingregionsofcatalyticdomains,whereasmutationsnearthecatalyticcenteralterthespecificactivity
oftheenzyme．Mostmutationsitesthatchangeproductspecificityarelocatedinthecatalyticdomainsor
substrateＧbindingsitesadjacenttothecatalyticdomains,whichcouldsignificantlyimpactthespecificityof
theproducts．Truncationofaminoacidresiduesthatarenotrequiredforenzymeactivitycanbeusedto
improvethesolubleexpressionoftheenzyme．

３　Efficientexpressionofenzymes

To meetconsumersneed,reducingthecostoffunctionalsaccharide productionis particularly
important．Thecostofkeyenzymesrequiredforfunctionalsaccharidepreparationaccountsforalarge



•Reviews•

SCIENCEFOUNDATIONINCHINA　　Vol．２６,No．１,２０１８ ２３　　　

proportionofthetotalcostofthisprocess．Therefore,increasingtheenzymeyieldtoreducecostsisof
greatsignificanceforthelargeＧscalepreparationoffunctionalsaccharides．Becausethekeyenzymes
involvedinfunctionalsaccharideproductionarefoodenzymes,theexpressionsystemsfortheseenzymes
areusuallyrequiredto begenerallyrecognizedassafe (GRAS)microorganisms．Inthiscontext,
prokaryoticexpression systems mainly include Bacillus expression systems [２８],and eukaryotic
expressionsystemsaremainlyyeast[２９]andmoldexpressionsystems[３０]．
３．１　Prokaryoticexpressionsystems

ThemostwellＧstudiedandwidelyusedprokaryoticexpressionsystemforsaccharideenzymesisBacillus
subtilis(Table３)[３１]．

Table３　Expressionofkeyenzymesinvolvedinfunctionalsaccharideproductioninprokaryoticexpressionsystems

Host Enzyme Source Enzymeunit Ref．

B．subtilis alkalineamylase Alkaliphilicbacterium N１０ ５９１．４U/mL [５５]

B．subtilis βＧCGTase Bacilluscirculans２５１ ５７１．２U/mL [３３]

B．subtilis αＧamylase Geobacillusstearothermophilus ２３００U/mL [５６]

B．subtilis αＧamylase BacilluslicheniformisCICC１０１８１ １３５２U/mL [５６]

B．subtilis DＧpsicose３Ｇepimerase Ruminococcussp．５_１_３９BFAA ９５U/mL [５７]

B．subtilis ４ＧαＧglucanotransferase Thermusscotoductus ６．０U/mL [３９]

B．subtilis βＧMannanase BacilluslicheniformisDSM１３ ２２０７U/mL [４０]

B．subtilis AlkaliＧtolerantxylanase BacilluspumilusBYG ３２７．２U/mL [４１]

B．licheniformis trehalosesynthase ThermomonosporacurvataJCM３０９６ ２４．７U/mL [４４]

B．licheniformis αＧamylase B．licheniformis １５５U/mL [４３]

B．amyloliquefaciens αＧamylase B．amyloliquefaciens ４８００U/mL [４６]

B．amyloliquefaciens glutaminase B．amyloliquefaciensSWJS２２ ２６９０．０２U/mg [４８]

B．megaterium amylase B．megaterium １６６６．６U/mL [５１]

B．megaterium levansucraseSacB B．megaterium ０．４２５２４U/mL [５３]

B．megaterium Levansucrase Lactobacillusreuteri１２１ ４１３．７U/mL [５４]

３．１．１　TheB．subtilisexpressionsystem
B．subtilishaslongbeenusedinfoodproduction．Theearliestfermentedfood,“Natto”,ismadefrom

soybeansfermentedwithB．subtilis [３２]．B．subtilisiswidelyusedinfoodＧenzymeproductionasa
BacillusmodelstrainandhascharacteristicsincludingnonＧpathogenicity,efficientproteinexpression,and
acleargeneticbackground．MostsaccharideenzymescanbeexpressedwellinB．subtilis．Forexample,βＧ
CGTase,whichispronetoforminginclusionbodiesinE．coli,canbewellsecretedextracellularlyinB．
subtilis,resultinginthehighestenzymeactivityreaching５７１．２U/mL [３３]．RecentresearchontheB．
subtilisexpressionsystemhasmainlyfocusedonmodificationofhostbacteriaandexpressionelementsand
optimizationofexpressiongenes．

WildＧtypeB．subtilisproducesaseriesofproteases,withthewidelyusedB．subtilisWB６００,WB７００,
and WB８００strainsderivedfrom B．subtilisstrain１６８through knockoutofsix,seven,andeight
proteases,respectively．TheexpressionlevelsoffoodenzymesinB．subtiliscanalsobeenhancedby
overexpressionofchaperonesorremovalofspecificchaperoneＧregulatoryelements．Overexpressionofthe
chaperoneprsAimprovedthefoldingofamylaseinB．subtilis,therebyenhancingitsresistancetoprotease
degradation[３４]．

Modificationofexpressionelementshasbeenfocusedonthescreeningandoptimizationofpromotersand
signalpeptides．Promotersusedforexpressionin B．subtilisare mainly dividedintoconstitutive,
inducible,stageＧspecific,andselfＧinduciblepromoters．Theexpressionviaaconstitutivepromoterdoesnot
requiretheadditionofaninducerthatcanbeactivatedcontinuouslyatdifferentstagesofcellgrowth．The
P４３andHpaIIpromotersarecommonlyusedconstitutivepromoters．Theexpressionstrengthassociated
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withconstitutivepromotersisusuallystrong,allowingproteinstobehighlyexpressedduringcellgrowth
andtherebyaffectcellgrowth．Induciblepromotersneedcertaininducerstoinitiatetheproteinexpression,
which can be wellregulated to optimize cell growth and enzyme production．Isopropyl βＧDＧ１Ｇ
thiogalactopyranoside(IPTG)Ｇinduciblepromoters[３５],sucroseＧinduciblepromoters[３６],andxyloseＧ
induciblepromoters[３７]arecommonlyused．TheIPTGＧinduciblepromoterdoesnotrepresentastrict
induciblepromoter,astheinductionstrengthissomewhatweak,andtheinducerIPTGistoxic,resulting
initslimitedindustrialapplication．TheindustrialapplicationofsucroseＧinduciblepromotersisalsolimited
becauseofitsweakexpressionstrength．Comparedwiththeaforementionedtwoinduciblepromoters,
xyloseＧinduciblepromotersarewidelyusedintheexpressionoffoodenzymes．TheexpressionofDＧpsicose
３ＧepimeraseusingaxyloseＧinduciblepromoterina７．５ＧLfermenterreached２．６g/L;however,the
problemisxyloseisexpensive．StageＧspecificpromotersarethosethatareactiveonlywhenthecellis
growntoaspecificstageanddonotrequiretheadditionofaninducer．SelfＧinduciblepromoterscaninitiate
expressionunderconditionsassociatedwiththermalchanges,ethanolstress,andsalt,acid,orglucose
deprivationwithouttheadditionofinducers[３８]．PmanPandPsrfarecommonselfＧinduciblepromotersthat
canbe usedto express proteins during highＧcellＧdensityfermentation．Recently,doubleＧpromoterＧ
expressionsystemshavebeenstudiedbasedontheireffectivenessatimprovingtheexpressionofforeign
proteins．ComparedwiththesinglepromoterPamyQ′,thedualpromoterPHpaIIＧPamyQ′canexpressαＧCGTase,

βＧCGTase,andpullulanaseat２．９Ｇ,１．３Ｇ,and１．５Ｇfoldgreaterlevels,respectively[３３]．Dualpromoters
consistingofanamylasepromoterfrom B．subtilis NA６４orBacilluslicheniformis andthesingle
promoterPHpaIIcanexpress４ＧαＧCGTaseat１１Ｇand１２Ｇfoldhigherlevelsrelativetothesinglepromoter
PHpaII,respectively[３９]．

Sinceoptimalsignalpeptidesfordifferentproteinsareusuallynotthesame,foodＧenzymeexpressioncan
beimprovedthroughhighＧthroughputscreeningofsignalＧpeptidelibrariesfortheoptimalsignalpeptide．
TheexpressionofβＧmannanaseinB．subtiliswasoptimizedbyscreeningtheoptimalsignalpeptide,SPlipA,
fromsixsignalpeptides．Combinedwiththeoverexpressionofrelatedchaperonesandoptimizationofthe
promoters,thefinalyieldreached２２０７U/mL[４０]．TooptimizetheexpressionofalkaliＧtolerantxylanase
inB．subtilis,theoptimalsignalpeptide,SPphoB,wasdeterminedbyscreening１１４SecＧtypesignalpeptides
and２４TatＧtypesignalpeptides,followedbyreplacementoftheoriginalpromoter,P４３,withthePglvm

promoter,resultingintheenzymeyieldincreasingto３２７．２U/mL[４１]．
TheexpressionlevelsofthesametypesofsaccharideenzymesinB．subtilisfromdifferentsourcescan

differgreatly．Forexample,theyieldofamylasefromB．licheniformisandB．stearothermophiluswas
９０U/mL and １１１U/mL, respectively; however, the specific activity of amylase from B．
stearothermophiluswas５．１Ｇfold higherthanthatfrom B．licheniformis．Toimprovetheenzyme
expressionin B．subtilis,strategiesincluding codon optimization,errorＧprone PCR,homologous
recombination,andgenetruncationareoftenused．
３．１．２　OtherBacillusexpressionsystems

InadditiontotheB．subtilisexpressionsystem,otherBacillusexpressionsystemsareusedforfoodＧ
enzymeexpression,includingB．licheniformis,Bacillusamyloliquefaciens,andBacillusmegaterium．
Strategiesforimprovingtheexpressionofsaccharideenzymesintheseexpressionsystemsaresimilarto
thoseusedinB．subtilis,whichincludeproteaseknockdowninhostbacteriaand/oroverexpressionof
chaperones,optimizationofpromotersandsignalpeptidesinexpressionplasmids,codonoptimization,and
mutationoftheexpressiongene．
B．licheniformisisasaprophyticbacterium widelydistributedintheenvironment[４２]．Duetoits

moderategrowthrate,correctfoldingofforeignproteinscanbeguaranteed．Currently,saccharide
enzymesthat werepreviouslyexpressedin B．licheniformisincludeαＧamylase [４３],βＧglucanase,
trehalosesynthase[４４],andCDCGTase[４５]．Incontrast,B．amyloliquefaciensiscommonlypresentin
soilandanimalgutandcanbeeasilyseparatedandcultivated [３１]．FoodenzymesexpressedinB．
amyloliquefaciensincludeamylase[４６],αＧglucosidase[４７],pullulanase[４７],andglutaminase[４８]．B．
megateriumhasbeenstudiedfor ＞１００years [４９],andalthoughitisnotclassifiedasagenerally
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recognizedassafe microorganisms,itiscompletelynonＧpathogenicand wasclassifiedassafebythe
GermanFederal MinistryofFoodand Agriculturein２０１３ [５０]．B．megaterium doesnotproduce
extracellularalkalineprotease,presentsplasmidsthataregeneticallystable,andcanuseawiderangeof
carbonsources,makingthemsuitableforindustrialfermentation．Currently,foodenzymesexpressedin
B．megateriumincludeamylase[５１],βＧgalactosidase[５２],andlevansucrase[５３;５４]．
３．２　Eukaryoticexpressionsystems

EukaryoticexpressionsystemsforfoodＧenzymeexpressionmainlyconsistofyeastandmoldexpression
systems(Table４)．

Table４　Expressionofkeyenzymesinvolvedinfunctionalsaccharideproductionineukaryoticexpressionsystems

Host Enzyme Source
Enzymeunit

(U/mL) Ref．

P．pastoris xylanase Streptomycessp．FA１ １７８８ [６１]

P．pastoris Maltooligosyltrehalosesynthase SulfolobusacidocaldariusATCC３３９０９ ７４７．７ [６２]

P．pastoris βＧmannanase Rhizomucormiehei ８５２００ [６４]

P．pastoris βＧmannanase A．nigerGIM３．４５２ ２２２．８ [７５]

P．pastoris αＧgalactosidase A．niger １２９９ [６０]

P．pastoris αＧgalactosidase Rhizomucormiehei １９５３．９ [７６]

P．pastoris endoＧpolygalacturonase Aspergillusaculeatus ２４０８．７ [６５]

S．cerevisiae βＧ１,３Ｇ１,４Ｇglucanase B．subtilis ４５．１ [６３]

A．niger xylanase A．nigerCICC２４６２ ４４９５．９ [７４]

A．niger glucoamylase A．niger ２７４ [７０]

A．niger glucoamylase Talaromycesstipitatus ８００ [７１]

３．２．１　Yeastexpressionsystems
Yeastsare eukaryotic,singleＧcelled microorganismsthatexhibitsimilar advantagesto those of

prokaryoticandeukaryotichosts．Theyaresafe,reliable,andgrowrapidlywithsimplecultivation．The
mostprominentfeatureofyeastsistheirabilitytorecognizeeukaryoticgenesandtranscribeandtranslate
themintoactiveproteins．AsproteinＧexpressionsystems,yeasthasbeenwidelyusedinthefieldofgenetic
engineering,withseveralexpressionsystemsdeveloped,includingthoseassociatedwithPichiapastoris,
Saccharomycescerevisiae,Schizosaccharomycespombe,Kluyveromyceslactis,and Candidautilis．
Amongthem,S．cerevisiaeandP．pastorisaremostcommonlyused [５８;５９]．Mosteukaryoticfood
enzymescanbeexpressedinyeastexpressionsystems,whichalloweasycultivation,enablemutagenesis
andgeneＧfunctionstudies,andpossessthecapacityforproteinpostＧtranslationalprocessing．

Manytypesofsaccharideenzymesarecurrentlyexpressedintheyeastexpressionsystems．Onestudy
reportedoptimizationofαＧgalactosidaseexpressioninP．pastoristhroughcodonoptimization,signalＧ
peptidereplacement,andcomparativeselectionofhoststrainsandsaturation mutagenesisofprotease
sites,resultinginenzymeactivityof１２９９U/mLfroma２ＧLfermentationandwhichwas１２Ｇfoldhigher
thanthatinunalteredrecombinantP．pastoris[６０]．Additionally,optimizationofinductiontemperature
andtime,aswellasmethanolconcentration,enhancedtheactivityofxylanaseexpressedinrecombinant
P．pastorisina３．６ＧLfermenterto１３７４U/mLafter１３２hoffermentation[６１]．Similarly,theactivityof
maltooligosyltrehalosesynthaseexpressedinrecombinantP．pastorisina３．６ＧLfermenterreached
７４７．３U/mLaftera９６Ｇhfermentationbyoptimizingthesameexpressionparameters[６２]．Otherfood
enzymesexpressedinyeastexpressionsystemsincludeβＧ１,３Ｇ１,４Ｇglucanase[６３],βＧmannanase[６４],and
endoＧpolygalacturonase[６５]．
３．２．２　Moldexpressionsystems

Aspergillusnigerisa wellＧstudiedandcommonly usedexpressionsystem fortheexpression of
saccharideenzymes．A．nigerhasacleargeneticbackgroundandstrongabilitytosecreteextracellular
proteins,includingamylase,andhavelongbeenusedintheindustrialproductionoffoodandmedicine,
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giventheirclassificationasasafestrain[６６]．Theuseoffilamentousfungi,suchasA．niger,toexpress
enzymeshasbecomeaprimarymethodforenzymeproductioninChinasince２０１３．Among５２typesof
foodＧenzymepreparationsin China (GB２７６０Ｇ２０１１),１７areproduced usingthegenetically modified
Aspergillusstrains;however,endogenousenzymes,includingglucoamylaseandαＧamylase,from A．
nigeraffectthepurityofexpressedproteins,impedingitsuseforfurtherexogenousenzymeseparationand
purification．ThebackgroundexpressionofamylasescanbereducedbyknockingouttheamyRgeneinthe
genome[６７]．MostproteinsexpressedinA．nigerundergoglycosylation,whichcanaffecttheirfunctions
andproperties,includinghalfＧlife [６８]．StrategiestoimprovetheexogenousproteinexpressioninA．
nigerincludeuseofstronghomologouspromoters,increasingthecopynumberofexpressedgenes,coＧ
expressionofchaperones,knockoutofproteases,selectionofrandom mutations,geneＧfusionexpression,
andoptimizationoffermentationconditions[６９]．

ManytypesoffoodenzymeshavebeenexpressedusingtheA．nigerexpressionsystem．Aprevious
studyreportedthatglucoamylaseandglucosewereproducedusingpotatowastefermentedbyA．niger．
Usingthefollowingoptimizedmedium,expressionofthetwoproductsincreasedby１２６％ and９８％ to
２７４U/mLand ４１．７g/L,respectively [７０]．Fourteen predicted amylase genesand nine predicted
glucoamylasegeneswereidentifiedandrecombinantlyexpressedinE．coliandA．niger,resultingin
screeningofglucoamylasefromTalaromycesstipitatuscapableofrawstarchdigestion,withsubsequent
enzymeexpressioninA．nigerreaching８００U/mLina２０ＧLfermenter[７１]．Studiesontheeffectof
carbonrepressorsonfoodＧenzymesecretionduringsolidＧstatefermentationofA．nigerrevealedthat
certainconcentrationsofglucosehelpcellsproduce moonlightingproteins,whichareessentialinthe
classicalsecretorypathway．Comparedwiththemediumcontainingonlystarch,amylaseandglucoamylase
activitiesincreased８Ｇfoldandbetween２０Ｇand２９Ｇfoldinthemediumcontainingstarchandglucose(６０—１２０g/L)
[７２]．Otherfood enzymes expressed in A．niger include βＧmannase [７３],αＧgalactosidase,and
xylanase[７４]．
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