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KASUTATUD LUHENDID

DNS — 3,5-dinitrosalitstitlhape

FOS — fruktooligosahhariid

Fru — fruktoos

Gal — galaktoos

Glc — gliikoos

GH — gliikosiidi hiidrolaas

HPLC - korgefektiivne vedelikkromatograafia (high-performance liquid chromatography)
KA — konserveerumise aste

kcat— kataluttiline konstant (1/s)

Km — Michaelis’e konstant ehk afiinsus substraadile (mM)

LevU — Zymomonas mobilis’e levaansukraas

Lsc3 — Pseudomonas syringae pv. tomato DC3000 levaansukraas
LsdA — Gluconacetobacter diazotrophicus’e levaansukraas

LscA — Pseudomonas chlororaphis subsp. aurantiaca levaansukraas
MsFFase — Microbacterium saccharophilum’i p-fruktofuranosidaas
PA — polimerisatsiooniaste

SacB — Bacillus subtilis’e ja Bacillus megaterium’i levaansukraas
TA — transfruktostiliv aktiivsus

TLC — 6hukese kihi kromatograafia (thin layer chromatography)
Vmax — maksimaalne reaktsioonikiirus (U/mg)

wt — metsiktiupi (muteerimata) valk (wild type)



SISSEJUHATUS

Levaansukraasid on bakteriaalsed rakuvalised enstimid, glikosiidi hudrolaaside (GH)
perekonnast 68. Nad kataltlsivad nii substraadi (nt sahharoosi) hudrolidsi kui ka
fruktoosjaédgi Ulekannet erinevatele aktseptoritele. Reaktsiooni kdigus moodustavad B-2,6-
sidemega seotud fruktaanid: polumeerne levaan ja lihikese ahelaga fruktooligosahhariidid
(FOS-id). Pohiline levaansukraaside substraat on sahharoos, kuigi paljud levaansukraasid on
vOimelised kasutama ka rafinoosi ja stahhtoosi. Viimase kahe substraadi kasutamist
levaansukraasidel on siiski védhe uuritud. Fruktaanidel on mitmeid biotehnoloogilisi
rakendusi. Neid saab kasutada nditeks toidutehnoloogias, farmaatsia- ja keemiatoostuses ning
meditsiinis. Kuigi levaani-tiipi FOS-ide prebiootiline toime vOib olla isegi tdhusam kui
laialdaselt kasutatavatel inuliini-titpi FOS-idel, on seda veel vahe uuritud, sest neid FOS-e ei
toodeta toostuslikult. Prebiootiliselt vaiksid eriti tdhusad olla rafinoosist stinteesitud FOS-id,

kuna juba rafinoosil endal on prebiootiline toime.

Meie toogrupis on isoleeritud stabiilne ja kataludtiliselt vaga aktiivne levaansukraas Lsc3
bakterist Pseudomonas syringae pv. tomato. Oleme nédidanud, et see valk on kasutatav levaani
ja FOS-ide sunteesiks mahus, mis vdimaldaks bioloogiliste toimete (nt prebiootilisuse)
uuringuid. Minu magistritod eesmargiks oli uurida mutatsioonanaliiisiga mitmete
aminohapete olulisust ja rolli Lsc3 valgu kataluisis ja substraadivalikus. T66 eesmargid on
detailsemalt toodud peatiikis 2.1.

T6O 16ppu on lisana koidetud 2014. aastal ajakirjas Molecules ilmunud artikkel pealkirjaga
,,High-throughput assay of levansucrase variants in search of feasible catalysts for the
synthesis of fructooligosaccharides and levan®, milles olen kaasautor. Minu panus artiklisse
seisnes selles, et ma konstrueerisin, siinteesisin ja puhastasin kuus selles artiklis kasitletud
mutantset Lsc3 varianti: Trpl09Ala, Glull0Asp, Hisl13Ala, Glul46GIn, Glu236GIn ja

Val248Ala ning iseloomustasin nende kataltdtilisi omadusi.

Too valmis Tartu Ulikooli Molekulaar- ja Rakubioloogia Instituudi Geneetika Gppetoolis,
Eesti Teadusagentuuri grantiprojekti GLOMR9072 ning EL Regionaalarengu Fondist
rahastatud projekti “Design and application of novel levansucrase catalysts for the production
of functional food ingredients (Functional Food Ingredients, FFI)” SLOMR12215T raames.
Ténaksin oma juhendajaid Tiina Alamée’d, Karin Mardo’t ja Triinu Visnapuu’d, kes aitasid
kaesolevat t60d koostada ja praktilist t66d planeerida. Avaldan tanu ka kdikidele TUMRI
tO0tajatele, kes aitasid t00 valmimisele kaasa, ning Heiki Vija’le Keemilise ja Bioloogilise
Fldsika Instituudist, kes viis l1&bi proovidele kdrgefektiivse vedelikkromatograafia ja esmase

andmeanaliisi.



1. KIRJANDUSE ULEVAADE
1.1 Levaansukraasid

Levaansukraasid (EC 2.4.1.10) on bakteriaalsed ekstratsellulaarsed ensiiiimid, mis kuuluvad
glukosiidi hudrolaaside (GH) perekonda 68. Lisaks levaansukraasidele kuuluvad GH68
perekonda ka p-fruktofuranosidaasid (EC 3.2.1.26) ja inulosukraasid (EC 2.4.1.9)
(www.cazy.org). Levaansukraasid siinteesivad kdrge poliimerisatsiooniastmega (PA) [-2,6
sidemega levaani, mille molekulmass voib ulatuda 20-st kDa kuni mitme MDa, voi lihema
ahelaga fruktooligosahhariide (FOS) (Lammens et al., 2009). Levaansukraasid on
multifunktsionaalsed, nad on v@imelised katalliisima nii substraadi hidroltisi kui ka
fruktoosijadkide polimerisatsiooni (Meng ja Futterer, 2003). Pohiline levaansukraaside
substraat on sahharoos, kuigi on néidatud, et paljud levaansukraasid on vdimelised kasutama
ka rafinoosi (a-D-Galp-(1—6)-a-D-Glcp-(1—2)B-D-Fruf;, GalGF) ja stahhiioosi (a-D-Galp-
(1—6)-0-D-Galp-(1—6)-a-D-Glcp-(1—2)-p-D-Fruf; Gal2GF) substraadina (Joonis 1)
(Yanase et al., 2002; van Hijum et al., 2004; Seibel et al., 2006; Visnapuu et al., 2011).

Sahharoos Rafinoos S(JlfalLihﬁ()cgs

Joonis 1. Sahharoosi, rafinoosi ja stahhtoosi 2D struktuurid. Fru vastab fruktoosile, Glc
glukoosile ja Gal galaktoosile. Rohelise vérviga on tahistatud susinikud, punasega hapnikud
ja halliga vesinikud. Margitud on ka suhkrujaakide positsioonid, mille vahele on
moodustunud gliikosiidside (Visnapuu, 2012).

Levaansukraasi geene leidub grampositiivsetel ja -negatiivsetel bakteritel, néiteks liikidel P.
syringae (Hettwer et al., 1995; Li et al., 2001; Visnapuu et al., 2008), Gluconacetobacter
diazotrophicus (Martinez-Fleites et al., 2005), Zymomonas mobilis (Yanase et al., 2002),
Erwinia amylovora (Caputi et al., 2013), Bacillus subtilis (Meng ja Futterer, 2003), B.
megaterium (Homann et al., 2007), Lactobacillus sanfranciscensis (Korakli et al., 2003), L.
reuteri (Van Geel-Schutten et al., 1999), Leuconostoc mesenteroides (Kang et al., 2014), aga

ka monel arhel nt Haloalkalicoccus jeotgali ja Haloarcula marismortui (CAZy;

WWW.cazy.org).


http://www.cazy.org/
http://www.cazy.org/

1.1.1 Levaansukraaside ehitus ja reaktsioonimehhanism

Soltuvalt bakterite kuuluvusest grampositiivsete vOi -negatiivsete hulka, on nende
levaansukraasi  valkude pikkus oluliselt erinev. Grampositiivsete bakterite, eriti
piimhappebakterite, valgud on enamasti suuremad. Naiteks L. sanfranciscensis’e
levaansukraas on 879 aminohappe (ah) pikkune (Tieking et al., 2005), kuid gramnegatiivse Z.
mobilis’e levaansukraasi pikkus on poole lithem - 423 ah (Kyono et al., 1995). Selles t60s
uuritav valk Lsc3 on 431 ah pikkune (Visnapuu et al., 2008). Kuigi levaansukraaside
valgujarjestused ja pikkused on erinevad, on neis mitmeid konserveerunud piirkondi.
Levaansukraasidel on viielabalise B-propelleri kuju, kus iga propelleri laba omakorda koosneb
neljast antiparalleelsest B-ahelast (Joonis 2). Valgul on tsentraalne negatiivselt laetud 6dnsus,
mille pdhjas asub aktiivtsenter. Aktiivtsenter koosneb kolmest korgelt konserveerunud
happelisest aminohappest: kahest aspartaadist ja glutamaadist. Neid aminohappeid
nimetatakse ka katallitiliseks kolmikuks ja nende asendamisel teist tllpi aminohapetega,
naiteks alaniiniga, muutuvad valgud kataltdtiliselt inaktiivseks (Meng ja Futterer, 2003;
Lammens et al., 2009).
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Joonis 2. B. subtilis’e levaansukraas SacB (A) ja selle aktiivtsenter (B). Punasega on
tahistatud katalGttilisse kolmikusse kuuluvad aminohapped (Asp86, Asp247 ja Glu342)
(Lammens et al., 2009).

Levaansukraasidel leidub mitmeid konserveerunud valgujérjestuse motiive, nditeks VWD,
EWSG, RDP, D(E/Q)(T/I/V)ER ja TYS (Meng ja Ftterer et al., 2003; Martinez-Fleites et al.,
2005). Arg-Asp-Pro (RDP) motiivis paiknev aspartaat kuulub kataltitilisse kolmikusse (Lisa
2, Joonis 2). Arginiin ja aspartaat osalevad substraadi sidumises ja moodustavad
vesiniksidemeid fruktoosijadgi C3- ja C4-hudrokslulrihmadega. Aspartaat on oluline
substraadi &ra tundmisel ja stabiliseerib substraaditaskusse seotud enstlmi-substraadi
vahelhendit (Nagem et al., 2004). D(E/Q)(T/I/V)ER motiivi kuuluv glutamaat on alus-hape



katallilisijaks ja VWD-motiivis paiknev aspartaat on reaktsioonis nukleofiiliks (Meng ja
Futterer, 2003; Martinez-Fleites et al., 2005).

Levaansukraasi reaktsioonimehhanismi sahharoosiga kirjeldab Joonis 3, millel on naidatud

esimese (lihima) levaani-tilpi FOS-i, 6-kestoosi, moodustumine transfruktostulimisel.
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Joonis 3. Levaansukraasi reaktsioon sahharoosiga B. subtilis’e SacB valgu naitel.

Sahharoos seostub vesiniksidemete abil fruktosulli doonorina substraaditaskusse, nukleofiil
Asp86 deprotoneeritakse ja Glu342 (alus-hape katalliisija) on protoneeritud (A). Jargnevalt
toimub glikosiidsideme hudroluts sahharoosi molekulis, glikoosi jaak vabaneb ja
fruktoosijadk jaab kovalentselt seotuks nukleofiiliga Asp86. Arg360 killgahel muudab oma
rotameerset asetust ja moodustab ioonse sideme Glu340-ga (B). Aktseptorpiirkonda seostub
teine sahharoosi molekul: fruktoosijadk seostub +1 ja glikoosijadék +2 alapiirkonnas. Glu342
deprotoneeritakse ja see on valmis moodustama glikosiidsidet enstimiga seostunud
fruktoosijadgiga (C). Moodustub glikosiidside, transfuktostiulimisprodukt 6-kestoos vabaneb
substraaditaskust ning Arg360 votab endise konformatsiooni (D). Mittekovalentsed sidemed
on néidatud katkendliku joonega. Joonis périneb artiklist Meng ja Ftterer (2008).

Fruktostiuli aktseptorite ring on levaansukraasidel suhteliselt lai ja aktseptoritena toimivad
mitte ainult sahharoos ja fruktaaniahelad, vaid ka mitmed teised suhkrud ja alkoholid. Kui
aktseptorpiirkonda siseneb veemolekul, siis toimub substraadi hidrolids. Kui aktseptoriks on
glukoos, siis toimub vahetusreaktioon ja produktina moodustub taas sahharoos (Meng ja
Futterer, 2003; Martinez-Fleites et al., 2005; Ozimek et al., 2006; Meng ja Futterer, 2008).

On ndidatud, et kui levaansukraasi reaktsioon viia l&bi sahharoosi ja mdne teise suhkru
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seguga, siis kasutavad P. syringae pv. tomato Lsc3 ning P. chlororaphis subsp. aurantiaca
LscA valgud fruktostuli aktseptorina ka alternatiivseid suhkruid, nt D-kstloosi, D-fukoosi, L-
ja D-arabinoosi, D-riboosi, D-sorbitooli, ksulitooli, ksulobioosi, D-mannitooli, D-
galakturoonhapet ja mettil-a-D-glikopuranosiidi. Produktidena moodustuvad nii nn tavalised

fruktaanid kui ka heterooligofruktaanid (Visnapuu et al., 2011).

Levaansukraasid on vdimelised siinteesima nii lineaarseid kui ka hargnenud struktuuriga
produkte. Kui levaani pdhiahelas on fruktoosijadkide vahel on 3-2,6 sidemed, siis hargnemine
toimub B-2,1 sidemete kaudu (Han, 1990; Anwar et al., 2010).

1.1.2 Levaansukraaside kristallstruktuurid

Levaansukraasid ~on  praeguse seisuga  kdige enam  uuritud  bakteriaalsed
fruktosliultransferaasid. Praeguseks on kristalliseeritud B. subtilis’e, B. megaterium’i, G.
diazotrophicus’e ja E. amylovora levaansukraasid, kuid viimase struktuuriandmeid ei ole veel
PDB andmebaasis kattesaadav (Tabel 1; Meng ja Ftterer, 2003; Martinez-Fleites et al., 2005;
Meng ja Futterer, 2008; Strube et al., 2011; Caputi et al., 2013). Esimesena tehti kindlaks B.
subtilis’e levaansukraasi SacB kristallstruktuur (Meng ja Fiitterer, 2003). SacB kataltditiliselt
inaktilvne mutant Glu342Ala on kristalliseeritud ka koos ligandidega: sahharoosiga ja
rafinoosiga (Meng ja Fitterer, 2003; Meng ja Futterer, 2008). On lahendatud ka L. johnsonii
inulosukraasi ja Microbacterium saccharophilum’i (endine nimetus Arthrobacter sp. K-1) -
fruktofuranosidaasi struktuurid (Pijning et al., 2011; Tonozuka et al., 2012; Tabel 1). M.
saccharophilum’i  B-fruktofuranosidaas on jérjestuselt ja ehituselt vé&ga sarnane
levaansukraasidega ning see enstiim on kristalliseeritud ka koos fruktoosiga selle
aktiivtsentris (Ito et al., 2002; Tonozuka et al., 2012; Ohta et al., 2014). Kristallstruktuuride
andmeid saab kasutada teiste sarnaste valkude struktuuri modelleerimiseks, et vélja valida
valgupiirkondi ja positsioone mutatsioonanaliiiisiks. Ka saab neid kasutada valgumutantide
omaduste interpreteerimiseks. Meie tdogrupis on P. syringae pv. tomato levaansukraasi
struktuuri  modelleerimiseks kasutatud G. diazotriphicus’e levaansukraasi ja M.
saccharophilum’i B-fruktofuranosidaasi kristallstruktuure (Visnapuu et al., 2001; Mardo,
2011; Mardo et al., 2014 a).



Tabel 1. Kristalliseeritud levaansukraasid (www.rcsb.org; Vaher, 2013).

. Valgu PDB . Difraktsiooni .
Valk ja bakter tahistus | 1D Ligand madr (A) Viide
10YG | — 1.50 Meng ja Fitterer, 2003
Levaansukraas -
Bacillus subtilis 168 SacB 1PT2 | sahharoos | 2.07 Meng ja Futterer, 2003
3BYN | rafinoos 2.03 Meng ja Ftterer, 2008
Levaansukraas . .
Gluconacetobacter LsdA | 1W18 | — 2.5 gil)%r;mez-Fleltes etal,
diazotrophicus SRT4
Levaansukraas | go0p | 32 | — 1.9 Strube et al., 2011
Bacillus megaterium
Inulosukraas 2YFR | — 1.75 Pijning et al., 2011
Lactobacillus InuJ 2YFS | sahharoos | 2.60 Pijning et al., 2011
johnsonii o
NCC533 2YFT | 1-kestoos | 1.85 Pijning et al., 2011
p-frukto- 3VSR | - 2.0 Tonozuka et al., 2012
furanosidaas* MsFFase
Microbacterium 3VSS | fruktoos 1.97 Tonozuka et al., 2012
saccharophilum

*Struktuurilt sarnane levaansukraasidega

1.1.3 Levaansukraaside mutatsioonanaliits

Et teha selgeks aminohapete olulisust valgus ja nende rolli katallisis, kasutatakse
aminohapete asendamist valgus ja saadud mutantse ja algse valgu omaduste vordlevat
analliusi. On kasulik kui tulemuste interpreteerimisel ja ka muteeritavate positsioonide valikul
saab kasutada ka uuritava valgu vdi mdne sellele hasti ldhedase valgu kristallstruktuuri

andmeid.

Kasutatakse nii kindlate positsioonide suunatult muteerimist valgus kui ka juhuslikku
mutageneesi. Levaansukraasidest on mutatsioonanalliiisiga kdige enam uuritud Z. mobilis’e
(Yanase et al., 2002; Li et al., 2008), B. subtilis’e (Meng ja Fiitterer, 2003; Ortiz-Soto et al.,
2008) ja B. megaterium’i (Homann et al., 2007; Strube et al., 2011) levaansukraase. Mutante
on tehtud ja analtisitud ka Arthrobacter’i p-fruktofuranosidaasil (Ohta et al., 2014) ja G.
diazotrophicus’e levaansukraasil (Martinez-Fleites et al., 2005). Meie grupis on tegeldud P.
syringae pv. tomato levaansukraaside, peamiselt Lsc3 valgu mutatsioonanaltilisiga, kasutades
nii juhuslikku kui ka suunatud mutageneesi (Visnapuu et al., 2011; Mardo, 2011; Mardo et
al., 2014 a; Lisa 1).

G. diazotrophicus’e, B. subtilis’e, B. megaterium’i ja L. reuteri levaansukraasides on koht-
suunatud mutageneesi abil tdestatud valkude kataltutilised nukleofiilid, need on vastavalt

Aspl35, Asp86, Asp95 ja Asp249 (vt Lisa 2). Nende positsioonide asendamine mdne teise
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aminohappega hairib vaga tugevasti katalulsi (Meng ja Futterer, 2003; Ozimek et al., 2006;
Martinez-Fleites et al., 2005; Homann et al., 2007). Sisuliselt on sellised mutandid
kataltttiliselt inaktiivsed (vt ka pt 1.1.1). Kataltdtiliselt inaktiivsed mutandid on meie
toogrupis tehtud ka P. syringae pv tomato Lsc3 (Mardo et al., 2014 a) ja Lsc2 valkudel
(Mardo et al., 2014 b). Katalultiliselt inaktiivseid valgumutante saab kasutada nende
kristalliseerimisel koos natiivse substraadiga, sest substraadi seondumisele ei jargne selle
Kiiret hidroltdsi (vt Tabel 1).

Sageli voib ka juhuslik mutagenees anda valgu kohta olulist informatsiooni. Néiteks juhusliku
mutageneesiga sbeluti paljude mutantide seast valja Z. mobilis’e levaansukraasi kataliiiitiliselt
inaktiivne mutant Glu278Asp (Yanase et al., 2002). Glu278 on LevU valgus (ks kataltditilise
kolmiku aminohapetest, alus-hape katalulsija (vt Lisa 2). Yanase et al. (2002) muteerisid Z.
mobilis’e levaansukraasi plasmiidil asuvat geeni lammastikushappega. Seejarel kloneeriti
muteeritud geen Umber teise plasmiidi ja viidi E. coli rakkudesse. E. coli transformantide
kolooniaid kasvatati sahharoosi sisaldaval sootmel ja jalgiti lima (levaani) teket. LevU valgu
Glu278Asp varianti ekspresseeriva E. coli kolooniad olid mittelimased. Mutandi Glu278Asp
biokeemiline anallilis nditas, et tema kca Sahharoosile langes tle 30 korra vorreldes algse
valguga, samas afiinsus sahharoosile oluliselt ei muutunud. Samas positsioonis tehti ka
Glu278 koht-suunatud asendus histidiiniga, mis pdhjustas umbes 200-kordse kcat véartuse
alanemise ning ka afiinsus sahharoosile langes margatavalt, ~2.5 korda. Autorid jareldasid, et
Glu278 on oluline glikosiidsideme I8hustamisel substraadis (Yanase et al., 2002). Koht-
suunatult uuriti Z. mobilis’e levaansukraasi positsiooni His296, milles tehti 9 asendust (Arg;
Trp; Lys; Leu; GlIn; Ser; Cys; Glu; Tyr). Mutantidel langes afiinsus sahharoosile drastiliselt
(8-75 korda) ja monede mutantide puhul ei dnnestunud kataltiatilist aktiivsust ldse tuvastada.
Autorid  jareldasid, et His296 ei osale otseselt sahharoosi hidrolidsis ja
transfruktostiilimisreaktsioonides, kuid on nende toimumiseks vajalik, sidudes
aktiivtsentrisse substraati voi aktseptorit (Li et al., 2008). His321 (His296 homoloog)
asendamine Lsc3 valgus tdi samuti kaasa vaga suure afiinsuse languse sahharoosile ja olulise
pollimerisatsioonivdime alanemise (Visnapuu et al., 2011). Joonisel 4 on néidatud Arg360

(His296 homoloog B. subtilis’e SacB valgus) roll levaansukraasi reaktsioonis.

Mutatsioonianaltiisiga on v@imalik tuvastada positsioone, mis vdiksid olla olulised
slinteesitavate produktide spektris. Naiteks B. subtilis’e levaansukraasi SacB Tyr429 voi
Arg433 asendused alaniiniga voi Arg360 asendamine seriiniga pdhjustas selle, et mutandid ei
suutnud enam pollimeerset levaani sunteesida (Ortiz-Soto et al., 2008). Li et al. (2011)

ennustasid L. reuteri inulosukraasi kohta ilmunud t60 (Ozimek et al., 2006) alusel Z.
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mobilis’e levaansukraasi substraaditasku -1 alampiirkonda kuuluvaid aminohappeid,
konstrueerides vastavad mutandid ja uurides nende omadusi. Trpl18Asn, Trpll8His ja
Argl193Lys mutandid praktiliselt kaotasid vOime silinteesida levaani ja nende afiinsus
sahharoosile ja ka transfruktostiliv aktiivsus langes oluliselt. LevU mutantide Trp47Asn ja
Trp47His sunteesitud FOS-ide spekter erines suurel méaral muteerimata valgu omast — need

mutandid ei suutnud suinteesida tri-, tetra- ja pentasahhariide (Li et al., 2011).

Mutatsioonianalliisiga saab vélja selgitada ka valkude (termo)stabiilsuseks olulisi
positsioone, et selle kaudu saada stabiilsemaid valke. Naiteks Arthrobacter sp. K-1 pB-
fruktofuranosidaasi termostabiilsus téusis kui valgus tehti juhusliku mutageneesiga mitmeid
asendusi. Mutatsioone viidi sisse vigaderohke PCR-i meetodiga, kasutades Diversity PCR
stisteemi (Takara Bio Inc. Otsu, Japan). Nii saadi nditeks mutant, mille jadkaktiivsus parast 30
min kuumutamist temperatuuril 55°C oli tdusnud 17%-It (muteerimata valgu vastav vaartus)
84%-ni, samas oli mutandi sahharoosi I8hustav aktiivsus langenud 7 korda (Ohta et al., 2014).
Osa selles to6s tehtud mutantidest on ka kristalliseeritud (www.pdb.org). Erinevalt
gramnegatiivsete  bakterite  levaansukraasidest vajavad grampositiivsete  bakterite
levaansukraasid stabiilsuseks Ca-ioone ja vastavat soola lisatakse alati enstimi uurimisel
kasutatavatesse puhvritesse. Kui L. reuteri 121 levaansukraasis muteeriti Ca®* sidumises
osalev aspartaat alaniiniks, siis langes ensutimi termostabiilsus ning ka kataltutiline aktiivsus
(Ozimek et al., 2005). P. syringae pv. tomato Lsc3 valgu muteerimisel selgus, et valgu N-
terminaalsesse osasse tehtud asendused Asp31Asn ja Thr4dllle tegid valgu oluliselt
termolabiilsemaks (Mardo, 2011; Lisa 1), samas Ca-iooni Lsc3 valgu struktuuri

stabiliseerimiseks ei vajata (Visnapuu, 2012).
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2. EKSPERIMENTAALOSA
2.1 T66 eesmérgid

Kuna P. syringae pv. tomato Lsc3 valgul on biotehnoloogilist potentsiaali uudsete ja veel
ebapiisavalt uuritud prebiootikumide (levaani ja levaani-tutpi FOS-ide) siinteesiks, siis on
selle enstimi igakulgne iseloomustamine ja uute perspektiivsete ensliimivariantide
konstrueerimine oluline. Selle t66 eesmaérgiks oli uurida meie poolt valjavalitud aminohapete
olulisust ja rolli P. syringae pv. tomato Lsc3 valgu katallisis ja substraadivalikus, kasutades

selleks valgumutantide konstrueerimist ja analtdsi.

T60s pustitati jargmised Ulesanded:

1) Valida valgujoonduste ja kirjanduse alusel valja muteeritavad positsioonid Lsc3 valgus;
2) Konstrueerida, slinteesida ja puhastada mutantsed Lsc3 variandid,;
3) Iseloomustada mutantsete valkude katalGutilisi ja biokeemilisi omadusi;

4) Interpreteerida mutantsete valkude omadusi ja seostada toimunud muutusi muteeritud

aminohappe oletatava paiknemisega valgus.

2.2 Materjal ja metoodika
2.2.1 Kasutatud bakteritived ja plasmiidid

Mutantsete levaansukraaside geenide ekspresseerimiseks kasutati kérge koopiaarvuga pURI3
vektorit (Rivas et al., 2007; Curiel et al., 2011), millesse kloneeriti P. syringae pv. tomato
DC3000 Isc3 muteeritud variandid nagu on ndidatud artiklis Visnapuu et al. (2011) (vt pt
2.2.2). Metsiktidpi Isc3 geeni ekspresseerimiseks kasutati plasmiidi pURI3-Isc3 (Visnapuu et
al., 2011). Kaoikide konstruktide puhul siinteesiti Lsc3 valk koos N-terminaalse Hise-
jarjestusega, mida kasutati valgu puhastamiseks. T60s kasutatud plasmiidid ja mutantsete
variantide sisseviimiseks kasutatud praimerid on esitatud Tabelis 2.

Mutantseid levaansukraase ekspresseeriti Escherichia coli tives BL21 (DE3) [hsdS gal
(Aclts857 indl Sam7 ninS lac UV5-TT gene 1)] (Studier ja Moffatt, 1986), mille genoomis on
LacUV5 promootor, mis IPTG (isopropul-p-D-1-tiogalaktoplranosiid) lisamisel aktiveerib
T7 polimeraasi sinteesi. Kloneeritud geenile eelneb T7 poliimeraasi seondumisjarjestus
(Rivas et al., 2007).
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Tabel 2. Toos kasutatud plasmiidid. Mérgitud on plasmiid, mutatsiooni tekitava praimeri
nimetus, praimeri jérjestus ja viide allikale. Allajoonitud nukleotiidid t&histavad mutatsiooni
asukohta praimeris. Halli taustaga on mérgistatud muudetava aminohappe koodon.

Plasmiid Praimer Praimeri jarjestus Viide
pURI3 - - Rivas et al., 2007
Visnapuu et al.,
pURI3-Isc3 - - 2011
PURI3- W109ARev 5’>-TGTCGATCTTCCCGCGTCACGC-3’ Gromkova, 2013
Isc3W109A = ’
pURI3-
E110DRev 5’-ATGTCGATCGTCCCAGTCACGC-3’ Gromkova, 2013
Isc3E110D
pURI3-
H113ARev 5’-CGCGGCCAGCTCGATCTTCC-3’ Gromkova, 2013
Isc3H113A
PURIS- E146QRev | 5>-GGTGTGCCCGCCCACTGTCGAGTGGTGG-3" | Gromkova, 2013
Isc3E146Q
PURIS- E236QRev | 5’-TCACCGGCGACATTGCCCTGAAACACCA-3’ | Gromkova, 2013
Isc3E236Q
PURIS- V248AFw 5’>-TTCGCACACAGCAGGGGTTGC-3’ Kéesolev t60
Isc3V248A -
pURI3- iy .
K322AFw 5’-CAGTCACGCGTTCACGTATGCC-3’ Kéesolev t60
Isc3K322A
pURI3- . .
F323AFw 5’-AGTCACAAGGCCACGTATGCC-3’ Kéesolev t60
Isc3F323A
pURI3- . .
F323HFw 5’-AGTCACAAGCACACGTATGCC-3 Kéesolev t60
Isc3F323H
PURI3- D383AFw 5’>-TTCATCGCCAGCGTGCCCACC-3° Kéesolev t60
Isc3D383A =

2.2.2 Mutantide konstrueerimine ja Isc3 geeni kloneerimine pURI3 vektorisse

Mutatsioonide Isc3 geeni viimiseks kasutati PCR-i p&hist nn megapraimeri meetodit (Wei et
al., 2004). Koikide muteerimise ja kloneerimise kaigus vajalikes PCR-i etappides kasutati
viguparandava aktiivsusega Pfu DNA polimeraasi (Thermo Scientific, USA).
Megapraimerina kasutatav DNA fragment slnteesiti PCR-iga plasmiidilt pURI3-Isc3.
Reaktsioonisegu sisaldas 0.025 U/ul Pfu poliimeraasi, 1x Pfu puhvrit (Thermo Scientific,
USA), 0.2 mM dNTP (dATP, dGTP, dCTP, dTTP; Thermo Scientific, USA), 4 mM MgSO4
ja 0.5 pmol/ul mdlemat praimerit. Megaprimer siinteesiti kasutades muteerimispraimereid,
mis on ndidatud Tabelis 2). Vastasahela siinteesiks kasutati vastavalt kas paripraimerit T7 (5°-
TAATACGACTCACTATAGGG-3’) vOi vastupraimerit Ampsaba (5°-
CTGAGATAGGTGCCTCAC-3’), soltuvalt sellest, kas mutatsiooni asukoht on geeni alguses
vOI 16pus. Muteerimispraimerid sisaldavad selliseid lammastikaluse vahetusi, mis muudavad
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vastavates positsioonides koodonit ja aminohappe muutub alaniiniks, aspartaadiks,
glutamiiniks vOi histidiiniks (vt Tabel 2). Sdnteesitud PCR-i produktid lahutati
elektroforeesiga 1% agaroosgeelil 0.5 x TAE puhvris (40 mM Tris-atsetaatpuhver, 1 mM
EDTA; pH 8.2) toatemperatuuril pingel 10 V/cm. Agaroosgeel sisaldas etiidiumbromiidi
(0.35 pg/ml). Proovidele lisati 3 ul gliitserooli ja broomfenoolsinist sisaldavat geelivarvi
(0.05% broomfenoolsinine 50% glitseroolis). DNA fragmentide pikkuse hindamiseks kasutati
GeneRuler™ 1 kb (Thermo Scientific, USA) markerit. DNA fragmente vaadati

ultraviolettvalguses (312 nm).

Oige pikkusega DNA fragmendid ehk megapraimerid 18igati geelist vélja ning puhastati
vastavalt tootja protokollile Ultra Clean™ 15 DNA puhastamise komplektiga (MoBio, USA).
Kdik DNA fragmentide geelist puhastamised tehti eelpoolmainitud komplekti kasutades.
Megapraimereid pikendati PCR-i reaktsiooniga (Wei et al., 2004). Reaktsioonisegu sisaldas
lisaks megapraimerile 1x Pfu puhvrit, 0.04 mM dNTP, 4 mM MgSOas ning 0.05 U/ul Pfu
DNA poliimeraasi. Matriitsina kasutati plasmiidi pURI3-Isc3. Programm oli jargmine: 96°C 2
min, 60°C 2 min, 64°C 2 min, 68°C 5 min ning tstklit korrati 20 korda. Saadud proove
toodeldi restriktaasiga Dpnl (Thermo Scientific, USA) I6ppkontsentratsioon 0.2 U/ul 3 tundi
temperatuuril 37°C ja seejarel enstim inaktiveeriti (20 min, 80°C). Jargnevalt paljundati
PCR-iga muteeritud Isc3 fragmenti (1467 ap). Selleks kasutati paripraimerina Lsc3pURI3Fw
ja vastupraimerina Lsc3pURI3Rev (Visnapuu et al., 2011). Produkti olemasolu ja pikkust
kontrolliti 1% agaroosgeelil ja see puhastati geelist. Jargnevalt kloneeriti mutantsed Isc3
geenid pURI3 vektorisse PCR-i pdhise ligaasivaba kloneerimise meetodiga (Vishapuu et al.,
2011; Vaher, 2013). Reaktsioonisegu sisaldas puhastatud Isc3 geeni, vektorit pURI3, 0.01
mM dNTP, 1x Pfu puhvrit, 4 mM MgSO4 ja 0.05 U/ul Pfu DNA polimeraasi. Siinteesiaeg
uhes tsuklis oli 3 min. Saadud produkte t66deldi Dpnl-ga (I1dppkonts. 0.2 U/ul). Seejarel DNA
puhastati. Puhastatud DNA-d restrikteeriti Notl-ga (I6ppkonts. 0.2 U/ ul; Thermo Scientific,
USA). Segu puhastati etanooliga ja elektroporeeriti E. coli BL21 (DE3) tuvesse, kolooniad
kontrolliti PCR-iga, eraldati plasmiidne DNA ning mutatsiooni asukohta kontrolliti

sekveneerimisega (vt pt 2.2.3).

2.2.3 Elektroporatsioon, konstruktide kontrollimine, plasmiidse DNA eraldamine ja

sekveneerimine

Mutantset Isc3 geeni sisaldavad pURI3 plasmiidid viidi E. coli rakkudesse
elektroporatsiooniga (Sharma ja Schimke, 1996). Bakterirakke kasvatati 5 ml LB (Luria-

Bertani) sodtmes 37°C loksutil kuni optilise tiheduse (ODsoo) vaartuseni ~0.4. Bakterirakke
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tsentrifuugiti 13 200 g 30 s ja rakke pesti 3 korda 10% steriilse glutserooliga, et vabaneda
sooladest. Rakud suspendeeriti 50 pl samasuguses gliitseroolilahuses. Elektroporatsiooniks
pipeteeriti ette valmistatud rakud ja sadestatud kloneerimissegu voi plasmiidne DNA
steriilsesse elektroporatsiooni kivetti (Bio-Rad, USA) ja elektroporatsioon viidi l1&abi Gene
Pulser Xcell™ (Bio-Rad, USA) siisteemiga pingel 2.5 kV. Seejarel kasvatati rakke 1 ml LB
sootmes loksutil 37°C 1 h, tsentrifuugiti 1 min 12 000 g, plaaditi LB Amp (ampitsilliin;
I6ppkonts. 0.15 mg/ml) selektiivsootmele ja so0tmeplaate inkubeeriti 37°C ~20 h.

Uletd kasvanud tranformantide kolooniad kiilvati LB Amp tardséétmele ning fenotiiiibi
kontrollimiseks kllvati need ka 10% sahharoosiga LB tardsodtmele, mis sisaldas ampitsilliini
jalmM IPTG-d (Lisa 1). Levaansukraasi suntees aktiveerub IPTG toimel ning aktiivse valgu
olemasolul hakatakse sahharoosist levaani siinteesima. Isc3 geeni olemasolu transformantide
rakkudes kontrolliti PCR-iga. Reaktsioonisegu sisaldas 0.05 U/ul Taq DNA polimeraasi, 0.2
mM dNTP, 6.25 mM MgCl;, 1x PCR puhvrit (Naxo, Eesti). Mdlema praimeri
kontsentratsioon reaktsioonisegus oli 0.5 pmol/ul. Péripraimerina kasutati Lsclja3Fw2 (5°-
GCGATCGCCAAAGTACG-3?) vastupraimerina Ampsaba (5’-
CTGAGATAGGTGCCTCAC-3’). Tekkinud produktide olemasolu ja pikkust (452 ap)

kontrolliti 1% agaroosgeelil.

Kolooniatest eraldati plasmiidne DNA FavorPrep™ Plasmid Extraction Mini komplektiga
(Favorgen Biotech Corp., Taiwan) vastavalt valmistajapoolsele protokollile. Selleks, et
kindlaks teha mutatsioonide tdpset asukohta ja vastavust, sekveneeriti konstrueeritud
plasmiidides mutantset Isc3 geeni sisaldavad piirkonnad. Sekveneerimiseks kasutati BigDye®
Terminator v3.1 Cycle Sequencing kit-i (Applied Biosystems, Kanada). Plasmiidset DNA-d
matriitsina kasutades tehti PCR, mille segu sisaldas 1x PCR puhvrit, 0.2 mM dNTP, 6.25 mM
MgClz, 0.05 U/ul Tag DNA poliimeraasi ja kumbagi praimerit 0.1 pmol/ul. Praimeritena
kasutati T7 ja Lsclja3Revl (5’-TGCGCTTCGGTTTGATAATAGG-3’), millega paljundati
Isc3 geeni esimene pool (760 ap pikkune 16ik). Levaansukraasi teine pool pikkusega 938 ap
paljundati praimeritega Lsclja3Fwl (5’-GCGATCGCCAAAGTACG-3") ja Ampsaba.
Seejdrel toodeldi proovid aluselise fosfataasiga FastAP (Ioppkonts. 0.07 U/ul; Thermo
Scientific, USA) ja eksonukleaasiga Exol (Ioppkonts. 0.18 U/ul, Thermo Scientific, USA).
Proove inkubeeriti 15 min 37°C ja enstumide inaktiveerimiseks kuumutati 15 min 80°C,
Seejarel sadestati DNA etanooliga ja suspendeeriti MQ vees. Proovid valmistati
sekveneerimiseks kasutades tootjapoolseid reaktiive, 0.7 pl BigDye premiksi, 2 pl 5x
lahjenduspuhvrit, 0.9 pl 4 pmol/ul praimerit, segu maht oli 10 pl. Proovid saadeti
sekveneerimisele (TUMRI teenused) ABI 3130xI Genetic Analyser v8i ABI 3730xI DNA
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Analyser sekvenaatoriga (Applied Biosystems, Kanada). Saadud jarjestusi vorreldi

metsiktulpi Isc3 geeni jarjestusega kasutades programmi BioEdit (Hall, 1999).

2.2.4 Levaansukraaside ekspressioon, rakuekstraktide tegemine, valkude puhastamine

ja elektroforees

Mutantseid levaansukraase ekspresseervate transformantide kolooniad kulvati 5 ml LB Amp
vedelsootmesse ja kasvatati Uledd 37°C loksutil. Bakterikultuurist tehti lahjendus 200 ml LB
Amp so6tmesse algtinedusega ~0.05 (ODseoo) ja kasvati edasi loksutil temperatuuril 37°C kuni
optilise tiheduse véaartuseni ~0.4-0.6. Valgu ekspressiooni indutseerimiseks lisati kultuurile
0.5 mM IPTG-d ja rakke kasvatati loksutil madalal temperatuuril (22°C) ~20 h. Rakud
sadestati so6tmest tsentrifuugimisega (2400 g, 4°C, 10 min), pesti kaks korda 25 ml 100 mM
fosfaatpuhvriga (pH 6.0) ning suspendeeriti 10 ml-is sonikeerimispuhvris (puhver A: 10 mM
imidasool, 10% glitserool, 50 mM NaH2POs, 300 mM NaCl; pH 6.0). Suspensiooni
kilmutati kolm korda vedelas lammastikus ja sulatati toatemperatuuril olevas vees, et 16hkuda
bakterite rakukesti ja suurendada valgusaagist. Seejarel toodeldi rakke sonikeerimisega
(Ultrasonic Homogenizer 4710, Cole-Parmer Instrument Co., USA). Segusid tsentrifuugiti
4°C 20 min 2400 g. Supernatant ja koik valgu puhastamisel kasutatud lahused filteeriti 1abi

0.45 pm poorisuurusega filtrite.

Lsc3 valkude puhastamiseks rakuliisaatidest kasutati vedelikkromatograafia ststeemi
AKTAprime™ plus (GE Healthcare Bio-Sciences AB, Rootsi) ja 1 ml Ni%-
afiinsuskromatograafia kolonne (HisTrap™ FF, GE Healthcare Bio-Sciences AB, Rootsi).
Ekspresseeritud levaansukraasid sisaldavad valgu N-terminaalses otsas Hiss-jarjestust, mis
seondub kolonnis Ni-iooniga ning valk elueeritakse 700 mM imidasooli sisaldava puhvriga.
Valgu puhastamiseks kasutati AKTAprime plus masina tootjapoolset metoodikat (programm:
Affinity purification any His-Trap) ning puhta valgu kolonnist elueerimiseks kasutati puhvrit
B (700 mM imidasool, 300 mM NaCl, 50 mM NaH2POs; pH 6.0). Fraktsioonid koguti ning
analliusiti SDS-PAGE-il (Sambrook ja Russell, 2001). SDS-geeli lahutav osa sisaldas 10%
poliiakriitilamiidi. Proovid suspendeeriti 5 pl 2 x Laemmli puhvris, mis sisaldas 0.125 M Tris-
i (pH 6.8), 0.001% broomfenoolsinist, 2% SDS-i, 20% glutserooli ning kuumutati 96°C 5
min. Valgud lahutati Mini-PROTEAN Tetra susteemiga (BIO-RAD, USA) pingel 14 V/cm.
Valkude suuruse hindamiseks kasutati valkude suurusmarkerit PageRuler™ Prestained
Protein Ladder (Thermo Scientific, USA). Geeli varviti Coomassie Brilliant Blue G250-ga ja

varvitustati metanooli ja dadikhapet sisaldava pesulahusega.
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SDS-geeli tulemuste alusel valiti valja Lsc3 valku sisaldavad fraktsioonid ja need liideti.
Imidasooli sisaldava puhvri asendamiseks proove dialulsiti 12-14 kDa poorisuurusega
ServaPor® membraanis (SERVA Electrophoresis GmbH, Saksamaa) Mcllvaine’i puhvris
(0.04 M sidrunhape, 0.13 M Na;HPO4, 0.02% Na-asiid; pH 6.0) 4°C. Puhvrit vahetati ~24 h
jooksul kaks korda, et saada puhtam valgupreparaat. Seejarel kontsentreeri valgulahus
Amicon Ultra (Mw cutoff 10 kDa, Millipore, lirimaa) tsentrifuugifiltritega (2400 g; 20 min;

4°C). Saadud preparaati kasutati puhta valguna.

2.2.5 Valgu kontsentratsiooni maaramine

Valkude kontsentratsioonid (mg/ml) rakuekstraktides madrati Folini reaktiiviga Lowry
meetodil (Lowry et al., 1951) ning puhastatud valkudel mé&arati see spektrofotomeetriliselt
(OD2go) ekstinktsioonikoefitsendi () jargi mikroplaadil (NanoQuantPlate; Tecan Group Ltd.,
Sveits), kasutades Tecan infinite M200 PRO™ (Tecan Group Ltd.,, Sveits)
mikroplaadilugejat. 2 ul valgulahust pipeteeriti mikroplaadile ja selle m6ddeti selle optiline
tihedus (OD2go). Kontsentratsioonide arvutamisel kasutati valemit C=A/eL, kus C on
kontsentratsioon (mg/ml), A on optilise tiheduse véirtus, € on ekstinktsioonikoefitsient
(e=1.665) ja L on kihi paksus (0.05 cm). Ekstinktsioonikoefitsendi véairtus arvutati

valgujarjestuse alusel ExPasy serveris ProtParam tooriista abil (www.expasy.org) (Lisa 1).

2.2.6 Levaansukraasi koguaktiivsuse, kineetiliste parameetrite ja levaani tekke
modtmine

Levaansukraasi koguaktiivsuse méaramine gliikoosi eraldumise jarqgi

Levaansukraasi koguaktiivsust mdddeti glukoosi eraldumise algkiiruse jargi sahharoosi
I6hustumisel. Selleks kasutati Glucose Liquicolor’i reaktiivi (Human GmbH, Saksamaa) ja
eelnevalt valjatdotatud metoodit (Visnapuu et al., 2008; Lisa 1). Reaktsioon viidi labi 37°C
termostaadis ja reaktsioonisegu sisaldas Na-asiidiga (0.02%) Mcllvaine’i puhvrit (pH 6.0) ja
sobivat kogust puhastatud valku. Sahharoosi kontsentratsioon varieeriti vahemikus 5-300
mM. Kindlatel ajapunktidel voeti vélja 50 pl proovi. Reaktsiooni peatamiseks pipeteeriti see
150 pl Tris puhvrile (200 mM; pH 8.3) ja kuumutati 5 min 96°C Seejérel proovid jahutati jaal,
neile lisati 800 pl Glucose Liquicolor’i reaktiivi ja inkubeeriti 5 min temperatuuril 37°C.
Glukoosi hulk proovis méaarati spektrofotomeetriliselt lainepikkusel 500 nm ning arvutusteks
kasutati sama meetodiga saadud glikoosi kaliibrit (T. Visnapuu). Levaansukraasi
koguaktiivsus  valjendati sahharoosi I6hustamisel vabanenud gliikkoosi  kogusena

mikromoolides minutis mg valgu kohta (umol/min x mg ehk U/mg). Puhastatud mutantsete
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levaansukraaside afiinsus sahharoosile (Km; mM) ja maksimaalne reaktsioonikiirus (Vmax;
U/mg) arvutati algkiiruste kaudu Michaelis-Menten’i vorrandi alusel, kasutades programmi
SigmaPlot 2001 (SYSTAT, USA) enstiimikineetika lisamoodulit (Enzyme Kinetics Module
1.1).

Substraadispetsiifika mdaramine redutseerivate suhkrute tekke jargi

Levaansukraasi substraadispetsiifikat hinnati sahharoosi ja rafinoosi I6hustamise algkiiruste
jargi, mida madrati substraatidest vabanevate redutseerivate suhkrute moodustamise alusel.
Selleks kasutati 3,5-dinitrosalitstililhape (DNS) reaktiivi (Miller, 1959). Reaktsioonisegu (1.5
ml) sisaldas 100 mM sahharoosi v0i rafinoosi, Na-asiidiga Mcllvaine’i puhvrit (pH 6.0), kuhu
oli lisatud sobiv kogus valku. Reaktsioon viidi 1abi temperatuuril 37°C. Erinevatel aegadel
voeti vilja 200 ul proovi ning segati 400 ul DNS reaktiiviga. Proove kuumutati 5 min 100°C,
jahutati jaal ja lisati 800 ul MQ vett ning nende optiline tihedus moddeti lainepikkusel 540 nm
ning redutseerivate suhkrute kogus arvutati glikoosi lahusega tehtud kaliibergraafiku alusel.
Levaansukraasi aktiivsus Vvéljendati substraadist moodustunud redutseerivate suhkrute
hulgana mikromoolides, mis tekkis 1 minuti jooksul 1 mg valgu kohta (umol/min x mg ehk
U/mg). Selle alusel arvutati rafinoosi ja sahharoosi kasutamise suhe, mis valjendati

protsendina.

Mutantsete levaansukraaside afiinsus (Km; mM) rafinoosile ja maksimaalne reaktsioonikiirus
(Vmax; U/mg) madrati DNS reaktiiviga, kasutades reaktsioonisegudes 50-300 mM rafinoosi
kontsentratsioone. Kuna rafinoosi 16hustamisel vabaneb produktina melibioos (a-D-Galp-
(1—6)-a-D-Glcp), siis ei saa selle kiiruse modotmiseks kasutada sama meetodit nagu
sahharoosi I6hustamise puhul, mil kvantiteeriti glukoosi vabanemist. Seetdttu mdddeti
rafinoosist redutseerivate suhkrute moodustumise algkiirusi 3,5-dinitrosalitsutilhappe (DNS)
reaktiiviga. Rafinoos ja sahharoos on mitteredutseerivad suhkrud, nende I8hustamisproduktid,
vastavalt melibioos ja fruktoos ning glikoos ja fruktoos, on aga redutseerivad suhkrud. Kuna
I6hustamisel moodustub kaks molekulit redutseeruvat suhkrut, siis tuleb saadud Vmax vaartus
jagada kahega. Kineetilised parameetrid arvutati Michaelis-Menten’i vBrrandi alusel nagu on

kirjeldatud eespool.

Levaani siinteesi uurimine

Levaani sunteesi Kineetikat vaadeldi mikrotiiterplaadil (Greiner 96 Flat Bottom Transparent
Polystyrol; CELLSTAR®, Greiner Bio-One GmbH, Saksamaa) (Visnapuu et al., 2011).
Reaktsioon toimus mikroplaadi kannukestes mahuga 200 pl ja sisaldas erinevates

kontsentratsioonides (300, 600 v6i 1200 mM) sahharoosi, Mcllvaine’i puhvrit ja 2 pg (10
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pg/ml) puhastatud valku. Mikrotiiterplaati inkubeeriti temperatuuril 37°C ja registreeriti
polimeerse levaani teket 20 tunni jooksul lainepikkusel 400 nm Tecan infinite M200PRO
(Tecan Group Ltd., Sveits) mikroplaadilugejal (Tecan Group Ltd., Sveits). Higu teket
mdddeti iga 15 min tagant. Andmed koguti Tecan i-control™ 1.7 (Tecan Group Ltd.)
programmiga (Lisa 1). Levaani kogus reaktsioonisegus arvutati puhastatud ja kuivatatud
levaaniga tehtud kaliibergraafiku alusel, mille koostas Triinu Visnapuu. Arvutamiseks
kasutati valemit C (mg/ml)=0Dagox 18.3

Transfruktosiililiva aktiivsuse madramine ja reaktsiooniproduktide kromatograafiline analiils

Levaansukraasi transfruktosuiliv (TA) ehk polumeriseeriv aktiivsus nditab sahharoosi voi
rafinoosi  I0hustamisel  eraldatud  fruktoosijdékide  protsenti, mis  reaktsioonis
polimeriseeritakse. ~ Selle ~ m&airamiseks  toimiti  jargmiselt. Segati kokku
I6ppkontsentratsiooniga 1200 mM sahharoosi (410.8 mg/ml) v6i 300 mM rafinoosi (151.3
mg/ml) ja 2.7 U/ml puhastatud levaansukraasi Mcllvaine’i puhvris (pH 6.0; 0.02% Na-
asiidiga). Lisatav valgu kogus sdltus mutantse valgu koguaktiivsusest, mis oli maératud 100
mM sahharoosiga 37°C-l. Proovi inkubeeriti 37°C 20 h ja reaktsioon peatati proovi
kuumutamisega temperatuuril 96°C 5 min. Seejarel tehti proovist sobiv lahjendus ja
moodustunud produktid mééarati koérgefektiivse vedelikkromatograafiaga (HPLC) (Lisa 1).
Vedelikkromatograafia ja esialgse andmeanallisi viis labi meie t66grupi koostoopartner
Heiki Vija Keemilise ja Bioloogilise Fudsika Instituudist (KBFI, Tallinn). Levaansukraasi
transfruktostiliv aktiivsus (TA) sahharoosi puhul arvutatakse valemiga ([Glc]-Fruy]/[Glc]) x
100, milles [Glc] néitab gliikoosi ja [Fruy] vaba polimeriseerimata fruktoosi kontsentratsiooni
reaktsioonisegus. Rafinoosi puhul arvutatakse TA valemiga ([Mel]-Fruy]/[Mel])x 100, milles
[Mel] naitab melibioosi ja [Fruy] vaba polimeriseerimata fruktoosi kontsentratsiooni

reaktsioonisegus.

Ohukese kihi kromatograafia (Thin Layer Chromatography — TLC) tegemiseks kasutati sama
reaktsioonisegu kui TA mé&aramise puhul. 0.5 pl eelnevalt MQ vees 4 korda lahjendatud
proovi kanti kontsentreeriva tsooniga TLC plaadi (TLC Silica gel 60 F2ss; Merck, Saksamaa)
stardijoonele ning seejarel plaat kuivatati. Suhkrumarkeriteks kasutati Lsc3 levaani (PA >7),
nistoosi (PA 4), 1-kestoosi (PA 3), sahharoosi (PA 2) ja fruktoosi (PA 1). TLC plaati
voolutati segus kloroform:addikhape:vesi (60:70:10) kaks korda plaadi tGlemise servani, seda
vahepeal kuivatades (Mardo et al., 2014 b). Seejarel toodeldi plaati uurea reaktiiviga (3%
uurea, 1 M fosforhape veega kiillastatud butanoolis), et teha n&htavaks fruktoosi sisaldavad
suhkrud (St. John et al., 1996; Visnapuu et al., 2009). Selleks, et detekteerida gliukoosi
sisaldavaid produkte (nt gliikoosi, rafinoosi ja melibioosi), varviti plaati aniliini reaktiiviga
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(1.2 g difentdlamiin, 1.2 g aniliinhtdrokloriid, 100 ml metanool, 10 ml konts. orto-

fosforhape). Plaati kuumutati ~10 min 120°C kuni suhkrulaikude varvumiseni.

2.2.7 Valkude termostabiilsuse maaramine

Valkude termostabiilsuse mddtmiseks kasutati Thermofluor’i meetodit (Pantoliano et al.,
2001). Valge Roche LightCycler® mikroplaadi kannukestesse pipeteeritud segu (kokku 20
ul) sisaldas 2 uM valku, 5x SYPRO® Orange (Sigma-Aldrich, Saksamaa) fluorestseeruvat
varvi ja puhvrit (Idppkontsentratsioonid: 100 mM MES, pH 6.5; 150 mM NaCl). Mikroplaati
tsentrifuugiti 20 s 136 g, et eemaldada dhumulle. To6tlus viidi l1&bi reaalaja PCR masinat
LightCycler® 480 System (Roche, Sveits). Proovide temperatuuri tdsteti 25°C kraadist kuni
95°C kraadini ja samaaegselt moddeti fluorestsentsi intensiivsust (465-580 nm) (Lisa 1).
Andmed koguti LightCycler® 480 software (1.5.0 SP3) tarkvaraga ja neid
toddeldiprogrammiga Excel. Valkude sulamistemperatuuriks Tm nimetatakse temperatuuri,

mille juures pooled lahuses olevad valgumolekulid on denatureerunud.
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2.3 Tulemused ja arutelu
2.3.1 Lsc3 valgu mutatsioonanaltiis: muteeritavate positsioonide valik

Meie toogrupis on uuritud ja pohjalikult iseloomustatud mitmeid erinevaid P. syringae
DC3000 pv. tomato Lsc3 levaansukraasi mutante (Visnapuu et al., 2011; Mardo et al., 2014
a; Lisa 1), sealhulgas on katseliselt kindlaks tehtud kataltiutilise kolmiku (aktiivtsentri)
aminohapped. Oleme naidanud, et Lsc3 aktiivtsentrisse kuuluvad Asp62, Asp219 ja Glu303,
mis on vastavalt nukleofiil, vahelihendi stabiliseerija ja alus-hape katalliusija. Nende
aminohapete asendamine alaniiniga muudab valgu katalGdtiliselt inaktiivseks (Elmi, 2011;
Mardo et al., 2014 a; Lisa 1). On kirjeldatud ka mutante, mille polimeriseerimisv@ime on
oluliselt langenud. Naiteks mitmed asendused Lsc3 valgu C-terminaalses piirkonnas nagu
GIn301Ala, Thr302Pro ja His321Arg/Ser/Lys/Leu vahendasid oluliselt oligosahhariidide ja
levaani sunteesi (Visnapuu et al., 2011; Mardo et al.,, 2014 a). Seni on Lsc3 valgus
iseloomustatud 22 positsiooni (publitseeritud on andmed 36 erineva mutandi kohta), mille
asendamine mojutab enstiimi katalutsivoimet, afiinsust substraadile ja stabiilsust (Visnapuu
etal., 2011; Mardo et al., 2014 a; Lisa 1)

Kéesolevas magistritdds analtlsin Lsc3 valgu 10 mutandi omadusi, vorreldes neid algse
muteerimata valgu omadega. Muteeritud positsioone on kokku 9, tihes positsioonis tehti kaks
asendust. Mitmete muteeritud positsioonide valikul tugineti kirjanduse andmetele. Nii
asendati naiteks aminohappeid positsioonides, mida oli muteeritud Z. mobilis’e
levaansukraasis LevU ja millega kaasnes valgu oluline omaduste muutus (Yanase et al.,
2002). Kaigist levaansukraasidest on LevU valku muteerimise kaudu ilmselt ko&ige
pohjalikumalt analtiGsitud. Kahjuks ei ole LevU valgu kristallstruktuur lahendatud ning
seetdttu ei saa Yanase grupis tehtud mutatsioonide mdju otseselt siduda nende asukohaga
valgus. Ka ei ole LevU valk jérjestuselt eriti sarnane B. subtilis’e SacB ja G. diazotrophicus’e
LsdA valkudele, mille kristallstruktuurid on olemas (vt Tabel 1). LevU identsus LsdA-ga
aminohappelise jarjestuse alusel on 43% ja SacB-ga ainult 25% (Vaher, 2013). Mdnede
mutantide tegemisel l&htuti ka aminohapete konserveerumise madradest erinevates
levaansukraasides (Mardo, 2011; Mardo et al., 2014 a; vaata ka Lisa 1) ja aminohappe
ennustatud paiknemisest Lsc3 valgus struktuuri modelleerimise andmete pdhjal. Kdik selles
t66s muteeritud positsioonid on tahistatud 24 levaansukraasi ClustalW programmiga tehtud
joondusel (Joonis 4, Joonis 6, Lisa 2). Samal Joonisel on tahistatud ka positsioonide
konserveerumise analtisi (Mardo, 2011; Mardo et al., 2014 a) tulemusel saadud erinevate
positsioonide konserveerumise astmed (KA). Jargnevalt p6hjendan ldhemalt Lsc3 valgus
tehtud mutatsioonide valikut.
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Positsioon Trp109 valiti muteerimiseks Z. mobilis’e levaansukraasi LevU Trp80Arg mutandi
(Yanase et al., 2002) jargi. Lsc3 valgus vastab Trp80-le Trpl09 (Joonis 5). LevU mutant
Trp80Arg parines juhuslikust mutageneesist (Yanase et al., 2002). Selle positsiooni KA
levaansukraasides on 6 (maksimaalne KA vaartus on 9). Joonduse alusel on teistes
levaansukraasides vastavas positsioonis enamasti kas Trp vdi Phe, arhedel Pro (Joonis 4).
LsdA visualiseeritud struktuuri alusel vdiks Trp109 (vastab LsdA positsioonile Phe168) asuda
aktiivtsentri lahedal (Joonis 5). Trp109 asendati Lsc3 valgus alaniiniga.

Positsioon Glul10 paikneb struktuuriennustuse jargi aktiivtsentri suudme lahedal, lisaks ta on
ta valgujérjestuses Trpl09 korval ja valgumudelil ka His113 vahetus l&heduses.
Konserveerumisaste on sel positsioonil siiski suhteliselt madal, ainult 5. Selles positsioonis
oleva glutamaadi asendamine aspartaadiga ei olnud juhuslik: vastavas positsioonis G.
diazotrophicus’e ja Arthrobacter sp. K-1 levaansukraasides on aspartaat ja sisseviidud

mutatsioon voiks Lsc3 valgu muuta nendele enstiimidele sarnasemaks (Joonis 4).

B
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Joonis 4. Véljavote P. syringae pv. tomato Lsc3 valgu joondusest Burkholderia indica,
Burkholderia phymatum’i, Burkholderia pseudomallei, Arthrobacter sp. K-1, Actinomyces
viscosus’e, Streptomyces viridochromogenes’e, Cellulomonas flavigena, P. chlororaphis
subsp. aurantiaca (LscA), G. diazotrophicus’e (LsdA), E. amylovora, Rahnella aquatilis’e, P.
fluorescens, Serratia odorifera, P. syringae pv. phaseolicola (Q48JY3), P. syringae pv.
phaseolicola (Q48BC9), Z. mobilis’e, G. oxydans’i, Clostridium acetobutylicum’i,
Halorubrum lacusprofundi, Haloalkalicoccus jeotgali, Halomicrobium mukohataei,
Haloarcula marismortui, B. megaterium’i (SacB), B. subtilis’e (SacB) levaansukraasidega.
Rohelisega on téhistatud magistritdos tehtud ja analtisitud mutandid. Taispikk joondus asub
Lisas 2.

Positsiooni His113 KA on vdga korge (9). Z. mobilis’e, G. oxydans’i levaansukraasi vastavas
positsioonis on Asn (Joonis 4). Eelnevalt oli meie téogrupis uuritud mutanti His113GIn. See
mutatsioon avastati Lsc3 valgu juhusliku mutageneesiga isoleeritud kaksikmutandis

His113GIn/Val195lle selle jargi, et E. coli’s ekspresseerituna ei moodustunud sahharoosiga
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s06tmel limaseid bakterikolooniaid (Mardo, 2011). Visualiseeritud G. diazotrophicus’e LsdA
valgu struktuuris on homoloogilisel positsioonil His172, see paikneb aktiivtsentri lahedal,
valgu B-propelleri I B-lehe 2. ja 3. B-ahela vahelisel liihikesel a-heeliksil (Joonis 5) ning tema
kdrvalahel on suunatud aktiivtsentri poole. Tegin oma magistrito6 jaoks mutandi His113Ala,

et uurida traditsioonilise asenduse mdju Lsc3 valgule.

G. diazotrophicus/ G. diazotrophicus Glu401
P. syringae pv. tomato Glu303
Z. mobilis Glu278
= +1
i\ 2
— Glu327
+2 : Glu236

Asp309
His172
Phe168 His113 %smas Coiniv

Trp109 Asp62 Asp194
Trp80 Asneg Asp48

Joonis 5. G. diazotrophicus’e levaansukraasi LsdA (PDB ID: 1W18) PyMOL programmiga
visualiseeritud katalliutiline tsenter. Kataltltiline kolmik (Asp135, Asp309 ja Glu401) on
tahistatud sinise varviga. Rafinoosi molekul parineb B. subtilis’e rafinoosiga kompleksis
kristalliseeritud levaansukraasist (PDB ID: 3BYN). Joonisel on néidatud levaansukraasi Lsc3
positsioonid Trpl09, Hisl1l3 ja Glu236. Vastavad positsioonid erinevates bakterite
levaansukraasides on t&histatud erinevate vérvidega: Z. mobilis’e levaansukraas LevU (must),
P. syringae pv. tomato Lsc3 (punane) ja G. diazotrophicus LsdA (roheline ja sinine) (Lisa 1).

Mutandid Glu146GlIn ja Glu236GlIn tehti Z. mobilis’e LevU muutunud omadustega mutante
aluseks vottes (Yanase et al., 2002). Glul46 (vastab LevU valgus Glull7-le) asub
valguahelas Trp147 kdrval. Lsc3 valgu Trp147 vastab B. subtilis’e SacB valgu Trp163-le, mis
paikneb aktiivtsentri -1 alampiirkonnas ja aitab substraadi seostumistasku jaoks moodustada
hidrofoobset pinda (Homann et al., 2007; Li et al., 2011). Glu246 vastab Z. mobilis’e LevU
valgus Glu21l-le. Need mdlemad positsioonid, Glul46 ja Glu236, vdiksid mdjutada
polumerisatsiooni, aga ka enstiimi vdimet substraati siduda ja IBhustada, sest asuvad

aktiivtsentri piirkonnas ja on korgelt konserveerunud (Joonised 4, 5 ja 6).
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Joonis 6. P. syringae pv. tomato Lsc3 valgu joondus Burkholderia indica, Burkholderia
phymatum’i, Burkholderia pseudomallei, Arthrobacter sp. K-1, Actinomyces viscosus’e
Streptomyces viridochromogenes’e, Cellulomonas flavigena, P. chlororaphis subsp.
aurantiaca (LscA), G. diazotrophicus’e (LsdA), E. amylovora, Rahnella aquatilis’e, P.
fluorescens, Serratia odorifera, P. syringae pv. phaseolicola (Q48JY3), P. syringae pv.
phaseolicola (Q48BC9), Z. mobilis’e, G. oxydans’i, Clostridium acetobutylicum’i,
Halorubrum lacusprofundi, Haloalkalicoccus jeotgali, Halomicrobium mukohataei,
Haloarcula marismortui, B. megaterium’i (SacB), B. subtilis’e (SacB) levaansukraasidega.
Rohelisega on téhistatud magistritdos kasitletud mutandid.

Positsioon Val248 valiti muteerimiseks Z. mobilis’e LevU mutandi (Val223Ala) alusel.
Val248 ei ole konserveerunud, selle positsiooni KA on levaansukraasides 4 (Joonis 6). Teistes
levaansukraasides on selles positsioonis nditeks lle, Cys, Met, Tyr v0i Phe. Vastavas
positsioonis G. diazotrophicus’e LsdA valgus on Cys (Cys339). Kristallstruktuuri jargi
moodustavad Cys339 ja Cys395 disulfiidsilla ja stabiliseerivad sellega valku. Tsusteiini
asendamine alaniiniga alandas sahharoosi I6hustamise katallutilist konstanti LsdA valgul
umbes 60 korda (Martinez-Fleites et al., 2005). Kuna Lsc3 valgus S-S sillad ennustuse
kohaselt puuduvad (Visnapuu et al., 2008), voib Val248 siiski olla oluline valgu

stabiliseerimiseks.

Positsioon Lys322 paikneb Lsc3 valgujérjestuses polimerisatsiooniks vaga olulise histidiini
(His321; Visnapuu et al., 2011) korval ja vastab joonduse alusel B. subtilis’e levaansukraasi
SacB aminohappele Gly361 (Joonis 6). See positsioon ei ole levaansukraasides
konserveerunud (KA 3). Teistel levaansukraasidel on selles positsioonis kas His, Arg, Gly,

Asp, Leu voi Met.

Positsioon Phe323 (KA 5) ei ole levaansukraasides konserveerunud (Joonis 6). Phe323
paikneb Lsc3 valgu struktuuri mudeli alusel valgu pinnal ja pollimerisatsiooniks vajalikule
positsioonile His321 (Visnapuu et al., 2011) suhteliselt 1ahedal (Joonis 7). Seega voiks antud

positsioon kuuluda substraaditasku +1 alampiirkonda. Phe323-ga joondub B. megaterium’i
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levaansukraasil Ser372, mille asendamine alaniiniga selles levaansukraasis ei toonud esile
suurt erinevust katalutsis vorreldes algse valguga (Strube et al., 2011). Aga arvestades seda,
et Lsc3 on SacB-ga vaga védhe sarnane ja et see positsioon ei ole levaansukraasides eriti
konserveerunud, ei pruugi joonduva positsiooni muteerimine anda sama tulemust. Teistel
levaansukraasidel on selles positsioonis néiteks Tyr, Ser, Thr, halobakteritel aga His (Joonis

6). Otsustasime asendada Phe323 Lsc3 valgus Ala ja His-ga.

Asp383 (KA 8) (Joonis 6) asub Lsc3 valgu mudelil samuti suhteliselt lahedal His321-le
(Joonis 7). Oletasime, et ta voiks kuuluda substraaditasku kas +1 vGi +2 alampiirkonda.

Otsustasime selle aminohappe asendada alaniiniga. Selle positsiooni mutanti pole

levaansukraasides varem uuritud.

S 2B
\

Phe323 JTEDE] Asp219
Asp6
Lys3
Asp383

Joonis 7. Lsc3 valgu 3D struktuur aktuvtsentrl (imbruses ennustatuna G. diazotrophicus’e
LsdA kristallstruktuuri baasil (PDB ID: 1W18). Sinisega on tahistatud kataltdtilise kolmiku
aminohapped (Asp62, Asp219 ja Glu303), rohelisega His321, roosaga Lys322, punasega
Phe323 ja kollasega Asp383. Lsc3 struktuuri modelleeris K. Mardo.

2.3.2 Levaansukraasi Lsc3 mutantide iseloomustamine ning struktuuri ja funktsiooni

vahelised seosed

Valitud Lsc3 positsioonide muteerimiseks kasutati kohtsuunatud PCR-pd&hist metoodikat (pt
2.2.2; Lisa 1). Mutantset Isc3 geeni sisaldavad konstruktid viidi E. coli BL21 (DE3) tiivesse
ning valgu ekspressioon indutseeriti IPTG-ga (pt 2.2.4). Koik valgud olid tugeva
ekspressiooniga ja valdav enamik neist puhastusid efektiivselt, kuigi Uhe mutandi
(Glul10Ala) puhul ei olnud puhastamine vOimalik. Mutandi Glul1l0Ala ekspressioon oli
tugev, kuid ta ei seondunud valgu puhastamise kolonnile. Oletame, et glutamaadi asendamine
alaniiniga antud positsioonis muudab valgu struktuuri nii, et valgu histidiinisaba ei ole enam

pinnal eksponeeritud ja seetbttu ei saa seonduda Ni?*-ga. Puhastamisel selgus, et mutandid
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Phe323Ala, Phe323His ja Asp383Ala sadenevad valgu kontsentreerimisel, seega voiksid need

positsioonid olla olulised valgu lahustuvuses ja stabiilsuses.

2.3.2.1 Mutantsete valkude substraadispetsiifika ja kineetilised parameetrid

Kineetiliste parameetrite maaramiseks moddeti mutantsetel Lsc3 variantidel sahharoosi ja

rafinoosi I6hustamise algkiirusi substraadi erinevatel kontsentratsioonidel ja andmeid t6ddeldi

nagu kirjeldatud peattikis 2.2.6. Tulemused on kokku vdetud Tabelis 3 ja Joonisel 8.

Tabel 3. Lsc3 valgu mutantide sahharoosi ja rafinoosi I6hustamise kineetilised parameetrid:
afiinsus (Km), maksimaalne reaktsioonikiirus (Vmax) ja Kkataltutiline efektiivsus (Kea/Knm).
Vordluseks toodud muteerimata Lsc3 valgu (Lsc3 wt) andmed on saadud T. Visnhapuult.

Sahharoos Rafinoos
valk K (MM) | Vinax (UImg) (JﬁKAKQ g | Kn(mM) | Voo (Umg) (17$KAK>T 9
Lsc3 wt 185+ 25* 6;3’3*1 27.3+£3.7 448 +3.4° | 221.1+5.7° 4102
Trpl09Ala 29.8 +3.32 30.2+0.8 0.84+0.1 146.4+449 | 235x22 0.1£0.02
Glul10Asp 57.6+9.72 633.2 £ 33.2 9.1+1.0 80.7+13.1 | 2405+ 17.7 25103
His113Ala | 170.4+£17.0% | 192.2+6.4 09+0.1 113.2+13.2 | 153.9+5.8 1.1+01
Glul46GlIn 40.6 £ 5.0 569.2 + 19.2 11.6+£0.9 53.8+9.7 | 228.5+10.2 35+£04
Glu236GIn | 267.1+£40.2% | 206.0 £ 16.0 06x0.1 66.5+ 7.7 10.3+£0.3 0.1£0.01
Val248Ala 141+1.1°2 240.0£45 13.5+£0.7 30456 1332+ 7.7 35+04
Lys322Ala 17.8+£3.3 206.0 £ 10.6 96+1.1 76.8+14.0 | 233.2+17.7 25103
Phe323Ala 124+£13 3585+94 25717 87.6+10.0 | 402.6 +18.7 3.8+£0.3
Phe323His 14113 366.9 + 8.2 215+1.2 - - -
Asp383Ala 23.5+4.7 2345+ 14.3 8.3x+11 - - -

* Visnapuu et al., 2011; 2, Lisa 1; ® ,T. Visnapuu avaldamata andmed; -, ei saanud méaérata.

Tabelist 3 ilmneb, et sahharoosi I6hustamise kataltittiline efektiivsus on kbige enam (27-40

korda)

langenud mutantidel

Trpl09Ala,

Hisl13Ala ja Glu236GIn.

Neile vastavad

positsioonid on tahistatud ka LsdA struktuuril (Joonis 5). Kdik need positsioonid vdiksid olla

substraaditaskusse seostuvale sahharoosile (ja rafinoosile) véga ldhedal ja osaleda selle

fikseerimises. Mutantide His113Ala ja Glu236GIn puhul on ndha véga tugevat afiinsuse
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langusest sahharoosile (Tabel 3), mutandi Trp109Ala puhul on afiinsus langenud vahem, kuid

Kcat V&artus palju rohkem (~20 korda) (Tabel 3; Joonis 8).
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Joonis 8. Sahharoosi ja rafinoosi I8hustamise ket (1/s) vadrtused. Sinisega on mérgitud
sahharoosi ja oranziga rafinoosi vastavad vaartused. Lsc3 wt valgu Kcat tasemed on mérgitud
vastavalt sinise ja oranZi joonega.

Meie varasemad tulemused on néaidanud, et kui Trpl09 asendada arginiiniga, siis on
sahharoosi kasutamine veel tugevamalt hdiritud kui mutandil Trpl09Ala. Mutandil
Trp109Arg tousis K sahharoosile 249 mM-ni ning kataltiitiline efektiivsus langes vorreldes
algse valguga 450 korda (Lisa 1). Trpl09-le vastavas positsioonis on gramnegatiivsete
bakterite levaansukraasides kas Trp vdi Phe (Joonis 4). Jareldame, et selles positsioonis peaks
normaalseks katalliusiks olema hidrofoobne aromaatne aminohape, kas Trp vOi Phe, mille
asendamine alaniiniga vOimaldab véhest kataltilisi, samas selle asendamine hudrofiilse
positiivse laenguga aminohappega (Arg) muudab valgu praktiliselt kataltttiliselt inaktiivseks.
Sellega on heas koosk®dlas see, et meie poolt varem tehtud Lsc3 valgu mutant Trp109Phe oli
sahharoosi I6hustamiselt suhteliselt sarnane muteerimata Lsc3 valguga (Lisa 1). LevU
mutandil Trp80Arg nii drastilist muutust kataltiisis ei olnud: sahharoosi I8hustamise
kataltutiline efektiivsus langes 2.5 korda ja Km suurenes 1.5 korda (Yanase et al., 2002).
Rafinoosi kasutamine LevU mutandil Trp80Arg véhenes 10% vorra. Ka Lsc3 mutandil
Trp109Arg puhul alanes rafinoosi kasutamise vdime, kuid palju rohkem — dle 2 korra (T.
Visnapuu, avaldamata andmed). Kokkuvottes voib Oelda, et positsioon Trpl09 on véga
oluline Lsc3 valgus nii rafinoosi kui ka sahharoosi kasutamisel. Oletame, et Trp ja Phe vbivad
osaleda substraaditasku hidrofoobse pinna moodustamisel. Hidrofoobsete aminohapete rolli
substraaditasku vooderdamisel on GH32 ja GH68 perekondade valkudel ka varem kirjeldatud

(Lammens et al., 2009).
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Hisl13-le vastav positsioon on konserveerunud gramnegatiivsete bakterite ja arhede
levaansukraasides (Joonis 4) ning Glu236-le vastav positsioon ka grampositiivsete bakterite
levaansukraasides (Joonis 6). Meie grupis varem konstrueeritud His113GIn mutandil oli
sahharoosi I8hustamise Kcat Ule 10 korra langenud (Mardo, 2011; Lisa 1). Seega mdjus
asendus glutamiiniga valgu katalliisivdimele drastilisemalt kui asendus alaniiniga, mille
tagajarjel alanes kcat ~3 korda (Tabel 3). Z. mobilis’e levaansukraasi Glu211GIn mutandil
(vastab Lsc3 Glu236-le) oli katalttiline efektiivsus sahharoosi I6hustamisel langenud 22
korda (Yanase et al., 2002). Seega on selle mutandi fenotilp vdrreldav Lsc3 valgu
Glu236GIn omaga. Jareldame, et nii His113 kui ka Glu236 on olulised Lsc3 valgus nii
sahharoosi sidumisel kui ka I6hustamisel.

Kui hinnata rafinoosi kasutamist, siis on ka see nditaja uuritud 10-st Lsc3 variandist kdige
rohkem hairitud mutantidel Trpl09Ala, Hisl13Ala ja Glu236GIn. Rafinoosi I6hustamise
kataltittiline efektiivsus on neil ~35 korda vahenenud vorreldes algse valguga. Rafinoosi
I6hustamise kcat langes kbige enam (~20 korda) mutandil Glu236GIn. Meie andmetel on
mutantidel His113Ala ja Glu236GIn veidi muutunud ka substraadikasutus: kuigi His113Ala
kasutab nii sahharoosi kui rafinoosi algsest valgust palju halvemini, on tema ke ja
katalttiline efektiivsus rafinoosi I6hustamisel langenud vahem kui sahharoosi puhul.
Mutandil Glu236GIn on afiinsus sahharoosile langenud palju rohkem (14 korda) kui
rafinoosile (1.4 korda) (Tabel 3; Joonis 8).

Mutantide Glu110Asp ja Glu146GlIn afiinsused sahharoosile ja rafinoosile olid langenud 2-3
korda (Tabel 3). Z. mobilis’e levaansukraasi mutant Glul17GIn, mis on homoloogne Lsc3
mutandile Glul46GIn, oli rohkem mdojutatud: afiinsus sahharoosile langes 4 korda ja
kataltutiline efektiivsus 4.5 korda (Yanase et al., 2002). Mutandil Glu146GIn puhul on ndha
ka muutus substraadivalikus: tema kataltitiline efektiivsus rafinoosi I6hustamisel oli
langenud vahem kui sahharoosi 16hustamisel (Tabel 3). Proovisime ennustada B. subtilise’e
kristalliseeritud levaansukraasi struktuuri abil Glul46 asukohta valgus. Glul46-le
homoloogiline positsioon B. subtilise’e levaansukraasis asub aktiivtsentrist veidi eemal ning
tema kulgahel on suunatud aktiivtsentrist eemale. See asetus ei pruugi kehtida Lsc3 valgu
kohta, sest SacB ja Lsc3 valk on jarjestuselt vaga erinevad. Igal juhul mdjutas Glul46Gin
asendus nii sahharoosi kasutamist (kataliitiline efektiivsus langes, kuid FOS-e sunteesiti
rohkem) kui ka substraadieelistust, mis muutus rafinoosi kasuks (Tabel 3, Joonis 8). Glu110-
le homoloogilist positsiooni pole varem levaansukraasides muteeritud. Kuna Glu110Ala valku

ei Onnestunud meil puhastada, siis selle puhul mé&é&rati sahharoosi I6hustamise aktiivsust
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rakullisaadis. Maaramine nditas ca 10-kordset aktiivsuse langust vorreldes metsiktulpi

valguga.

Lsc3 valgu Val248Ala mutandil oli afiinsus nii sahharoosile kui ka rafinoosile veidi suurem
kui muteerimata valgul. Sahharoosi I6hustamise kataltutiline efektiivsus oli alanenud rohkem
kui rafinoosi I6hustamise oma, seega oli muutunud mutandi substraadieelistus rafinoosi
kasuks (Tabel 3). Levaansukraasides on Val248-le vastavas positsioonis kill vaid
hidrofoobsed aminohapped, kuid positsiooni konserveerumisaste on suhteliselt madal, vaid 5
(Joonis 6). Vastav Z. mobilis’e levaansukraasi mutatsioon Val233Ala pdhjustas tunduvalt
suuremaid muutusi kui meie téheldasime Lsc3 valgu puhul. Sellel mutandil oli afiinsus
sahharoosile alanenud 8 korda ja kataltiitiline efektiivsus liigikaudu 90 korda (Yanase et al.,
2002).

Lys322 asendamine alaniiniga alandas sahharoosi I8hustamise katalliitilist konstanti ja
efektiivsust ligikaudu kolm korda. B. subtilise’e levaansukraasis on tehtud mutant, kus
Gly361 (vastab Lsc3 Lys322-le) asendati fentiulalaniiniga. See asendus mdjutas katallisi
rohkem: afiinsus sahharoosile langes tle 35 korra ja kataltiutiline efektiivsus tle 100 korra.
Lisaks oli valk ebastabiilne ja stinteesis algsest valgust rohkem FOS-e ja vahem polimeerset
levaani (Ortiz-Soto et al., 2008). Samas Lsc3 valgus Lys322 muteerimine alaniiniks FOS-ide
slinteesi ja spektrit ning levaani teket méarkimisvéaarselt ei mdojutanud (Joonis 9 ja 11).
Huvitaval kombel oli Lsc3 Lys322Ala mutandil rafinoosi I8hustamise Kcat Suurem kui
sahhroosi I8hustamise Kcat (Joonis 8), seega oli tema substraadieelistus vorreldes muteerimata
valguga tunduvalt muutunud. Ka kataltdtilise efektiivsuse jargi kasutas ta rafinoosi paremini
kui sahharoosi (Tabel 3). Gramnegatiivsete bakterite levaansukraasides on selles positsioonis
thupiliselt kas Lys vdi Arg, kuid nditeks Z. mobilis’e LevU valgus ja E. amylovora
levaansukraasis on seal His. Need on kdik positiivselt laetud aminohapped. Kui E. amylovora
kristallstruktuuri andmed publitseeritakse, siis on ilmselt v@imalik selle positsiooni

paiknemist (Joonis 7) Lsc3 valgus tdpsemalt ennustada.

Phe323Ala ja Phe323His positsioonide mutandid on sahharoosi I6hustamise poolest
omavahel Usna sarnased: mdlemad seovad sahharoosi héasti ja reaktsiooni katallutiline
efektiivsus oli alanenud vorreldes algse valguga ainult 1.7 korda. Suur erinevus metsiktudpi
valgust tuleb neil esile rafinoosi kasutamisel. Mutandi Phe323Ala afiinsus rafinoosile oli
langenud umbes 2 korda vdrreldes muteerimata valguga, samas rafinoosi I6hustamise Keat oli
tdusnud peaaegu 2 korda. Phe323His mutandi Kn rafinoosi I6hustamisel ei saanud maarata,

sest kdrgematel rafinoosi kontsentratsioonidel ei olnud enstitim reaktsioonivéimeline. Arhede
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levaansukraasides (Joonis 6) on vastaval positsioonil His, kuid kuna neid levaansukraase ei

ole valgu tasemel Uldse uuritud, ei ole teada, kas ja kui hasti nad rafinoosi I6hustavad.

Mutant Asp383Ala sarnanes sahharoosi ja rafinoosi I6hustamise mustri poolest mutandiga
Phe323His. Mutandi Asp383Ala afiinsus sahharoosi I6hustamisel oli peaaegu sama, mis Lsc3
metsiktilpi valgul, katalultiline konstant ja efektiivsus olid langenud ~3 korda (Tabel 3).
Samas rafinoosi I6hustamise kineetikat oli v6imatu analtlsida, sest kdrgema rafinoosi
sisalduse korral ensiiim inaktiveerus. Huvitav on see, et mdlemad mutandid, Phe323His ja
Asp383Ala I6hustasid madalamal kontsentratsioonil (5-50 mM) rafinoosi hasti. Oletame, et
rafinoos seondub vaga tugevasti aktiivtsentrisse ja blokeerib reaktsiooni siis kui substraati on
palju. Asp383-le vastav positsioon on levaansukraasides korgelt konserveerunud (KA 8).
Batsillide levaasukraasides asub sellel positsioonil siiski Thr (Joonis 6). Lsc3 valgu Phe323 ja
Asp383 voiksid paikneda valgu struktuuri mudeli kohaselt substraadi seondamistasku &ares,
kuuluda seostumisalas kas +1 vdi +2 alapiirkonda ning osaleda nii sahharoosi kui ka rafinoosi
sidumisel substraaditaskusse (Joonis 7). Igal juhul mdjutab nende positsioonide muteerimine
tugevamini rafinoosi kasutamist, muutes seda selles t60s tehtud asenduste korral
efektiivsemaks. Positsioone, mis vastavad Phe323-le ja Asp383-le Lsc3 valgus ei ole

levaansukraasides varem muteeritud.

Varem oli meie t06grupis muteeritud ka mdningaid teisi positsioone Lsc3 C-terminaalsest
piirkonnast: Phe381Ala, Phe381Asn ja Val385Ala (Vaher, 2013). Ka Phe381Asn mutandil oli
muutunud substraadieelistus: see valk kasutas rafinoosi sahharoosist paremini, kuigi mélema
substraadi kasutamise efektiivsus oli vdga madal. Val385 asendamine alaniiniga mdjus

vastupiselt — alandas rafinoosi kasutamist vorreldes sahharoosi kasutamisega (Vaher, 2013).

Mutantsetel levaansukraasidel on rafinoosi kasutamise v@imet vaadeldud vaid uksikutes
publikatsioonides. Peamiselt on seda uuritud Z. mobilis’e levaansukraasil LevU, mis erineb
substraadispetsiifika poolest oluliselt Lsc3 valgust (Visnapuu et al., 2008). Sahharoosi ja
rafinoosi kasutamise suhe LevU valgul on 100:117, seega eelistab ta rafinoosi sahharoosile.
Kui LevU valgus muteeriti Val223 (vastab Val248-le Lsc3 valgus) alaniiniks, siis vastav suhe
tbusis véartuseni 100:129, seega rafinoosi kasutamine paranes (Yanase et al., 2002). Sarnane
tendents oli ndha ka Lsc3 Val248Ala mutandil. Z. mobilis’e levaansukraasi mutandil
Glul17GIn oli rafinoosi kasutamine tugevasti alanenud (Yanase et al., 2002). Vastaval Lsc3
mutandil Glu146GIn oli aga substraadivalik kaldunud just rafinoosi suunas (Tabel 3).
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2.3.2.2 Mutantsete levaansukraaside polimerisatsiooniproduktide iseloomustamine

Polimeriseeriv ehk transfruktostuliv aktiivsus (TA, %) méarati reaktsiooniproduktide HPLC
analtiusil (pt 2.2.6). Selleks inkubeeriti enstutmi 1200 mM sahharoosiga vdi 300 mM
rafinoosiga temperatuuril 37°C 20 h (pt 2.2.6). Kuna rafinoos lahustub halvemini ning méned
mutantsed valgud ei talunud kdrget rafinoosi kontsentratsiooni, siis kasutati reaktsioonis
sahharoosiga vorreldes védhendatud rafinoosi sisaldust. Samadest proovidest mé&arati ka
reageerimata jadnud sahharoosi voi rafinoosi sisaldus ning kvantiteeriti moodustunud FOS-id.

Sahharoosiga reaktsioonidest saadud tulemused on esitatud Tabelis 4.

Tabel 4. Levaansukraaside transfruktosulliv —aktiivsus (TA, %) sahharoosiga,

reaktsiooniproduktide hulk ja spekter ning reageerimata jddnud sahharoosi kogus.
Valk TA (%) FOS (PA) Jadksahharoos (mg/ml)

Lsc3 wt 73.6+0.9 3-7 370+ 6.4
Trpl09Ala 76.9+1.3 3-7 36.4+0.1
Glul10Asp 69.8+ 1.3 3-7 25.0+2.3
His113Ala 38.1+45 3-6 18.1+3.3
Glul146GIn 755+ 1.1 3-6 35.3+19
Glu236GIn 50.0 £ 3.8 3-6 53.7+4.3
Val248Ala 72.9+0.3 3-6 24.3+1.1
Lys322Ala 72.8+0.8 3-6 30.8+3.6
Phe323Ala 69.4+1.1 3-6 204 +2.2
Phe323His 63.1+15 3-6 29.2+2.8
Asp383Ala 60.7+ 1.4 3-6 21.0+1.0

2.7 U/ml puhastatud levaansukraasi inkubeeriti 1.2 M sahharoosiga (410.4 mg/ml)
Mcllvaine’i puhvris (pH 6.0) temperatuuril 37°C 20 h.

Tabelist 4 on ndha, et mutandid His113Ala, Glu236Ala, Phe323His ja Asp383Ala erinevad
TA poolest algsest valgust. Sahharoosi polumeriseeriv aktiivsus oli kdige enam langenud
mutantidel His113Ala ja Glu236Ala, vastavalt 35% ja 24% v0rra. See nditab, et need valgud
on algsega vorreldes palju hiidrolitilisemad — kannavad suure osa sahharoosist parinevatest
fruktoosijadkidest mitte sahhariidsele aktseptorile vaid veele. Hisl13Ala ja Glu236Ala
mutantide hudrolutilisus on ndha ka polumerisatsiooniproduktide analtisil: FOS-e ja levaani
moodustub véhe ja TLC anallusil on naha palju vabanevat fruktoosi (Joonis 9; Lisa 1 ja 3).
Sarnast tendentsi nditas ka Z. mobilis’e levaansukraasi mutant Glu211GIn (vastab Lsc3
Glu236GIn-le), mille transfriktostuliv aktiivsus oli langenud 54% vorra. FOS-e siinteesis
vahe ka mutant Trp109Ala, kuid tema puhul tulenes see ilmselt vaga tugevast Kcat langusest
sahharoosi I6hustamisel, kuna TA véartus oli tal isegi suurem kui algsel Lsc3 valgul (Tabel 4;

Joonis 8).

LevU mutandil GIn117GIn tdusis TA 65%-It 81%-ni (Yanase et al., 2002). Sellele vastaval

Lsc3 mutandil Glu146GIn tdusis TA vdartus samuti, kuigi mitte nii suurel maaral (Tabel 4).
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Ka sunteesitud FOS-ide kogus 1 mg valgu kohta oli mutandil Glu146GIn suurem kui algsel
valgul (Joonis 9). Kui LevU mutandil VVal233Ala (vastab Lsc3 Val248Ala-le) langes TA 15%
vorra (Yanase et al., 2002), siis Lsc3 homoloogse mutandi puhul TA vé&artus ei langenud.
Samuti oli B. subtilise’e SacB mutant Gly361Phe oli palju hidroluttilisem kui algne valk
(Ortiz-Soto et al., 2008). Lsc3 valgus vastab sellele positsioonile joonduse alusel Lys322,
mille asendamine nditeks alaniiniga ei mojutanud TA véartust (Tabel 4). Tundub, et
polimerisatsiooniks vajalikke aminohappeid ei ole vdimalik ainult joonduste alusel
ennustada, seda enam, et selles t66s vordluseks kasutatud levaanskraaside identsus Lsc3
valguga on madal. Naiteks Lsc3 ja SacB valkudel on see vaid 25% (Vaher, 2013).
Jadksahharoosi kogus oli kdige suurem mutandil Glu236GIn. Mutant His113Ala kasutas 20
tunni jooksul isegi rohkem sahharoosi dra kui algne muteerimata valk, kuid toimus peamiselt

sahharoosi hidroliits — TA vaartus oli tugevalt alanenud (Tabel 4).
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Joonis 9. 1.2 M sahharoosist 20 h jooksul sunteesitud fruktooligosahhariidide kogused ja
spekter.

Joonisel 9 on esitatud FOS-ide kogused, mida levaansukraasid stinteesisid sahharoosist 20 h
jooksul 1 mg valgu kohta. Kdige vahem FOS-e 1 mg valgu kohta toodavad mutandid
Trpl09Ala, Hisl13Ala ja Glu236GIn (Joonis 9). Nendel mutantidel oli ka kataltditilise
efektiivsus sahharoosi I6hustamisel selles t66s uuritud mutantidest kdige enam (Ule kiimne
korra) langenud (Tabel 3). FOS-ide stinteesi langust tdheldati ka mutantidel Val248Ala,
Phe323His ja Asp383Ala (véhenemine tle 10 g/mg kohta). K&ige sarnasemad algsele Lsc3
valgule olid oligomeersete produktide slinteesi osas mutandid Glul10Asp ja Glul46Gin.
Joonis 9 néitab ka sahharoosist stinteesitud fruktooligosahhariidide spektrit. Ainult mutandid
Trpl09Ala ja Glul10Asp sunteesisid muteerimata valgule sarnaselt kuni seitsme suhkrujéagi

pikkusi FOS-e, teised mutandid siinteesisid FOS-e pollimerisatsiooniastmeni 6. Mutant
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Glul46GIn sinteesis FOS-e isegi rohkem kui algne valk ja tema puhul tdusnud lihemate
FOS-ide hulk. Seetdttu vdiks see mutant valk leida rakendust biotehnoloogias. Naiteks
inuliini-tudpi FOS-ide puhul on ndidatud, et probiootilised bakterid suudavad paremini
kasutada just lthikesi FOS-e (Gibson et al., 2010).

Samade reaktsioonisegude koostist analtisiti ka 6hukese kihi kromatograafiaga (TLC).
Kromatogrammid on esitatud Lisas 3. HPLC analliisil ei saa slnteesitud levaani kogust
hinnata, sest meetod sobib mono- ja oligosahhariidide kvantiteerimiseks, kuid TLC analtds
vOimaldab seda. Levaani sunteesi véhenemist (heledam levaani laik kromatogrammil) oli
naha mutantidel Glul10Asp, His113Ala, Glu236GIn, Phe323Ala ja Asp383Ala. Mutantidel
Hisl113Ala ja Asp383Ala oli vdhenenud ka lihemate polimerisatsiooniproduktide hulk.
Teistel mutantidel suuri erinevusi algse valguga pollimerisatsiooniproduktide TLC anallisil

naha ei olnud.

Polimerisatsiooniproduktide teket rafinoosist esialgul uuriti mutantidel Val248Ala,
Lys322Ala, Phe323Ala, Phe323His ja Asp383Ala. Teistel mutantidel (Trpl09Ala,
Glull0Ala, Hisl13Ala, Glul46GIn ja Glu236GIn) on plaanis seda tulevikus méaérata.

Rafinoosi poliimeriseerimise andmed mutantidel on esitatud Joonisel 10 ja Tabelis 5.

Tabel 5 néitab, et TA véartuse poolest oli kdige sarnasem muteerimata valgule mutant
Phe323Ala. Mutandi Lys322Ala TA oli tdusnud 6% vdrra ning mutantide Asp383Ala ja
Val248Ala TA langes vastavalt 4% ja 8% vorra. Jaakrafinoosi kogus oli suurim mutantidel
Phe323Ala ja Asp383Ala ning véikseim mutandil VVal248Ala.

Tabel 5. Levaansukraaside rafinoosi pollimeriseeriv aktiivsus (TA) ja jadkrafinoosi kogus
reaktsioonisegus.

Proov TA (%) Jaakrafinoos (mg/ml)

Lsc3 wt 64.2+0.1 122+19
Val248Ala 56.0+1.3 8.0+04
Lys322Ala 70.2+0.4 19.1+3.3
Phe323Ala 63.9+13 35.4+ 7.8
Phe323His 67.6+0.9 144 +10.1
Asp383Ala 59.8 £ 0.6 55.0+3.7

2.7 U/ml levaansukraasi inkubeeriti 300 mM rafinoosiga Mcllvaine’i puhvris (pH 6.0)
temperatuuril 37°C 20 h.

Metsiktlupi Lsc3 sunteesib rafinoosist 20 h jooksul 1.4 g FOS-e Gihe mg valgu kohta, mis on

peaaegu 10 korda vaiksem kogus vorreldes sahharoosist stinteesitud FOS-ide hulgaga (Joonis
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10). Seega on Lsc3 valgu vdime sahharoosist FOS-e siinteesida palju suurem kui rafinoosi
puhul. Rafinoosist toodetud FOS-ide hulga (g/mg valgu kohta) poolest eristusid mutandid
Phe323Ala, Phe323His ja Asp383Ala, mille FOS-ide tootmise vGime rafinoosist oli suurem
kui metsiktidpi valgul, Gletades seda vastavalt 14, 12 ja (le 6 korra (Joonis 10). TLC analuls
(Lisa 3) néitas, et vorreldes algse valguga oli levaani rafinoosist moodustunud véhem
mutantidel Val248Ala, Phe323Ala ja Asp383Ala. Seega tundub, et mutandil Asp383Ala on
FOS-ide suntees rafinoosist suurenenud levaani siinteesi arvelt. Mutandil Val248Ala oli
oluliselt védhenenud ka lihemate polimerisatsiooniproduktide tootmine nii sahharoosist kui
rafinoosist (Lisa 3), mida peegeldab ka vahenenud TA (Tabel 5). Mutantide Lys322Ala,
Phe323Ala, Asp383Ala rafinoosist stinteesitud FOS-ide TLC analttsil oli nédha ka produkte
(PA 4), mida metsiktulpi valk ei sunteesi. See vdiks viidata nende valkude muutunud
substraaditaskule, kuhu aktseptorid voivad seonduda teistel viisidel ning saavad moodustuda
teistsuguse sidemetliibiga v6i hargnenud ahelaga produktid. Kirjanduses on néidatud, et B.
subtilis’e levaansukraasi puhul voib lisaks rafinoosile ka reaktsioonis tekkiv melibioos
toimida fruktostili aktseptorina (Seibel et al., 2006), samuti on aktseptoriteks sellises

reaktsioonis tekkinud FOS-id (rafinoos ja melitrioos).

25,0

20,0 =

[ERN
o
o

FOS (g/mg)

[ERN
o
o

o
)
HH

0,0 =
Lsc3wt  Val248Ala Lys322Ala Phe323Ala Phe323His Asp383Ala

Joonis 10. Rafinoosist sunteesitud fruktooligosahhariidide kogused 1 mg valgu kohta. 2.7
U/ml levaansukraasi inkubeeriti 300 mM rafinoosiga Mcllvaine’i puhvris (pH 6.0)
temperatuuril 37°C 20 h.

Polumeerse levaani teket reaktsiooni kaigus saab jalgida spektrofotomeetriliselt. Levaan
moodustab h&gu, mille teket saab jélgida ajas kas spektrofotomeetri Kkiivetis vOi
mikrotiiterplaadil. Mddtsime levaani moodustumist 600 mM sahharoosist mikrotiiterplaadil
(Joonis 11). Moodustunud levaani hulk arvutati puhastatud polimeerse levaaniga tehtud
kaliibri alusel, mille koostas T. Visnapuu. Teiste selles t60s kasitletud mutantide levaani
stinteesi graafikud on esitatud Lisas 1.
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Joonis 11. Levaani sintees (mg/ml) mikroplaadil 600 mM sahharoosist 10 h jooksul.
Reaktsioonisegu sisaldas 10 pg/ml puhastatud levaansukraasi.

Jooniselt 11 on nadha, et muteerimata Lsc3 valk saavutas levaani tekke maksimumi juba 150.
minutil ja stinteesis maksimaalselt 9.7 mg/ml levaani. Algsest valgust erinesid kdige rohkem
mutandid Phe323Ala ja Asp383Ala. Viimane slinteesis levaani vdga vahe ja vaga aeglaselt —
1.2 mg/ml 510 minutiga. Need tulemused korreleeruvad ka TLC analtitisiga (Lisa 3). Levaani
stinteesi poolest oli metsiktidpi valguga kdige sarnasem mutant Phe323His, mis toodab
levaani maksimaalselt 9.6 mg/ml, aga natuke aeglasemalt. Vdhe ja vaga aeglaselt stinteesisid
levaani ka mutandid Trp109Ala, His113Ala ja Glu236GIn (Gromkova, 2013; Lisa 1). Samas
LevU mutandi Trp80Arg (vastab Trpl09-le Lsc3 valgus) transfriiktosulliv aktiivsus oli
samasugune nagu metsiktilpi valgul, aga mutant ei stinteesinud pika ahelaga polimeeri —

levaani (Yanase et al., 2002).
2.3.2.3 Mutantsete valkude termostabiilsus

Valkude termostabiilsuse hindamiseks kasutati fluorimeetria meetodit (Pantoliano et al.,
2001; pt 2.2.7), mille kaudu saab kindlaks teha temperatuuri, mille mdjul pool analiilsitavast
valgust on denatureerunud. Seda temperatuuri defineeritakse sulamistemperatuurina (Tm).
Metsiktulpi Lsc3 valgu Tm on 65.5°C (Tabel 6; Lisa 1). Seega on see levaansukraas
suhteliselt termostabiilne valk. Samal meetodil on méaaratud termostabiilsust ka E. amylovora
levaansukraasil ja selle valgu Tm vadrtuseks saadi 57°C (Caputi et al., 2013). See néitab, et
Lsc3 vdiks olla termostabiilsem ja seega sobivam biotehnoloogilisteks rakendusteks. Tabel 6
naitab, et uuritud mutantide Tm véartused olid lsna sarnased muteerimata valgule, vélja
arvatud Val248Ala ja Lys322Ala, mille sulamistemperatuurid langesid vastavalt 16°C ja 6°C
kraadi vorra. Sarnane tulemus saadi B. subtilse’e levaansukraasi mutandil Gly361Phe (vastab

Lsc3 Lys322-le), mille termostabiilsus oli oluliselt langenud. Seda seletati mutatsiooni tdttu
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aminohapete Arg360 ja Ile374 vahel moodustunud B-juuksendela destabiliseerumisega (Ortiz-
Soto et al., 2008). Mutantide Trp109Ala, Glul10Asp, His113Ala, Glul46GIn, Glu236GlIn ja
Val248Ala termostabiilsust maaras Karin Mardo ning tulemused on esitatud Lisas 1.

Tabel 6. Lsc3 levansukraasi ja mutantsete valkude sulamistemperatuurid koos

standardhélvetega.
Valk Tm
Lsc3 wt 65.5+1.0
Trp109Ala 63.8 +0.01
Glul10Asp 65.4+0.3
His113Ala 65.5+0.3
Glul146GIn 63.6 + 0.5
Glu236GIn 66.1 +£0.3
Val248Ala 49.2+0.5
Lys322Ala 59.7+13
Phe323Ala 66.7+ 1.4
Phe323His 64.6+1.6
Asp383Ala 64.9+1.3
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KOKKUVOTE

Levaansukraasid on bakteriaalsed ekstratsellulaarsed ensttmid, mis kuuluvad glukosiidi
hidrolaaside perekonda 68. Nad on multifunktsionaalsed, katalutsides nii hidroltisi kui ka
biosiinteesi reaktsioone. Levaansukraasid slinteesivad sahharoosist kdrge
poliimerisatsiooniastmega [3-2,6 sidemega levaani ja ka lihema ahelaga fruktooligosahhariide.
Levaansukraaside geene leidub nii grampositiivsetel kui ka -negatiivsetel bakteritel, aga ka
monel arhel. Levaansukraaside valkude jarjestused ja pikkused on erinevad, kuid neis on ka
mitmed konserveerunud alasid. Kiristallstruktuuride andmetel on levaansukraasidel
viielabalise B-propelleri kuju. Valgul on tsentraalne negatiivselt laetud 6dnsus, mille pdhjas

asub kolmest happelisest aminohappest koosnev reaktsioonitsenter.

Levaansukraaside uuringud on olulised, sest nende reaktsiooniproduktidel on leitud mitmeid
biotehnoloogilisi  rakendusi. Naiteks toimivad levaani-tulpi fruktooligosahhariidid
prebiootiliselt — nad stimuleerivad bifidobakterite ja laktobatsillide kasvu (Porras-Dominguez

et al., 2014) ning voiks seetdttu mdjuda positiivselt inimese tervisele.

Ké&esolevas magistritdods t00s keskenduti P. syringae pv. tomato DC3000 levaansukraasi Lsc3
koht-suunatud muteerimisele ja vastavate mutantide analidsile, et teha kindlaks positsioone,

mis md@jutavad valgu katalGutilisi omadusi, sh substraadivalikut ja v8imet slinteesida FOS-e.

T66 pdhitulemused olid jargmised:

1. Trpl09, Hisl13, Glu236 on Lsc3 kataludsis dliolulised: nende muteerimine alandab
drastiliselt nii sahharoosi kui ka rafinoosi 6hustamise efektiivsust kui ka
polumerisatsiooniproduktide teket. Ennustuse kohaselt véiksid need aminohapped
kuuluda Lsc3 substraaditaskusse ja osaleda substraadi sidumisel valgule. Positsiooni
His113 olulisust levaansukraaside katalulsis on seni ndidatud vaid Lsc3 valgu puhul

ja meie téogrupis.

2. Positsioonid His113 ning Glu236 on olulised aktseptorsubstraadi seondumises ja/voi
sellele jargnevas transfruktosiilimises, sest mutantide Hisl13Ala ja Glu236Ala
hidroltatiline aktiivsus oli vorreldes algse valguga tugevasti suurenenud, samas

sahharoosi I6hustamise aktiivsus oli langenud vaid ~3 korda.

3. Positsioonid Phe323, Asp383, Val248 ja Lys322 voiksid osaleda valgu
konformatsiooni séilitamises. Mutandid Phe323Ala, Phe323His ja Asp383Ala
sadenesid valgu kontsentreerimisel ning mutantidel Val248Ala ja Lys322Ala alanes

termostabiilsus.
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4. Glul4e, Val248, Lys322, Phe323 ja Asp383 on olulised Lsc3 substraadivalikus. Kui
metsiktiipi Lsc3 eelistab substraatidest sahharoosi rafinoosile, siis mutantidel
Glul46GIn, Val248Ala, Lys322Ala, Phe323Ala, Phe323His ning Asp383Ala oli
substraadivalik muutunud rafinoosi kasuks. Mutandid Phe323Ala, Phe323His ja

Asp383Ala polumeriseerisid rafinoosi oluliselt paremini kui sahharoosi.

5. Esimest korda oleme kirjeldanud Lsc3 valgu mutante, mis modnes aspektis olid
metsiktlupi valgust tdhusamad: siinteesisid rafinoosist rohkem FOS-e kui algne
muteerimata valk. Néiteks Lsc3 mutandi Phe323Ala abil saaks rafinoosist slinteesida

FOS-e, et uurida nende prebiootilisi efekte.
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Structure-function analysis of Pseudomonas syringae pv. tomato levansucrase Lsc3 using

site-directed mutagenesis
Maria Gromkova
SUMMARY

Levansucrases are bacterial extracellular enzymes belonging to glycoside hydrolase family
68. These enzymes are multifunctional catalyzing both substrate hydrolysis and transfer of a
fructosyl residue from a donor substrate to a variety of acceptors. Levansucrases synthesize
highly polymeric B-2,6 linked fructan levan and short-chain fructooligosaccharides (FOS)
using sucrose as main substrate. Levansucrase genes are present in Gram-positive and -
negative bacteria as well as in archaea. Levansucrases have a five-blade p-propeller fold. The
central pocket of the enzyme harbors three conserved catalytic amino acids: two aspartates

and a glutamate.

Levansucrase studies are important due to their polymerization products which have several
biotechnological applications. For example, recently their prebiotic effect on beneficial gut
bacteria was demonstrated (Porras-Dominguez et al., 2014) and thus they should have

positive impact on human health.

The aim of this study was to disclose amino acid positions of Lsc3 that affect catalytic

properties of the protein, including substrate specificity and ability to produce FOS.

The main results of this study are as follows:

1. Among studied positions, Trp109, His113 and Glu236 were shown as most important
for the catalysis: their substitution most seriously affected sucrose and raffinose
cleavage as well as synthesis of polymerization products from these substrates.
According to the prediction, these amino acids may reside close to the active site
pocket and participate in substrate binding. Notably, significance of a highly
conserved position equivalent to His113 in Lsc3, was shown for the first time in our

studies.

2. Positions His113 and Glu236 are important for acceptor binding and/or following
transfructosylating reaction as mutants His113Ala ja Glu236Ala were largely
hydrolytic whereas their ability to cleave sucrose and raffinose was decreased only ~3

times.

3. Phe323, Asp383, Val248 and Lys322 are probably involved in stabilization of protein
conformation. Mutants Phe323Ala, Phe323His ja Asp383Ala were prone to
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precipitation when concentrated and mutants Val248Ala and Lys322Ala had reduced
thermostability.

. Glul46, Val248, Lys322, Phe323 ja Asp383 are involved in selective usage of
substrates by the Lsc3. If wild-type Lsc3 preferres sucrose over raffinose, the mutants
Glul46GIn, Val248Ala, Lys322Ala, Phe323Ala, Phe323His, Asp383Ala prefer
raffinose over sucrose. Also, the mutants Phe323Ala, Phe323His ja Asp383Ala

produce much more FOS from raffinose than from sucrose.

For the first time we have obtained Lsc3 mutants that show certain improved catalytic
properties when compared to wild-type protein. In this study Lsc3 variants were
described that synthesized from raffinose much more FOS than the wild-type enzyme.
For example, the mutant Phe323Ala can be used to produce FOS from raffinose for

the study of their prebiotic efficiency.
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Bacterial levansucrases polymerize fructose residues of sucrose to 3-2,6 linked fructans —
fructooligosaccharides (FOS) and levan. While -2,1 linked FOS are widely recognized as
prebiotics, health-related effects of f-2,6 linked FOS are scarcely studied as they are not
commercially available. Levansucrase Lsc3 (Lsc-3) of Pseudomonas syringae pv. tomato has
very high catalytic activity and stability making it a promising biotechnological catalyst for
FOS and levan synthesis. In this study we evaluate feasibility of several high-throughput
methods for screening and preliminary characterization of levansucrases using thirty six Lsc3
mutants as a test panel. Heterologously expressed and purified His-tagged levansucrase

variants were studied for 1) sucrose-splitting activity, 2) FOS production, 3) ability and
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kinetics of levan synthesis, 4) thermostability in a novel Thermofluor assay. Importantly, we
show that sucrose-splitting activity as well as the ability to produce FOS can both be
evaluated using permeabilized levansucrase-expressing E. coli transformants as catalysts. For
the first time we demonstrate key importance of Trp109, His113, Glu146 and Glu236 for the
catalysis of Lsc3. Economical methods presented here are applicable not only in levansucrase
assay, but have a potential to be adapted for high-throughput (automated) study of other

enzymes.

Keywords: levansucrase; fructooligosaccharides; levan Pseudomonas syringae;

cell permeabilization; Thermofluor; prebiotics

1. Introduction

Levansucrases (EC 2.4.1.10) are bacterial extracellular enzymes that convert sucrose into
B-2,6 linked fructooligosaccharides (FOS) of varied chain length and high-molecular levan
[1]. These enzymes are present in many plant-related bacteria such as Pseudomonas syringae
[2-4], Gluconacetobacter diazotrophicus [5], Zymomonas mobilis [6] and Erwinia amylovora
[7-8], but also in Bacillus subtilis, B. megaterium [9-10] and several lactic acid bacteria such
as Lactobacillus sanfranciscensis, L. reuteri and Leuconostoc mesenteroides [11-13].

FOS which are derived from plant storage polysaccharide inulin (a p-2,1 linked fructan)
are already widely recognized as prebiotics [14-15]. They are industrially produced from plant
sources and used in various food- and health-related products. On the contrary, other types of
FOS are not commercially available and due to that their biological effects are scarcely
studied. Still, few papers, for example [16], report that $-2,6 linked (levan-type) FOS are
selectively fermented by bifodobacteria showing even stronger prebiotic effect than 3-2,1
linked counterparts. Neokestose, a fructosylglucosylfructoside produced from sucrose by a
fungus Xanthophyllomyces dendrorhous, also showed a bifidogenic effect on human gut
microbiota [17]. Notably, a recent paper by Marsh and coworkers states that water kefir grains
originating from different regions of the world contain Z. mobilis as main bacterial component
[18]. As Z. mobilis possesses a levansucrase, water kefir, a popular healthy drink produced by
fermentation of sucrose-containing water with water kefir grains as a starter, certainly
contains levan and FOS. Prebiotic effect of polymeric fructans (inulin and levan) on
lactobacilli and bifidobacteria is most probably assisted by other bacteria in the gut that

degrade these large molecules to oligomers. For further study of physiological effects of 3-2,6
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linked FOS and levan, biotechnologically feasible production systems applying wild-type
enzymes or selected mutant variants should be established.

We have cloned and heterologously expressed three genomic levansucrase genes Iscl, Isc2
and Isc3 (also designated as Isc-1, Isc-2 and Isc-3) from a plant pathogen Pseudomonas
syringae pv. tomato [4]. Respective proteins have highly similar sequence and general
catalytic properties [4, 19]. We have shown that purified Lsc3 protein has very high catalytic
constant (kcat 504.4 1/s) [20]. Higher Keat (2272 1/s) has been recorded only for the
levansucrase of B. megaterium [10] whereas levansucrases of G. diazotrophicus and Z.
mobilis have respectively 8 and 18 times lower K¢t values than Lsc3 [5-6]. Lsc3 is a very
efficient polymerizer, producing from sucrose two types of fructans: high-molecular levan
and short-chain FOS [20-21]. The spectrum of FOS produced by Lsc3 is highly similar to that
of a prebiotic inulin-type FOS mixture (P95 from Orafti, Beneo, Belgium) as verified using
different analysis methods: thin layer chromatography (TLC), nanoelectrospray ionization
mass spectrometry (nanoESI MS) analysis [21] and high-performance liquid chromatography
(HPLC) ([22] and our unpublished data). Importantly, Lsc3 transfructosylated eleven out of
twelve nonconventional acceptor substrates tested by us. Among them, sorbitol, xylobiose,
galacturonic acid, mannitol, xylitol and methyl-glucopyranoside were shown to serve as
fructosyl acceptors for levansucrases for the first time [20].

In search, isolation and characterization of levansucrase mutants, we have elaborated and
applied several high-throughput methods. Firstly, for the selection of random mutants of Lsc3
protein, we introduced a microplate-based assay of levansucrase activity on permeabilized
cells of levansucrase-expressing E. coli as catalyst. This method was further applied for
preliminary study of site-directedly mutated Lsc3 variants [20]. As majority (88%) of
levansucrase activity is detected in cytoplasmic fraction of levansucrase-expressing E. coli
and only 12% in the periplasm [4], permeabilization is needed to disclose also the activity of
cytoplasmic fraction of the protein [19]. Secondly, we introduced a microplate-based assay of
levan production kinetics to characterize polymerization ability of Lsc3 mutants [20]. Thirdly,
for the first time we applied NanoMate robot-assisted electrospray ionization coupled with
high-capacity ion trap mass spectrometry method for the analysis of Lsc3-produced homo-
and heterooligofructans in underivatized form [20-21].

In current work we introduce a set of high-throughput and cost-saving methods feasible for
levansucrase assay. These methods will be evaluated on a panel of random and site-
specifically constructed Lsc3 mutants. Several of these mutants have been described earlier,
but novel variants are included as well. The wild-type Lsc3 will be used as reference. We will

assay following biochemical properties of purified levansucrases: 1) sucrose-splitting activity,
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also referred to as total activity, 2) the amount and spectrum of produced FOS, 3) ability and
kinetics of levan synthesis, 4) thermal stability of levansucrases. Aside of this, we will
evaluate some of these characteristics using permeabilized cells of levansucrase-expressing E.
coli as catalysts. The data retrieved from high-throughput assays will be compared with those

of conventional more laborious methods.
2. Results and Discussion

2.1. Panel of Lsc3 Mutants of This Study

Lsc3 variants addressed in the study include the wild-type Lsc3 and thirty six mutants.
Twenty two of them have been previously characterized by us. Among those are inactive
mutants of catalytic triad Asp62Ala, Asp219Ala and Glu303Ala [22], mutants with
significantly decreased polymerizing ability (Thr302Pro, GIn301Ala and substitution mutants
of His321) [20, 22], mutants Trp61Ala, Trp61Asn, Arg304Cys and Arg304Ala which are
strongly hampered in sucrose-splitting as well as polymerization abilities [22] and some
others exhibiting moderate changes compared to wild-type Lsc3. Fourteen mutants of Lsc3
are described here for the first time. Among those are so-called ‘Yanase mutants’. Inspired by
a superior paper by Yanase et al. [6] on mutational analysis of the Zymomonas mobilis
levansucrase (LevU), we constructed homologues of Trp80Arg, Glu117GIn, Glu211GlIn,
Val223Ala and Asp308Asn mutants of Z. mobilis enzyme. Corresponding mutants of Lsc3 are
Trp109Arg, Glul46GlIn, Glu236GIn, Val248Ala and Asp333Asn. To gain more information
on function of these positions, some additional substitutions were made. So, Trp109 in Lsc3
was replaced also with Ala and Phe, and Asp333 with Ala. Several novel mutants of Lsc3
studied here originate from random mutagenesis, method of which is described by us earlier
[20]. All Lsc3 variants addressed in this work and respective mutagenic oligonucleotides are
listed in supplementary Table S1. Mutant variants are also designated on Figure 1 above the
alignment of the levansucrases. The mutant Isc3 genes were cloned into pURI3 vector for
overexpression in E. coli as N-terminally Hiss-tagged fusion proteins ([23-24]; see sections
3.1and 3.2).
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Figure 1. Lsc3 mutants with substituted positions designated as # above the MUSCLE [25] alignment of
levansucrases from Pseudomonas syringae pv. tomato (Lsc3), Erwinia amylovora, Rahnella aquatilis,
Zymomonas mobilis, Pseudomonas chrororaphis subsp. aurantiaca, Gluconacetobacter diazotrophicus and
Bacillus subtilis.
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Figure 2 shows the location of amino acids equivalent to Trp109, His113 and Glu236 of

Lsc3 on a 3D model of G. diazotrophicus enzyme LsdA. Trp109 and Glu236 correspond to

Trp80 and Glu211 in Z. mobilis levansucrase (Figure 1). The Glu211GIn mutant showed

largely reduced polymerizing ability and Trp80Arg mutant was unable to synthesize

polymeric levan [6]. As we show in this study, mutation of His113 in Lsc3 (we studied

His113GIn and His113Ala substitutions) has a strong negative effect on the catalysis (section

2.3; for further discussion see section 2.7). The importance of above-mentioned positions can

be predicted from the location of respective residues in substrate-binding pocket (Figure 2).
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Figure 2. Catalytic centre of G. diazotrophicus levansucrase LsdA (PDB ID: 1W18; [5]) with side chains of
catalytic triad residues (Asp135, Asp309 and Glu401) indicated in blue. Structure of the protein was visualized
using PyMol [26]. Raffinose molecule (consists of galactose, glucose and fructose residues) shown in substrate-
binding pocket originates from the structure of B. subtilis levansucrase SacB in complex with raffinose (PDB ID:
3BYN) that was superposed with the LsdA structure. Positions of LsdA equivalent to Trp109, His113 and
Glu236 of Lsc3 of P. syringae pv. tomato are shown on the model. Respective amino acids of levansucrases of
different bacteria are shown in different colour: LevU of Z. mobilis (black), Lsc3 of P. syringae pv. tomato (red)
and LsdA of G. diazotrophicus (green and blue).
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2.2. The Simplest Way to Detect Levansucrase Activity — Assay of Growth Phenotype of
Levansucrase-Expressing Bacteria on Agar Plate Containing Sucrose
Levansucrase-possessing bacteria have mucoid colonies when grown on sucrose-
containing agar plate due to the synthesis of levan. This feature can be used to detect and
specify bacteria that have levansucrases, but also to select levansucrase mutants through
heterologous expression in E. coli [6, 19, 27]. We have used this simple and informative
method in cloning the Iscl, Isc2 and Isc3 genes of P. syringae pv. tomato [4] and selection of
random mutants of the Lsc3 protein [20]. Figure 3 shows growth phenotype of E. coli
transformants expressing wild-type Lsc3 and its catalytic triad mutants growing on
MacConkey medium containing 10% sucrose. Only wild-type Lsc3 produces levan giving a
mucoid phenotype to streaks of respective host bacteria. Also, only in case of wild-type Lsc3
expression, acidification of the medium (pink colour around the streak) due to sugar

fermentation is visible.

Figure 3. Levan synthesis phenotype of E. coli BL21(DE3) expressing wild-type Lsc3 and alanine replacement
mutants of the catalytic triad amino acids. Transformants were streaked onto MacConkey + Amp medium
containing 10% sucrose and 1 mM IPTG to induce the T7 polymerase and grown at 37 °C (see section 3.2).
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2.3. Total Levansucrase Activity Can Be Reliably Measured on Microplates not only using

Purified Proteins, but also Implementing Permeabilized E. coli Transformants as Catalysts
Most often, enzyme activities are measured by performing reaction in a volume of 1-2 mL.
This approach needs a high amount of protein and chemicals, is usually quite time-consuming
and costly. Microplate-aided assays save time, money and can be robotized. Total activity of
levansucrases is traditionally evaluated according to velocity of sucrose-splitting reaction.
This reaction is required for both, sucrose hydrolysis as well as transfructosylation reaction.
Each act of sucrose splitting releases a glucose molecule that can be quantified in several
ways. We have been using the Glucose liquicolor assay. As described by the manufacturer
(Human GmbH, Germany), this procedure relies on oxidation of glucose by glucose oxidase,
yielding hydrogen peroxide which reacts under catalysis of peroxidase with phenol and 4-
aminophenazone to a reddish quinoneimine product, concentration of which is measured at
500 nm. We routinely determine kinetic constants of sucrose-splitting reaction of
levansucrases by performing reaction in Eppendorf tubes with 1 mL volume of reaction
mixture. At fixed time points, small samples are withdrawn for the estimation of liberated
glucose. We have earlier used this approach to determine the Km and Vmax values of sucrose-
splitting reaction of levansucrases [4, 20, 22] and will apply the same method here (see
section 3.8). Using a set of thirty six Lsc3 mutants with largely varied catalytic activity, we
show here that sucrose-splitting activity of levansucrases can be reliably measured in a high-
throughput way, i.e. on microplates. Moreover, we demonstrate that sucrose splitting by a
levansucrase can also be evaluated on permeabilized E. coli transformants expressing
respective protein. Figure 4 compares the results obtained by these two methods. One can see
that they correlate fairly well. Our levansucrase assay on permeabilized E. coli transformants
presumes similar expression level for different Lsc3 variants in the host. Therefore, all
induced E. coli cultures subjected to levansucrase activity assay were studied for levansucrase
expression using SDS-PAGE and similar expression levels for different levansucrase variants

were detected (data not shown).
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To permeabilize the E. coli cells, we used 0.1% cetyltrimethylammonium bromide (CTAB)
(section 3.3) that has only minimal activity-reducing effect on levansucrases. Notably, we
have earlier used this surfactant not only for levansucrase activity assay on recombinant E.
coli [22], but also to evaluate activities of maltase, B-glucuronidase and enzymes of methanol
oxidation in yeast cell suspensions [28-29]. Earlier, de Abreu et al. [30] have described a
high-throughput microplate assay of Schwanniomyces occidentalis B-fructofuranosidase
mutants. Gene library of respective genes was expressed in an invertase-negative mutant of
Saccharomyces cerevisiae to reveal protein variants with enhanced transfructosylation ability
[30]. In that case, permeabilization of yeast cells was not required as invertase is a cell
surface-bound protein.

Figure 4 indicates that even a simple levansucrase activity assay on permeabilized E. coli
clearly discloses catalytically disabled mutants Trp61Ala, Trp61Asn, Asp62Ala, Asp219Ala,
Glu303Ala, Glu303GIn, Arg304Ala, Arg304Cys and His321 substitution mutants [20, 22].
Concerning novel mutants, Trp109Ala, Trp109Arg, His113GIn and Glu236GIn stick out as
variants with significantly reduced sucrose-splitting ability. For comparison, Vmax values of
sucrose-splitting reaction determined with purified proteins are presented on Figure 5. Some
Lsc3 mutants, for example Glu236GIn and substitution mutants of His321, have highly
reduced affinity for sucrose (Table 1). In consequence of that sucrose-splitting ability of these
mutants is somewhat underestimated in microplate assay which was conducted with 100 mM

sucrose (Figure 4, Table 1).

Figure 4. Quantitative evaluation of sucrose-splitting (total) levansucrase activity on microplates. Either CTAB-
permeabilized E. coli transformants expressing a certain Lsc3 variant (upper panel) or respective purified
proteins (lower panel) were used as catalysts. Respective methods are described in sections 3.3 and 3.4. Mutants
of catalytic triad positions are designated in green and Lsc3 mutants studied for the first time in red. Mutant
GIu303GiIn falls into both categories. The activities of mutant enzymes are expressed as percentage of respective
value of wild-type Lsc3 taken for 100% (grey lines). Total activity of purified wild-type Lsc3 protein was 461.6
+ 95.5 U/mg. In assay on permeabilized cells, the absorption values at 500 nm indicating glucose concentration
were normalized to cell suspension densities and obtained value of wild-type Lsc3 was taken for 100%. At least
three parallel measurements for each levansucrase variant were made and mean values with respective standard
deviations are shown.
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2.4. The Ability of FOS Production by Levansucrases Can Be Evaluated on Microplates
Production of -2,6 linked FOS is important, because their biological (prebiotic) effects are
poorly studied. They are not produced commercially and therefore practically impossible to
purchase. The -2,6 linked FOS have been produced for prebiotic efficiency studies in small
amounts by controlled chemical hydrolysis of bacterial levan and isolation of oligosaccharidic
fraction [16]. However, some levansucrases, for example LsdA of G. diazotrophicus, produce
from sucrose mostly short-chain products and only a low amount of levan [31-33].
Levansucrases with that ability are potential catalysts for large-scale synthesis of -2,6 linked
FOS. We showed that Lsc3 protein of P. syringae pv. tomato is capable of FOS synthesis
from sucrose, raffinose and sugar beet molasses. A high substrate concentration (600 mM and
higher) and prolonged reaction time are required for FOS synthesis. The pattern of produced
FOS was analysed by us using TLC and nanoESI mass spectrometry [21], and FOS
quantitation was performed by HPLC [22]. In search of FOS-producing levansucrases, high-
throughput analysis methods are preferred. We show here that the ability of levansucrases to
produce FOS can be evaluated on microplates. Moreover, even permeabilized E. coli cells
expressing a levansucrase can be reliably applied for FOS production assay (see Figure S1).
Indeed, if a levansucrase-expressing E. coli was permeabilized by 0.1% CTAB and incubated
on a microplate in buffer with 1 M of sucrose for 20 h, FOS were produced. The FOS
spectrum characteristic for Lsc3 variants of our panel was specified by HPLC (see 3.9) and
results are presented in Table 1. Respective spectra from reactions with purified proteins are

54



given for comparison. Table 1 also shows transfructosylating activity (TA) of the

levansucrases.

Table 1. Affinity (Kn) for sucrose and polymerizing properties of Lsc3 and its mutants. Affinity and
transfructosylating activity (TA) were determined as described in section 3.8 and reaction products were
analysed by HPLC (3.9). Degree of polymerization (DP) and TA range of detected FOS are presented. Reactions
were performed either with purified proteins (see 3.6) or permeabilized cells of levansucrase-expressing E. coli

(see 3.5). The mean values and standard deviation values of at least two independent experiments are shown.

Transfructosylation activity (TA; %)

Degree of polymerization (DP)

Levansucrase Km (mM) permeabilized cells / purified protein  permeabilized cells / purified protein
Lsc3 wt 185+25 7T1+£1/74+1° 3-7/3-72
Asp31Asn 149+ 4.6 65+4/70+3 3-6/3-6
Trp61Ala 143.4+6.1 ND /69 £ 12 ND/3-62
Trp61Asn 869.3 £ 104.0 ND/51+12 ND /3-42
Asp62Ala 20721 ND/ND ND/ND
Thr63Ala 159+1.8 75+3/71+32 3-6/3-72
Leu66Ala 27.3+4.2 69+4/73+2° 3-6/3-72
Trpl09Ala 29.8+3.3 72+6/77+1 3-5/3-7
Trp109Phe 9.6+0.6 62+3/74+1 3-713-7
Trp109Arg 249.1+38.5 ND/40+1 ND/3
Glul10Asp 57.6+9.7 57+4/70+1 3-713-7
His113Ala 170.4+17.0 43+1/41+6 3-5/3-6
His113GlIn 190.1 +£28.3 65+5/51+3 3-5/3-6
Glul146GlIn 40.6+5.0 63+5/76+1 3-6/3-6
Asp219Ala 43.4+10.2 ND/ND ND/ND
Pro220Ala 239+23 71+2/75+2°2 3-6/3-62
Asp225Ala 13.7x1.2 61+1/71+2¢% 3-6/3-72
Asp225Asn 18.8+0.8 57+2/71+2° 3-6/3-7%
Glu236GIn 267.1£40.2 46+1/50+4 3-5/3-6
Val248Ala 141+11 63+2/72+1 3-7/3-6
Asp300Ala 19.4+£13 53+4/58+1 3-7/3-8
Asp300Asn 50.7+54 52+2/60+1°2 3-9/3-10°
GIn301Ala 313.7+30.0 24+5/24+1° 3-4/3-4%
GIn301Glu 23.6+1.7 34+£8/45+ 1% 3-5/3-5¢
Thr302Met 151+18 56+1/70+1°2 3-6/3-62
Thr302Pro 425+6.7 39+5/52+5¢% 3-6/3-62
Glu303Ala 27.1+55 ND/ND ND/ND
Glu303GlIn 129.6 £ 9.6 ND /ND ND /ND
Arg304Ala 66.0+9.8 ND/70+2°? ND/3-62
Arg304Cys 125+1.1 ND /69 + 12 ND /3-42
His306Ala 212124 70£5/72+ 12 3-7/3-7%
His321Leu 352.1+41.7 17+1/20+5 3/3
His321Lys 529.5+68.3 30£1/27+2 3-4/3-4
His321Arg 451.0 £ 36.8 36+1/25+1 3/3-4
His321Ser 503.3+87.8 31+4/23+3 3-4/3-4
Asp333Ala 27.0+29 65+3/68+1 3-5/3-5
Asp333Asn 41.3+4.2 67+3/80+1 3-7/3-7

2 data from Ref [22]

ND — not detected; value under detection limit

TA indicates percentage of fructosyl residues resulting from sucrose-splitting reaction that

is used for transfructosylation — to produce polymerization products, FOS and levan [20].

Low TA means a high hydrolytic activity of the levansucrase — transfer of fructosyl residues

to water.
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Table 1 shows that the size range of produced FOS can be specified by both high-
throughput methods. For example, the Asp300Asn mutant stands out in both assays as
producer of FOS with extended chain length, up to degree of polymerization (DP) 9-10. The
mutants synthesizing only short-chain FOS, with DP up to 4 (e.g. GIn301Ala and substitution
mutants of His321) were also disclosed in both assays. In several cases, FOS production could
not be detected in assay on permeabilized transformants. In case of mutants with largely
decreased catalytic activity, such as Trp61Ala, Trp61Asn, Trp109Arg, Arg304Ala and
Arg304Cys (see activity data on Figure 4 and Vmax data in Figure 5), FOS were detected only
in reactions that were performed with increased amount (100 pg/mL) of purified protein.
Figure 5 shows data on total FOS production by Lsc3 variants per 1 mg of pure protein. Vmax
values of sucrose splitting for respective mutants are also included. Comparison of these two
characteristics indicates that in case of mutants Asp31Asn, Glu110Asp, His113Ala,
Glu236GIn, Asp300Ala, Asp300Asn, GIn301Ala, Thr302Pro and substitution mutants of
His321, FOS production is substantially more affected that the ability to split sucrose,
meaning that these positions are specifically important for polymerization reaction. The
mutants Glu146GIn, Thr302Met and Asp333Asn with fairly good sucrose-splitting activity
and slightly enhanced FOS production (Figure 5) can be considered as promising candidates

for enzymatic synthesis of FOS for biotechnological applications.

Figure 5. The amount of total FOS (g/mg of protein) produced from 1.2 M sucrose in a 20 h reaction by purified
wild-type Lsc3 and thirty six mutant proteins. Mutants of catalytic triad positions are shown in green and the
mutants studied in this work for the first time are in red. Vmax (U/mg) of sucrose-splitting reaction is plotted for
comparison. Mean values of at least two independent experiments are shown. Standard deviation was less than
15%.
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2.5. Online Assay of Levan Synthesis Kinetics on a Microplate

In this high-throughput procedure, increase of turbidity due to levan formation is recorded
online [20]. Here, we will present data on levan synthesis kinetics of fourteen novel Lsc3
mutants. Figure 6 shows that two mutants, Trp109Arg and Glu303GIn, do not produce levan.
Glu303 is acid-base catalyst of Lsc3 [22] that explains behaviour of the Glu303GIn mutant.
Retarded levan synthesis by Trp109Arg mutant was also expected as equivalent mutant of Z.
mobilis levansucrase (Trp80Arg) is also hampered in levan synthesis [6]. However, Trp109
replacement with Phe restored the ability for levan synthesis, achieving even increased
production level of the fructan compared to wild-type Lsc3 (Figure 6). Levan production was
very slow in case of mutants Trpl09Ala, His113Ala, His113GIn and Glu236GIn. The
Glul10Asp, Asp300Ala, Asp333Ala and Asp333Asn mutants were also somewhat hampered
in levan synthesis (Figure 6).

Figure 5 shows that substitution of Asp333 in Lsc3 does not specifically reduce FOS
production. Yet, levan synthesis is significantly decreased even in case of Asp333Asn mutant
which behaves quite similar to wild-type protein regarding the Vmax of sucrose-splitting

reaction and FOS production (Figures 5 and 6). Thus Asp333 can be specifically important

for prolongation of the fructosyl chain.
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Figure 6. Time course of levan synthesis by wild-type Lsc3 protein (Lsc3 wt) and fourteen mutants. Reaction
was conducted at 37 °C on flat-bottom polystyrole microplates in total volume of 200 pL per well. Reaction
mixture contained 600 mM of sucrose in Mclllvaine’s buffer (pH 6.0) and 10 pg/mL of purified protein. Increase
of turbidity was measured at 400 nm every 15 minutes using Infinite M200 PRO microplate reader. Mean values
of four parallel measurements are shown. Standard deviation was less than 10%.
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2.6. Thermostability Assay of Levansucrases Using Two Different Approaches

Enzymes applied in biotechnology should possess high catalytic activity and long shelf-
life. Bacterial extracellular proteins (including levansucrases) are suited for commercial
applications as in nature they have to withstand harsh environmental conditions. We have
shown earlier that Lsc3 protein has very high catalytic activity and long-term stability [20].
Previously we evaluated stability of the Lsc3 preparation during 30 days of storage at 37 °C in
Mcllvaine’s buffer (pH 6.0) with no loss of catalytic activity [20]. In current study we further
extended the storage time and report that during 140 days of incubation at 37 °C, Lsc3
retained 50% of initial sucrose-splitting activity. If the same preparation was kept at 50 °C,
catalytic activity dropped more rapidly — after 32 days respective residual activity was only
6% from the initial. In current experiments, we kept the protein in 100 mM MES buffer (pH
6.5) supplemented with 150 mM NacCl. This buffer that was also used in a Thermofluor assay
and it had no inhibitory effect on levansucrases (data not shown).

Thermofluor is a novel high-throughput method for protein characterization based on
differential scanning fluorimetry [34]. In case of levansucrases, it has earlier been used for
optimization of crystallization conditions of Erwinia amylovora levansucrase [8]. After
having determined the optimal buffer conditions for wild-type Lsc3 we performed a
Thermofluor assay on the panel of thirty seven levansucrase variants. Thermofluor assay

allows to specify the melting temperature (Tm) of the protein. Increase of temperature
58



promotes unfolding of the protein and T, is defined as the midpoint of the unfolding
transition. A shift in Tn, indicates a change in stability of the protein. The T, for Lsc3
according to Thermofluor assay was 65.4 °C. Respective value of E. amylovora levansucrase
was 57 °C and unfolding of this protein started at temperature over 45 °C [8]. In the assay,
buffer conditions (100 mM HEPES buffer; pH 7.5 with 100 mM NacCl) were slightly different
than those of our assay. When we conducted the Thermofluor assay of Lsc3 in 100 mM
HEPES buffer (pH 7.5), the Tm value of it was only one degree lower than in 100 mM MES
buffer (pH 6.5). Based on that we assume that Lsc3 is substantially more thermostable than

levansucrase of E. amylovora.

Figure 7. Thermal inactivation assay of purified wild-type Lsc3 and mutant proteins Asp31Asn, Glu236GIn,
Val248Ala, Thr302Met and Thr302Pro. After incubation of 5 uM of a levansucrase protein in Mcllvaine’s buffer
(pH 6.0) at a selected temperature, residual levansucrase activity was measured according to release of glucose
from 100 mM sucrose [4]. The activity of a preparation kept at 20 °C, was used as reference for 100% of
activity. Inner panel shows Tr, values obtained by Thermofluor assay. The mean values of at least two parallel
experiments and respective standard deviations are shown.
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Most Lsc3 mutants of the test panel had Tm values close to wild-type protein, ranging from
62-66 °C. The mutants Asp31Asn, Val248Ala and Thr302Pro had much lower Tr, values than
the wild-type Lsc3, whereas the mutant Thr302Met occurred more stable than the wild-type
Lsc3 —its Tm was 67.5 °C. We then performed a traditional thermal inactivation assay with
wild-type Lsc3 and the mutants Asp31Asn, Glu236GIn, Val248Ala, Thr302Met and
Thr302Pro. The proteins were incubated in Mclllvaine’s buffer (pH 6.0) for 30 min at a
temperature ranging from 20 to 70 °C, cooled on ice and residual catalytic activity was
determined by measuring release of glucose from 100 mM sucrose at 37 °C (see section 3.10).
As a result, mutants with reduced T values according to Thermofluor assay also showed

decreased thermostability in a traditional thermal inactivation study (Figure 7). We therefore
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conclude that Thermofluor can be used as a high-throughput tool to evaluate thermostability

of levansucrases and their mutant variants.

2.7. Structure-Function Analysis of Novel Lsc3 Mutants

In current work we introduce fourteen novel mutants of the Lsc3 protein of P. syringae pv.
tomato DC3000. Phenotype of these mutants will be discussed according to location of
mutated residue, starting from N- terminus of the protein.

The Asp31Asn substitution originates from a random multiple mutant of Lsc3, MutG. E.
coli expressing MutG from a plasmid had nonmucoid colonies on sucrose-containing agar
medium. This mutant Lsc3 variant had four substitutions: Asp31Asn, Glu252Gly, Asp300Asn
and Cys371Trp [20]. Based on MutG, two single mutants, Asp300Asn [20] and Asp31Asn
were designed. Position corresponding to Asp31 is not strictly conserved — levansucrases of
different bacteria and archaea have also His, Ala, Asn or Glu at this position (data not shown).
The Asp31Asn mutant has lowest thermostability from mutants of current work (Figure 7). It
suggests that N-terminal domain of Lsc3 plays a role in stability of the whole protein. The
Asp31Asn substitution probably interferes with proper folding of the protein. According to
crystal structure data of G. diazotrophicus and B. subtilis levansucrases, stable folding of
levansucrases is provided through coordinated packing of N- and C-termini of the
polypeptide. Similarly to B. subtilis levansucrase, the N-terminus of the G. diazotrophicus
LsdA protein runs along the perimeter of blade IV forming a clamp-like loop that adds a fifth
B-strand to blade 111 [5]. Notably, the amino acids of LsdA that comprise additional stabilizing
[-strand to blade III are in close proximity of the ‘RADAL’ motif [5] that harbours aspartate
(underlined) corresponding to Asp31 of Lsc3.

The Trp109Arg mutant of Lsc3 is a counterpart of Trp109Arg mutant of Z. mobilis
levansucrase, which displayed largely reduced levan synthesis [6]. We also made additional
Trp109 substitutions with Ala and Phe. Figures 5 and 6 show that the Trp109Arg and
Trp109Ala mutants display drastic reduction of levan and FOS synthesis. Some
levansucrases, such as the G. diazotrophicus LsdA (see Figure 1), have a Phe at respective
position. This explains why substitution of Trp109 with Phe restored the wild-type phenotype
to Lsc3. Replacement of Trp109 with Phe even slightly enhanced levan synthesis (Figure 6).
According to Betts and Russell [35], change of Trp to Phe is favoured in proteins, whereas
change to Ala or Arg is not. We assume that Trp109 participates in forming of +2 subsite of
substrate-binding pocket of Lsc3 (see Figure 2). As sucrose-splitting activity of Trp109Arg
and Trpl09Ala mutants is also strongly reduced (Figures 4 and 5), Trp109 is probably also

involved in binding of the substrate at +1 and/or -1 subsites or contributing to substrate
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cleavage reaction. This assumption is supported by the fact that the Trp109Arg mutant has
strongly reduced affinity for sucrose — the K is increased to 249 mM (Table 1).

The Glu110Asp mutant was designed by us to study catalytic significance of a neighbour
position of Trp109. As shown in Figure 1, this position is not conserved in levansucrases. For
example, respective residue in LsdA of G. diazotrophicus is Asp. Our data on catalytic
properties of Glu110Asp mutant show no considerable changes compared to wild-type
protein. Yet, velocity of levan synthesis was reduced and Ky, for sucrose was increased about
3 times (Figure 6, Table 1). Importantly, when Glu110 was changed to Ala, the protein
completely precipitated and could not be purified by Ni?*-affinity chromatography (data not
shown) suggesting the importance of the position.

The His113GlIn substitution was detected by us in a random double mutant (MutE) of
Lsc3. Similarly to Trp80Arg mutant of Z. mobilis levansucrase [6], the His113GIn mutant was
isolated from random mutagenesis. This mutant carried an additional substitution, VVal195Ile,
and E. coli expressing this protein had nonmucoid colonies on sucrose-containing agar plate.
We chose to design the His113GIn mutant due to its proximity to a nucleophile Asp62 on the
3D model and a high conservation score. Figure 2 shows that homologues of His113 residue
in levansucrases reside close to fructose residue (binds at -1 subsite) and galactose residue
(binds at +2 subsite) of the raffinose molecule bound to the enzyme. Crystal structure of
Arthrobacter sp. K-1 fructosyltransferase in complex with fructose (PDB: 3VSS; [36]) also
shows that His147 in Arthrobacter sp. K-1 enzyme (a homologue of His113 of Lsc3) is at
hydrogen-bondage distance from bound fructose. Notably, the Arthrobacter sp. K-1 enzyme
is structurally similar to levansucrases [22, 36]. To verify the importance of His113 in the
catalysis, we additionally constructed the His113Ala mutant. Similarly to His113GIn
substitution, it had very strong effect on sucrose-splitting reaction and levan synthesis (Figure
4 and 6). Notably, the GIn substitution had even stronger negative effect on sucrose cleavage
and FOS synthesis (Figure 5). We predict that His113 participates in binding of both fructosyl
donor (at -1 subsite) and acceptor (at +2 subsite) to Lsc3. Importantly, this is the first report of
catalytic importance of this position in levansucrases.

The Glul146GIn variant of Lsc3 was constructed to mimic the Glu117GIn mutant (see
Figure 1) of Z. mobilis levansucrase. The Glu117GIn mutant had decreased affinity for
sucrose and increased transfructosylating activity [6]. According to our results, the Glu146GIn
mutant of Lsc3 displayed two-fold increase in K towards sucrose, whereas significantly
enhanced transfructosylation was not detected (Table 1; Figure 6). Still, our assay showed that
the Glu146GIn mutant produced more FOS per mg of protein than the wild-type Lsc3 (Figure

5), whereas levan production was reduced (Figure 6). Typically, levansucrases have a Glu at
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position corresponding to Glul146 of Lsc3, but the Arthrobacter sp. K-1 B-fructofuranosidase
which has a high transfrucosylating activity, has a GIn [36]. We conclude that substitution of
Glul46 in Lsc3 with Gln favours synthesis of FOS at the expense of levan.

The Glu236GIn mutant of Lsc3 corresponds to Glu211GIn mutant of Z. mobilis
levansucrase which retained only 28% of hydrolyzing activity and 17% of transfructosylating
activity of the wild-type protein [6]. The Glu236GIn mutant of Lsc3 showed decreased
transfructosylation and ability to bind sucrose — the Kmn was increased 14.4-fold (see Table 1
and Figures 5-6). The position corresponding to Glu236 in Lsc3 is completely conserved
among levansucrases (see Figures 1 and 2). In-depth analysis of crystal structures of B.
subtilis levansucrase SacB complexed with substrates (PDB IDs: 1PT2 in complex with
sucrose and 3BYN with raffinose [9, 37]) revealed that Glu262 locates close to Arg246 of the
RDP motif that participates in binding of the substrate at both, -1 and +1 subsites. According
to both crystal structures, Glu262 forms hydrogen bonds with Arg246 and also with fructose
and glucose residues of the substrate over a water molecule. We assume that Glu236
contributes to stabilization of the substrate in the active site.

The Val248Ala mutant of Lsc3 is a counterpart of Val223Ala mutant of Z. mobilis
levansucrase that displayed tenfold decrease of kcat Whereas the TA value remained the same
[6]. The Vmax Of sucrose-splitting reaction of VVal248Ala mutant of Lsc3 comprised 39% of
the wild-type level when measured at 37 °C (Figure 5). However, the Tm value of the
Val248Ala mutant was 16 degrees lower than of the wild-type enzyme and its reduced
thermostability was also clearly seen in a traditional thermal inactivation assay (Figure 7). We
assume that VVal248Ala substitution affects folding of Lsc3 protein and thereby its stability
and catalytic activity.

We have previously described the Asp300Asn mutant originating from random
mutagenesis [20]. This substitution slightly reduces the affinity of the protein for sucrose. An
interesting feature of the Asp300Asn mutant is production of long-chain FOS, with DP up to
10, whereas the wild-type Lsc3 synthesizes FOS with DP up to 7 [20, 22]. The Asp300Ala
mutant addressed in current work behaved similarly to wild-type Lsc3, producing FOS with
DP up to 8 (Table 1). Thus, for yet unknown reason, presence of Asn at position 300 of Lsc3,
promotes synthesis of long-chain FOS.

The Asp333Asn mutant of Lsc3 was constructed to mimic the Asp308Asn mutant of Z.
mobilis levansucrase. The Asp308Asn mutant had slightly decreased transfructosylation
ability and about four-fold decreased affinity for sucrose [6]. Respective position is highly
conserved in levansucrases (Figure 1). Yet, in Arthrobacter sp. K1 enzyme, a Glu, and in B.

subtilis SacB an Asn (Asn372) is found on the same position (Figure 1). Aside of making the
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Asp333Asn mutant, we also constructed respective Ala substitution variant. Vmax of sucrose-
splitting reaction of the Asp333Ala mutant was four-fold lower compared to wild-type
enzyme and levan synthesis was also significantly reduced. The Asp333Asn mutant behaved
much more similarly to wild-type Lsc3 than the Asp333Ala (Figures 5 and 6). We suppose

that Asp333 can be involved in substrate binding and elongation of the fructan chain.
3. Experimental Section

3.1. Construction of Levansucrase Mutants

Mutant variants of levansucrase /sc3 gene were constructed using primer-based site-
specific mutation strategy as shown earlier [20, 22]. Mutagenic oligonucleotides and
respective amino acid replacements are listed in Table S1. Cloning of the genes into the
expression vector pURI3 [38] was performed as shown in [20] and [22]. Plasmid DNA was
purified using FavorPrep™ Plasmid Extraction Mini Kit (Favorgen Biotech Corp., Taiwan)

and the mutations were verified by DNA sequencing.

3.2. Cultivation of Bacteria and Purification of Recombinant Levansucrases

Transformed E. coli was grown in LB broth containing ampicillin (Amp) 0.15 mg/mL at 37
°C. Mutated and wild-type Lsc3 proteins were overexpressed in E. coli BL21(DE3) [39].
Purification of N-terminally His-tagged proteins was performed as in [20]. For phenotypic
evaluation of E. coli BL21(DE3) transformants expressing levansucrase variants, they were
grown overnight at 37 °C on MacConkey + Amp medium containing 10% sucrose and 1 mM
isopropyl f-D-1-thiogalactopyranoside (IPTG). The plates were further kept at room
temperature (23 °C) until levan synthesis (slime production) and acid production (pink colour)
from the sugar became evident.

3.3. Permeabilization of E. coli Cells and Sucrose-Splitting Activity Assay of
Levansucrases on Permeabilized Bacteria

Levansucrase-expressing transformants of E. coli BL21(DE3) were grown overnight in
LB-Amp broth on a sterile 96-well flat-bottom transparent polystyrol microplate
(CELLSTAR, Greiner Bio-One, Germany) at 37 °C on a shaker (900 rpm) with 200 pL of the
culture per well. Overnight cultures were diluted in LB-Amp broth to ODgoo nm of ~ 0.016
(respective value measured in a 1 cm-pathway cuvette is 0.05) and were further agitated on a
shaker at 37 °C for 2 h. To induce levansucrase expression, IPTG was added to the wells
(final concentration 0.5 mM) and a microplate was further incubated on a shaker at 22 °C for
20 h. Then, ODeoo nm values of the cultures were measured and they were diluted

approximately 10 times in Mclllvaine’s buffer (pH 6.0) to obtain the ODsoo nm Value of
63



approximately ~0.067 (respective value measured in a 1 cm-pathway cuvette is 0.2).
Undiluted culture was used in case of clones with severely reduced sucrose-splitting activity.
Next, the cells were permeabilized with 0.1% CTAB (cetyltrimethylammonium bromide).
Briefly, 50 uL of microplate-grown and appropriately diluted E. coli BL21(DE3) cultures
were combined with 50 pL of 0.2% CTAB solution in Mclllvaine’s buffer (pH 6.0) in wells of
a new microplate and agitated (900 rpm) for 10 min at room temperature to permeabilize
cellular membranes. Levansucrase reaction was then started by adding 50 pL of 300 mM
sucrose (final concentration 100 mM) in Mclllvaine’s buffer (pH 6.0). Reaction was
conducted at 37 °C for 5 min and then stopped by transferring 10 uL of the reaction mixture
into a new well containing 30 pL of Tris buffer (200 mM, pH 8.3), subsequently heated at 96
°C for 5 min and cooled on ice. Released glucose was visualized by adding 160 uL of Glucose
liquicolor reactive (Human GmbH, Germany) and incubating the plate for 5 min at 37 °C.
Absorbance of the reddish complex was measured at 500 nm. All absorbance values were
recorded using Infinite M200 PRO microplate reader (Tecan Group Ltd., Switzerland)
equipped with Tecan i-control 1.7 software. E. coli culture BL21(DE3) carrying the empty
pURI3 plasmid served as negative control for the assay. The sucrose-splitting activity was
normalized to ODsoo nm value of cell suspension in the well and was expressed as percentage

from respective normalized activity of the wild-type Lsc3.

3.4. Sucrose-splitting Activity Assay on Microplates Using Purified Levansucrases

To measure sucrose-splitting activity of purified levansucrases, proteins were diluted in
Mclllvaine’s buffer to contain 2 U/mL of the enzyme. Unit values were calculated from
sucrose-splitting activity measurements with 100 mM sucrose at 37 °C [4, 20]. Assay was
conducted as in case of using permeabilized cells (see section 3.3), but instead of cells,
appropriately diluted purified proteins were used. 50 pL of purified protein preparation (final
concentration in reaction mixture 0.67 U/mL; approximately 1.7 pg/mL in case of wild-type
Lsc3) were combined with equal amount of Mclllvaine’s buffer (pH 6.0). In case of mutants
with extremely low sucrose-splitting activities, 10 pg of protein per well (66.7 pg/mL) were
used. Reaction was started by adding 50 puL of 300 mM sucrose (final concentration 100 mM)
in Mclllvaine’s buffer and conducted for 5 min at 37 °C. Stopping of the reaction and
measurement of glucose content were performed as described above (see section 3.3).
Glucose released from sucrose was quantified from respective calibration curve. Activity unit
expresses the content of glucose in pmoles produced per min per mg of levansucrase protein

(U/mg). Activity value obtained with wild-type Lsc3 was taken for 100%.
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3.5. FOS-production Assay of Levansucrases Using Permeabilized E. coli

50 pL of levansucrase-expressing E. coli BL21(DE3) cultures were permeabilized as shown
in section 3.3. Then, 100 puL of 2 M sucrose (final concentration in a well 1 M) in
Mclllvaine’s buffer were added, plate was sealed firmly to avoid evaporation and incubated
without agitation at 37 °C for 20 hours. The reaction was stopped by heating the microplate
for 5 min at 96 °C. For HPLC analysis of polymerization products, the reaction samples were
transferred from the microplate to microtubes and centrifuged for 10 min at 16 000 g. The
supernatants were withdrawn and further incubated for 10 min at 96 °C to completely
inactivate levansucrase protein. Mono- and oligosaccharides in the samples were analysed
using HPLC (section 3.9). E. coli culture BL21(DE3) carrying the empty pURI3 plasmid

served as negative control for the assay.

3.6. FOS-production Assay of Levansucrases Using Purified Proteins

The FOS-production assay was conducted as described in [22]. Purified proteins (2.7 U/ml)
were incubated in Mclllvaine’s buffer (pH 6.0) containing 1.2 M sucrose at 37 °C for 20 h.
Reaction was conducted in Eppendorf tubes, final volume of the reaction mixture was 1 mL.
In case of mutants with severely reduced catalytic activity (Trp61Ala, Trp61Asn, Asp62Ala,
Trp109Arg, Asp219Ala, Arg304Cys, Glu303Ala, Glu303Gln), 100 pg/mL of purified protein
was used in the reaction. Reaction was stopped by heating samples at 96 °C for 5 min. Mono-

and oligosaccharides in the samples were analysed using HPLC (section 3.9).

3.7. Levan Synthesis Assay of Levansucrases on Microplates Using Purified Proteins

Levan synthesis kinetics from sucrose by purified Lsc3 variants was recorded on
microplates using 10 pg/mL (final concentration in reaction mixture) of purified protein. The
proteins were diluted in Mcllvaine’s buffer (pH 6.0) and incubated at 37 °C on transparent
flat-bottom polystyrole microplates in total volume of 200 puL per well. The reaction was
started by adding 2 M sucrose in Mcllvaine’s buffer at final concentration 0.6 M. Microplates
were incubated in Infinite M200 PRO microplate reader (Tecan Group Ltd., Switzerland) at

37 °C and turbidity (ODa4oo nm) values were recorded every 15 minutes during 12 h.

3.8. Determination of Vmax, Km for Sucrose and Transfructosylating Activity of Purified
Proteins

Km and Viax of levansucrases were determined as shown previously [22]. Initial velocities
of sucrose-splitting reaction were determined at varied concentrations (from 5 to 1200 mM) of

sucrose. Data were analysed using Enzyme Kinetics Module 1.1 of the Sigma Plot 2001
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(SYSTAT, IL, USA). Protein concentration was determined by measuring the absorbance at
280 nm. The extinction coefficients were computed at ExPASy Proteomics Server

(http://expasy.org).

Transfructosylating activity (TA) was calculated as percentage of fructose residues from

reacted sucrose molecules incorporated into polymerization products [6, 20, 22].

3.9. Quantification of Sugars by HPLC Analysis

HPLC method was used to quantify glucose, fructose, sucrose and FOS content of reaction
mixtures [22, 40]. Chromatography was performed on an Acquity UPLC system (Waters,
MA, USA) coupled with evaporative light scattering (ELS) detector similarly as in [22]. The
mobile phase consisted of LC-grade water (A) and acetonitrile (B). The gradient of solvent B
was following: 70-50% 15 min; 50% 10 min; 50-70% 2 min; 70% 13 min at flow rate of 0.6
mL/min. D-glucose (Oriola, Finland), D-fructose (Sigma-Aldrich, Germany), sucrose (Serva,
Germany), raffinose (Naxo, Estonia), 1-kestose (Sigma-Aldrich, Germany) and nystose
(Sigma-Aldrich, Germany) were used as standards. Calibration curves were made using
standard solutions with concentrations ranging from 0.1 to 5 mg/mL. FOS in the range of

degree of polymerization of 3-10 were calibrated against raffinose.

3.10. Thermofluor Assay of Thermostability of Levansucrases and Levansucrase Activity
Assay of Thermostability

Thermal shift assay, also known as Thremofluor® [34], was performed using a
LightCycler® 480 System (Roche, Switzerland). Combined channels (465-580 nm) were
selected as suitable for the measurements using SYPRO® Orange (Sigma-Aldrich, Germany)
as fluorescent dye. The analysed samples (final amount 20 pL) contained 2 uM of protein and
5x SYPRO® Orange in 100 mM MES buffer (pH 6.5) with 150 mM NaCl. Samples were
pipetted onto a Roche white LightCycler® 480 multiwell plate for 96 samples and sealed with
foil as recommended by the manufacturer. The plate was centrifuged at room temperature at
200 g for 30 s to remove the air bubbles.

Temperature gradient from 27° to 95 °C was applied and data was recorded using
LightCycler® 480 software (release 1.5.0 SP3). The melting temperature (Tm), used here as a
thermostability characteristic of levansucrases, is defined as temperature at which half of the
protein in the studied sample is unfolded. The Tm was specified as temperature at which the
derivative curve apex had a minimum value. Mutants that differed significantly from the wild-
type Lsc3 according to Tm were selected for traditional thermostability assay to obtain data for

comparison. Purified Lsc3 mutants Asp31Asn, Glu236GIn, Val248Ala, Thr302Met,
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Thr302Pro and the wild-type Lsc3 (5 uM of protein in Mcllvaine’s buffer; pH 6.0) were
incubated at varied temperature (from 20 to 70°C) for 30 minutes and then cooled on ice.
Residual levansucrase activity of the samples was measured at 37 °C by quantifying the

release of glucose from 100 mM sucrose as in [4, 20].
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LISA 2

Levaansukraaside aminohappeliste jarjestuste joondus. P.

syringae pv. tomato Lsc3,

Burkholderia indica, Burkholderia phymatum’i, Burkholderia pseudomallei, Arthrobacter sp.
K-1, Actinomyces viscosus’e, Streptomyces viridochromogenes’e, Cellulomonas flavigena, P.
chlororaphis subsp. aurantiaca (LscA), Gluconacetobacter diazotrophicus’e (LsdA), Erwinia
amylovora, Rahnella aquatilis’e, P. fluorescens’i, Serratia odorifera, P. syringae pv.
phaseolicola (Q48JY3), P. syringae pv. phaseolicola (Q48BC9), Zymomonas mobilis’e,
Gluconacetobacter oxydans’i, Clostridium acetobutylicum’i, Halorubrum lacusprofundi,

Haloalkalicoccus jeotgali,

Halomicrobium mukohatael,

Haloarcula marismortui,

B.

megaterium’i (SacB), B. subtilis’e (SacB) levaansukraasid. Rohelisega on tdhistatud
magistritdos kasitletud mutandid, punasega on tahistatud kataltiitilise kolmiku aminohapete
positsioonid.
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182678986 B.indica
B2JVY2 B.phymatum
Q3JGQO0_B.pseudomallei
Q8VW87_ A.sp.K-1
304364376_A.viscosus
302555562 S.viridochromogenes
296131231 C.flavigena
Q93FU9 P.aurantiaca
Q43998 G.diazotrophicus
Q46654 FE.amylovora
054435 R.aquatilis
C3K8D6_P.fluorescens
D1RZ84_S.odorifera
Q48JY3 P.s.pv.phas
Q48BCY P.s.pv.phas
060114 Z.mobilis
58039338 _G.oxydans
15895050 _C.acetobutylicum
BI9LT89 H.lacusprofundi
300710312 H.jeotgali
C7P4M9_H.mukohataei
Q5V249 H.marismortui
D5DCO7 B.megaterium
P05655 B.subtilis

Conservation
Q88BN6_Lsc3

182678986 B.indica
B2JVY2 B.phymatum
Q3JGQ0 B.pseudomallei
Q8VW87 A.sp.K-1
304364376 _A.viscosus
302555562 _s.viridochromogenes
296131231 C.flavigena
Q93FU9 P.aurantiaca
Q43998 G.diazotrophicus

101
114
93
90
96
96
133
124

149
191
201
196
201
271
158
179
140
226
133
133
133
133
133
149
120
131
142
120
117
122
122
174
165

167
229
226
221
225
306
181
203
158
253
151
151
151
151
151
167
141
152
167
144
142
146
143
194
185

208
274
272
267
271
354
225
247
199
298

YRiSRT]
FCSTD|
SAD

9876633311
€TPILLNDKG
EGARF--VGG

GG-NI--TPP
GGADI--TPP
GGADI--TPP
DGTNI--KPY
DGNNAASKPY

EgAN-—---- --- SRSWERS
VEDA--—--- —-- LGSRQ
GEA ————————— LGQRQ
GETR------ --—- GSRQ
EP-------- --= LGQRT]
EP-------- --- LGQRQ

DSDKEFVPNDP HLKNQTQEWRS
DSDKFDANDS ILKDQTQEWRS

————————————— 5-74478
————————————— D-IDLYM
PYADGPQHAY LKNNNVSLYM
————————————— DNVSLY}M
————————————— ENVSLYM
——————————————— VOSFM
————————————— D-VDLYM
————————————— D-IDLYp
_____________ D
————————————— D-IDLY|
————————————— D-IDLY|
————————————— D-IDLYM
————————————— D-IDLYMN
566---6351 7151771158 1418711711 7717991198
AAI---AKVR [@RIVTSDQG)Y ELKDFTQVKK Y|
IAII--SRAD [E@QOIQADDKHY WETEFDQOHLP LLAPBNEKYMO
QAII--TRAD [@HIHADDSHY WESEFDDHQA LLKPBETYMO
IAII--TRAD [@HIHADDKHY WESEEFDDHKA LLQPEKMMO
DPRI--ALSV [@KVKANKKG)Y TLTEFNKVTD [
DPRI--VQSE [€@RIYADENG)Y WLTEFRTQHQ
DALQRLAQAT @KIHADKNR)Y WEFSEFRDHRTI
DALQRLAHAE @RVHVDADG)Y YFTEFEDHTI
ATI---VKVR [@RVVTTEHG)Y SMVEFEKVKP
QAITI--TQTL @RIHADFNHWY WETEEFTAHTP
ATI---AKVR [@KIVTSDQOSM SLEEEFQOQOVTS
ATI---AKVR @KVLTSEEGY TLAGFNEVKS
ATI---AKVR @OVVTSDTGY TLOEFDQOVKS
ATI---AKVR [@RIVTSDDGY OLODEFNEVKS
AAI---AKVR [@RIVTSDKG)Y ELKDFTEVKT
AATI---AKVR @RIVTSDQGY ELKDFTQVKK
ESVP--AQCK [E@YIYADDKS)Y WEDEEDKVTD
ESVP--SYTT @RILADANGY WEFEEEFDVCTD
QORL---VKTK FSINVDKGGY HITNCSKHQV
QORIA--VAHG [@TASADEDGI ELSEPWTHET
QRLA--VGSG GSVVADDDGE RIEEPFAHGV
QRI---VAAS @GTPRTDGEF AIEEPWTHHE
QRI---VGAG @€GSIDTADGEF ALSEPWTHHE
KOQTLTTAQVN MS-QPNDNTL KVDE@VEDYKS
KQTL--TTAQ VNVSASDSSL NINEVEDYKS
Asp219
9945839--- 617-655577

IEND-E@KLYMV
IZAHPEKTEMV
IZFAHPEKTYMV
IZFAHPENTYMV
IZFAHPEETEMV
IZSD-PTEYMV
IERD-RKIHLL
IHTD-RKIYAL

IEND—-€@KLYML
IFKHPEVNYMV

130
141
119
116
121
121
173
164

167
228
225
220
224
305
181
203
158
252
151
151
151
151
151
167
141
152
167
144
142
146
142
194
185

207
273
271
266
270
353
224
246
198
297
191
191
191
191
191
207
182
193
207
185
183
186
187
236
226



Q46654 E.amylovora
054435 R.aquatilis
C3K8D6_P.fluorescens
D1RZ84_S.odorifera
Q48JY3 P.s.pv.phas
Q48BCY P.s.pv.phas
060114 Z.mobilis
58039338 G.oxydans
15895050 C.acetobutylicum
BOLT89 H.lacusprofundi
300710312 H.jeotgali
C7P4M9_H.mukohataei
Q5V249 H.marismortui
D5DC07_B.megaterium
P05655 B.subtilis

Conservation

Q88BN6 Lsc3

182678986 B.indica
B2JVYZ2_ B.phymatum
Q3JGQ0 B.pseudomallei
Q8VW87 A.sp.K-1
304364376 _A.viscosus

302555562 _S.viridochromogenes

296131231 C.flavigena
Q93FU9 P.aurantiaca
Q43998 G.diazotrophicus
Q46654 E.amylovora
054435 R.aquatilis
C3K8D6_P.fluorescens
D1RZ84_S.odorifera
Q48JY3 P.s.pv.phas
Q48BCY P.s.pv.phas
060114 Z.mobilis
58039338 G.oxydans
15895050 C.acetobutylicum
BOLT89 H.lacusprofundi
300710312 H.jeotgali
C7P4M9_H.mukohataei
Q5V249 H.marismortui
D5DCO7_B.megaterium
P05655 B.subtilis

Conservation
Q88BN6_Lsc3

182678986 B.indica
B2JVY2 B.phymatum
Q3JGQO0_B.pseudomallei
Q8VW87 A.sp.K-1
304364376_A.viscosus

302555562 S.viridochromogenes

296131231 C.flavigena
Q93FU9 P.aurantiaca
Q43998 G.diazotrophicus
Q46654 E.amylovora
054435 R.aquatilis
C3K8D6_P.fluorescens
D1RZ84 S.odorifera
Q48JY3 P.s.pv.phas
Q48BCY9 P.s.pv.phas
060114 7Z.mobilis
58039338 G.oxydans
15895050 C.acetobutylicum
BO9LT89 H.lacusprofundi
300710312 H.jeotgali
C7P4M9_H.mukohataei
Q5V249 H.marismortui
D5DCO7 B.megaterium
P05655 B.subtilis

192 TEE@NA----
192 TES@NP----
192 TEA@NS----
192 TE A---—
192 TE S——--
208 TEA@NS---—-

183 DYAENN----
194 NLVEDQ----
208 TMQEAK-GPI
186 TEASR--GM
184 SR--GM
187 SR—-GM
188 SR—-RM
237 FIDEGG
227 EIDEGN
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ROD
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TVQ
NVQ

————— VAGER
————— TAVQR
————— TGGPR
————— TGGPR

394 QQYVDAAAKA
259 -—-—-- TGGTA
————— NGGVA
————— VAGER
————— TAGQR
————— VAGPR
————— VAGER
————— VAGER
————— VAGDR
————— VAGER
————— VAGER

————— TPIPE
————— TPVPA
————— TPVPE
————— TGTED
————— TGTED

6637779581
268 FQVGCIELRv
342
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335
339
439
289
311
259
366
252
252
252
252
252
268
243
254
272
237
234
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318
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YYTGNIEIME
FQTACVEIRv
YOKANIELIT
YOAGCVEL

YOAGCIEMM
YQVGCIET
FOVGCIeLH
FQVGCIE

LANGALEMIE
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SWN--—-—-— IS S PIYTIS———
FWD----- ISH VI TN--—
YWD—-————| ISH TIRN-——
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I¥YT-—---

TYT----- D PN F'12 D kel
I¥YT----- IS E - - —
YDTGDNHTL|X DFHYIEB--—
YSSGDNHTL|Y BIgHYVE|R--—

Val248

8----23144 13728116--
€--—-SHTMG

€-—--SRSCT
€-—---ARTCT
€----ARTCT
E----TATCN
E@ONTAVATCT
€--—--SYQCT

€----SHRCD
€----SHKVG
€--—-VANCT
€----SHEIT
€----sHVIG
€----THEVG
€----SHVVG
€----THTVG
€----SHTVG
€--—-TVAVG
€----DFTIG
————— IEKMK
E--—-acace
A----SDACG
€----spvce
€YOGEDSLYN
€YQGEESLFN
7361----32
AKDL----SG
ATND----EL
ATNP----QL
ATNP----QL
AKNK----QL
AKNK----AM
ADGD----SM
LRNA----DF
ARDE----DG
ATDS----TL
AKDL----5G
AKDL----5G
AKDL----NG
AKDH----CG
AKHL----5SG
AKDL----SG
ALNE----AR
LKSDSTKGDF
AQNK----DL
SESG----DP
SPTG----DP
SPTG----DP
SPTG----DP
LND----- DY
LND----- DY

RAYYEGNN——
G

KAYYEKST--

5166556976

TOWKFLPIFTL
TEQKFLPFIL
TERKELP)gRL
TEQEFLPIETL
TOWE YL PIRT,
ENQKLOP|Z®L
TSYRLLP)ARL
DDQEML PI®T,
SKQNKFLS|9RT
SEQOILPIRT

TREKLLPJSRT,
LSQELRP)ARL
TDRELCD|ZRL
LSELCD|ZRL
LARELEDESRT,
TLKKVMKJRT
TLKKVMK|gRT

6124141--- -- 551-----
IBGHEDVG--- —-— GAR-----
IENKEDLNAVM DSGAI-----
IFOREDLNAVM NSGAA-----—
IFYREDLNAVM NLGAV-----
IBYAETVDDVN ASGAT-----
IEKAETVEAVN QRGGY-—----
AGHEVPE--- -- DSK--—---
GGHVVPD--- -- DAR-—-—---

EFFQSEKKKL LEGSNKEKAS
SFFRQESQKL LOQSDKKRTAE

Glu303

7765988899

9986834687

313
387
385
380
384
484
334
356
304
411
297
297
297
297
297
313
288
303
316
281
278
282
283
362
352

INEHYVEQDNK
FHYVEQDEK
INFHYVEQDEK
INFHYVEQDEK
NFHVVEONEL
NFHVVEQDEL
50 TVMKKNK
INFHVVVADER
FHVVVRNEEF
RZHVVPRDER
INFHVVYRDEL
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Lys322

Phe323

Conservation 7988989935 039-483484 9889--9897 -637585819 8937-88867
Q88BN6_ Lsc3 314 M--€@aG -EHLFGPMY 358
182678986 B.indica 388 & “‘ -DGIRSDFI) LNGLS@#TG 433
B2JVY2 B.phymatum 386 G" -NGIRSDFL)Y LINGGSEinaRG 431
Q3JGQ0 B.pseudomallei 381 G" -NGIRSDFL)Y LINGGSEIREIG 426
Q8VW87 A.sp.K-1 385 G¥1 -DGIRSDMOx 430
304364376_A.viscosus 485 EV) —-DGLRSDMKI 530
302555562 S.viridochromogenes 335 €T) -PGLRSEMOIY 379
296131231 C.flavigena 357 P IEL) -HGLRSDMKIg 401
Q93FU9 P.aurantiaca 305 M P DG“ -DSLEFGPMVIY 349
043998 G.diazotrophicus 412 M P DG“ -DGIRSDFQl 457
Q46654 E.amylovora 298 P DG" -DKLTGPMTI 342
054435 R.aquatilis 298 P DG" -DNLTGPMSY 342
C3K8D6_P.fluorescens 298 P DG“ -DQLFGPMTL 342
D1RZ84 S.odorifera 298 & P DG“ -DRLTGPMTIS 342
Q48JY3 P.s.pv.phas 298 P DG" -EHLFGPMRIY 342
Q48BCY9 P.s.pv.phas 314 P DG¥1 -EHLFGPMRI% 358
060114 Z.mobilis 289 1D G ENGIFGPMEIY 334
58039338 G.oxydans 304 P BEV) RNGIFGPpMAN 349
15895050 C.acetobutylicum 317 b -NSLRSNMKIg 361
BOLT89 H.lacusprofundi 282 -DALDGEMRIZ 326
300710312 H.jeotgali 279 -DSLRGEMR)% 323
C7P4M9_ H.mukohataei 283 —-DSLRGDMV)Y 327
Q5V249 H.marismortui 284 —-EDLRGDM 328
D5DCO7_B.megaterium 363 -NTLTGKMKIZ 409
P05655 B.subtilis 353 KMTID| -NSLTGPMKIg 399
Conservation ~ ==-9956--- ———--————— ———- 9858877--5

0Q88BN6_Lsc3 358 ---IMgPE--- ---------- ---- BIHCVI 381
182678986 B.indica 433 PAGAPYALNP 473
B2JVY2 B.phymatum 431 PAGAPYAQDP 471
Q3JGQ0 B.pseudomallei 426 PAGAPYAQDP 466
Q8VW87 A.sp.K-1 430 LGGQPFAPDF 470
304364376 _A.viscosus 530 NPGKPYSPDF 570
302555562 _S.viridochromogenes 379 ---NgFD--- -—-—-—--——-—--= ———-— 402
296131231 C.flavigena 401 --—-|\JEPD-—-- ————————-—= ———— 424
Q93FU9 P.aurantiaca 349 ---IJESS--- ———-——--——-— ——-- 372
043998 G.diazotrophicus 457 AAGTDFDPSP 497
Q46654 E.amylovora 342 ——-IJ¥SS-——- —————————— ———— 365
054435 R.aquatilis 342 ---EPS--- -——----—--- —-——-— 365
C3K8D6_P.fluorescens 342 ---EPS--- -——----—--- —-——-— 365
D1RZ84 S.odorifera 342 -—-NJEPE--- -——-——-——-—-— -—-——- 365
Q48JY3 P.s.pv.phas 342 ———-IJ§PA-——- ————————-—-= ———— 365
Q48BCY9_P.s.pv.phas 358 -———-|EPE-—-- ————-—--—— ———- 381
060114 7Z.mobilis 334 ---lESS--- ——--—-—--= ———-— 357
58039338 _G.oxydans 349 ---lESS--- ——--—-—--= —-——-— 372
15895050 C.acetobutylicum 361 -—-MHTN--- ——————-——--= ———— BWYLVSG--H 384
BO9LT89 H.lacusprofundi 326 -—-NJgPE--- -—--——-———-— ——-—- BWMAFAH--D 354
300710312 H.jeotgali 323 ——-IEAN--- ——-—--——--- ———-— BWVAFSH--R 351
C7P4M9_H.mukohataei 327 —--IEAN--- ——-—--——-— ———— 355
Q5V249 H.marismortui 328 ———IIFEN-—-- —————————— ———— 356
D5DCO7_B.megaterium 410 MDLDEND-—= —=————=———== ———-— SHFAVIEOTKG 439
P05655 B.subtilis 400 MDLDJgND--- ————————-—= —-——— BHEFAVIEOAKG 429

Asp383

Conservation ~ —--———--- 8799974417 --162--472
088BN6_Lsc3 --KED--RSF 412
182678986 B.indica --NRT--STI 499
B2JVY2 B.phymatum --NEp--TTV 497
Q3JGQO0_B.pseudomallei --HED--STT 492
Q8VW87 A.sp.K-1 GVGEDPTKTA 504
304364376 _A.viscosus --SgD--TTS 602
302555562 S.viridochromogenes --KDD--RTR 433
296131231 _C.flavigena --ESD--RSW 455
Q93FU9 P.aurantiaca --k@o--0TF 405
Q43998 G.diazotrophicus --AQN--ASA 523
Q46654 E.amylovora --KeD--RSF 396
054435 R.aquatilis --KEeN--RSF 396
C3K8D6_P.fluorescens --K€&D--RSF 396
D1RZ84 S.odorifera --E@D--RSF 396
Q48JY3 P.s.pv.phas --E@D--RSEF 396
Q48BCY9 P.s.pv.phas --K@D--RSEF 412
Q60ll4:Z.mobilis ILINPYTKLEL --VgH--RSF 389
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58039338 G.oxydans
15895050 _C.acetobutylicum
BOLT89 H.lacusprofundi
300710312 H.jeotgali
C7P4M9_H.mukohataei
Q5V249 H.marismortui
D5DC07_B.megaterium
P05655_B.subtilis

Conservation

Q88BN6 Lsc3

182678986 _B.indica
B2JVY2_ B.phymatum
03JGQ0_B.pseudomallei
Q8VW87 A.sp.K-1
304364376 _A.viscosus
302555562 S.viridochromogenes
296131231 C.flavigena
Q93FU9 P.aurantiaca
Q43998 G.diazotrophicus
Q46654 _E.amylovora
054435 R.aquatilis
C3K8D6_P.fluorescens
D1RZ84_S.odorifera
Q48JY3 P.s.pv.phas
Q48BCY P.s.pv.phas
060114 Z.mobilis
58039338 G.oxydans
15895050 C.acetobutylicum
BOLT89 H.lacusprofundi
300710312 H.jeotgali
C7P4M9_H.mukohataei
Q5V249 H.marismortui
D5DC07_B.megaterium
P05655 B.subtilis

413
500
498
493
505
603
434
456
406
524
397
397
397
397
397
413
390
411
415
397
394
398
399
468
458

———————— I TLPQPGSADP QNPETYRIEE
———————— IN EYHF------ --NGQLRY/e€
YYDFAGDSL AIAD----LP EAEQRERF€e
YYDLGGLTL DVAT----LS PDEQRAKFiEe
YYDFEADSMB RVAD----LP ESEQLRRFEE
YYDFDGETLY EIAH----LS ESEQMRRE|EE
———————— MT NRGF------ --YEDNH--S
———————— MT NRGF------ --YADKQ--S
63213---—- -45738-854 ---——--- 11
VQEEY---—- -DYGY@-BAM ---——--- KD
LDRTYGNAGL GGYGDM-|gAN ——------ LpP
VDRTYGKGGL GGYGDM-BEAN —------—- Qs
VDRAYGAGGL GGYGDM-BEAN ------—- Lp
VDYSYGSEGL GGWADM-BEAN ------—- KH
VDRTYGTNGL GGFADM-ESD ------—- RA
LAGQL----- -DYGFM

LVDEL----- -PYAYM-1EAM ---———-- ™
VVAEY---—- -DYGYM-IgPM ---———-- LD
VDLRYGNGGL GGYGDM-BAN -----—- RAD
IVDSF-—--- -DYGYM-1#AM ---———-- KD
VERVF----- -DYGYM-IgPM --————-- KN
VOQEAY---—- -DYGYM-gAM ---———-- RD
VREVY----- -DYGYM-gAM ---———-- QD
VOEVY---—- -DYGYM-gAM ---———-- KN
VQEEY----- -DYGYM-I#AM ---———-- KD
VTEVK---—- -GYGYM-]§PQ ---——--- IE
LTEVH----- -AYGQV-YAQ ----—--- GV
IIGRL-—--- -GEGVVTEAH

LRGTL----- -DAWRH-IETP ----—--- DE
ITGTL-—--- -SHGRM-BLE ----—--- SE
ILGTL-—--- -DHWOM-ELP ---———-- DE
IIGSL-—--- -GHWHW@—j§LA GETLPLTDRE
VVKDR----V LEQGQL-TVD —------—- ED

A1) KIVL --DEE--RTF
WEENZIT.OT ST, —-K@v--KSK
WIENINT RIAL —-D@D--STR
WL, RVAL --S@D--RTR
WIS RIRV --E@T--HTE
SLGEALRLEV --E@S--RTR
WrNESFLVNI --D€S--KTS
WFISESFILNT --KgK--KTS
1111--==—= ——————————
VOLS---——= ————————--
ALGQGNGHGV TNGQ------
APGNGNGQGG NSQ-------
AVGAGHHD-- —----———--
LFTNGKFGVA VSDEAAQKIR
RSNGGDTRPQ RLK-------
YPW-——-=== —————mm— -
VILK---——= ——--————--
VNIAGFIQDL FGQPTSGLAA
ITLK----—= ————---——-
IILN----—= ——————————
VVLSQ--——= —---————--
IVLQG---—— ————---———
VVLS---——= ————————--
VILS---=—= —=-—————--
WLAEDESSNS AAALSLLNK-
WPTSSAWDKR S-------—-
PLPPADDSEL PGGDALSGRL
ELPDLPEERL AHREETRRGY
VLPPTDREYF AGESGDGGSY
LIRRGKHNDT STGGYAARTE

VVKDS----I LEQGQL-TVN ------—- K- ———mmm——mm —mmmmme

410
414
396
393
397
398
467
457
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LISA 3

Algse ja muteeritud levaansukraaside pollimerisatsiooniproduktide analtitis 6hukese kihi
kromotograafiaga (TLC)

X B B B B B A

Levaanbioos

Blastoos
Neokestoos

6-kestoos

6-niistoos
Friiktosiitilniistoos

-

O 006 0 00 0 0
1 2 3 Rl 5 6 7 8 9 10 1 12
M WT WI109A E110D HI113A E146Q E236Q V248A K322A F323A F323H D383A

1.2 M sahharoosist 20 h inkubatsiooni valtel moodustunud produktid (vt pt 2.3.2.2;
metoodika pt 2.2.6). 0.5 pl 4 korda lahjendatud reaktsioonisegu kanti TLC plaadi
stardijoonele. Rajal 1 on markersuhkrud (M): 0.7% levaan, 8 mM nistoos (PA 4), 8 mM 1-
kestoos (PA 3), 30 mM sahharoos (PA 2) ja 30_mM fruktoos (F). Valkude nimetused on
naidatud radadel 2-12. WT — Lsc3 metsiktudpi valk.

}: N, i.'
' I R B
s
S
v b ¥ '~ > M
K
R - K R
- -
. N
L L : | ; : i ik
'® 6000 60 ‘0060000 0 -
1 2 3 4 5 6 7 8 ! 2 3 4 5 6 7 8
A B
M1 M2 WT V248A K322A F323A F323H D383A M1 M2  WT V248A K322A F323A F323H D383A

0.3 M rafinoosist 20 h inkubatsiooni valtel moodustunud produktid (vt pt 2.3.2.2;
metoodika pt 2.2.6). Paneelil A on plaat vérvitud aniliini-, paneelil B uurea reaktiiviga. 0.5 ul
2 korda lahjendatud reaktsioonisegu kanti TLC plaadi stardijoonele. Rajal 1 on
markersuhkrud M1: 0.5% levaan (L), 8 mM niistoos (N; PA 4), 8 mM 1-kestoos (K; PA 3),
30 mM sahharoos (S; PA 2) ja 30 mM fruktoos (F). Rajal 2 on markersuhkrud M2: 0.5%
levaan, 10 mM rafinoos (R, PA 3), 30 mM melibioos (M; PA 2), 30 mM fruktoos. WT — Lsc3
metsiktiiupi valk.
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