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1 Uved
1.1 1gA nefropatie

IgA nefropatie (IgAN), Bergerova choroba je nejcastéjsi primarni glomerulonefritidu
na svété. Jde o autoimunitni onemocnéni, pfi némz jsou ledviny postizeny ukladanim
imunitnich komplext (IK). Pacienti s timto onemocnénim maji na unikatni pantové oblasti
tézkého fetézce imunoglobulinu Al (IgAl) zménéné glykanové struktury, které jsou
rozpoznavany piirozené se vyskytujicimi anti-glykanovymi protilatkami typu 1gG nebo IgA.
Vysledkem je vyskyt imunitnich komplext Vv cirkulaci (CIK) a jejich ukladani do
glomeruldrniho mesangia kde dochazi k indukci proliferace mesangidlnich bun€k a zvysSeni
produkce extracelularni matrix proteinii a cytokind, coz vede v asi jedné tietiné piipadi ke
ztraté renalnich funkci [1-3].

IgA nefropatie je celosvétové nejéastéjsi primarni glomerulonefritida. Incidence
tohoto onemocnéni se lisi napfi¢ svétadily od 40% vsech nativnich ledvinovych biopsii
provadénych Vv Asii ptes 20% v Evropé, 5 — 10% v Severni Americe az po méné nez 5%
v centralni Africe [1-2]. Vyskyt v CR se odhaduje zhruba 11 novych piipadii za rok na
1.000.000 obyvatel. IgAN byva diagnostikovana mezi 10. az 20. rokem véku kdy se objevi
makroskopicka hematurie spojena s béznou infekci hornich cest dychacich. U dospélych je
IJAN casto diagnostikovdna po preventivni prohlidce, pfi niZ je ndhodné zjisténa
mikroskopicka hematurie. Muzi byvaji postizeni 2 — 3x Cast&ji nez zeny a také mnohem
¢astéji U nich nemoc progreduje az do faze ledvinového selhani a potieby transplantace ledvin
[2, 4]. Casovy priabéh onemocnéni délime na &asné a pozdni stadium. IgAN prochézi
rozdilnym vyvojem, kdy se muze klinicky vyhojit, moCovy nalez miize pietrvavat bez
klesajici funkce ledvin, nebo nemoc progreduje k chronickému selhavani ledvin vyzadujicimu
dialyzu nebo transplantaci ledvin. Choroba je nejcastéji diagnostikovana aZ ve stadiu snizené
glomerularni funkce a ndpadné proteinurie, findlni diagnézu ur¢i az biopticky nélez.
Klinickymi znaky IgAN jsou tfi syndromy: hematurie, proteinurie a hypertenze. Patologické
zmény na glomerulech se projevuji jako bunécna hyperplazie, hypertrofie a expanze
extracelularni hmoty. Poskozeni se lisi mezi jednotlivymi glomeruly. Pokud v prvnich letech
onemocnéni nedojde k jeho vyhojeni, rozviji se chronické selhani ledvin spojené s vyssi
proteinurii a rastem krevniho tlaku. Lécebna opatfeni sméfujici ke zpomaleni progrese jsou
obdobna jako u jinych ledvinovych chorob [2, 4].

Pfi objasniovani vzniku IgAN se musi brat na zietel n€kolik faktort:



1. Piitomnost frakce abnormalné galaktosylovaného polymerniho imunoglobulinu IgAl.

2. Pritomnost protilatek (IgG, IgA tiid) specificky rozliSujicich abnormalné
galaktosylované polymerni IgAl coz vede ke vzniku imunitnich komplext.

3. Ukladani cirkulujicich imunokomplexi do mesangia ledvin vedouci ke stimulaci a

proliferaci mesangialnich bun¢k [4].

1.1.1 Imunoglobulin A (IgA)

Lidsky imunoglobulin A (IgA), reprezentovan dvéma strukturalné a funkéné
odlisnymi podtifidami — IgAl a IgA2, je typickym piedstavitelem specifické humoralni
slizni¢ni imunity [5]. IgA molekuly jsou druhym nejéetnéjSim izotypem sérovych
imunoglobulini. Denni produkce IgA daleko pievySuje produkci vSech ostatnich izotypt
protilatek. Sérova koncentrace je vSak nizs$i nez koncentrace IgG protoze vice nez polovina
produkce je aktivné transportovana do externich sekretii a také polocas IgA je podstatné
mensi nez U IgG (5 — 6 dni u IgA oproti 20 — 24 dnim u IgG) [2, 6]. V séru pievySuje
mnozstvi IgAl nad IgA2 zatimco na mukoznich povrsSich je jejich mnozstvi pomérné
vyrovnano. V cirkulaci se IgA vyskytuje nejéastéji jako monomer (MIgA). Na sliznicich
prevazuje IgA sekrecni (S-IgA), které je tvoreno nejcastéji dvéma molekulami IgA spojenymi
J tfetézcem (polymerni IgA — plgA) a sekreéni komponentou, ktera je k pIgA pfipojovana
béhem transportu pies epitelové bunky sliznic do lumenu slizni¢nich organd. Sekre¢ni
komponenta poskytuje ¢astecnou ochranu pied bakterialnimi protézami [4-6].

Molekula IgA ma dva tézké fetézce, tvofené jednou variabilni (variable; V) a tfemi
konstantnimi (constant; C) doménami, a dva lehké tetézce, tvoiené jednou V a jednou C
doménou. Od ostatnich imunoglobulinti se IgA 1i8i unikatni pantovou oblasti dlouhou 19
aminokyselin (hinge region; HR) mezi C1 a C2 doménami tézkych fetézci a 18 aminokyselin
dlouhou C' terminalni extenzi (podobné jako IgM) dilezitou pro navazani J retézce (Obrazek
1). Delsi HR poskytuje IgAl vétsi flexibilitu domén vazicich antigen (Fab) vzhledem ke
konstantni doméné. Na pantovou oblast IgA1, ktera je delsi o 13 aminokyselin oproti u HR
IgA2, muze byt ptipojeno obvykle 3 az 6 O-glykant. Naopak N-glykany se vazi mimo
pantovou oblast a jsou dva nebo tfi u IgA1 a ¢tyfi u IgA2 [2].

IgA2 molekula je evolu¢né star$i nez IgAl. Extrémné dlouhd pantova oblast IgAl
vznikla zfejmé inzerci genového segmentu do pantové oblasti IgA2 [2, 4-5]. Srovnani

proteinové a DNA sekvence o fetézce imunoglobulint u fady obratlovct odhalilo, ze IgAL s



vySe uvedenymi atributy tvoii pouze ¢lovék a lidoopi a typicka experimentalni zvifata jako
mysi, Krysy a kralici jej netvofi [5, 7].

IgA-produkujici bunky nalezneme v kostni dieni, lymfatickych uzlinach, slinivce a
lokalné v mukozni tkani. V cirkulaci pfevazuje mIgAl. Naopak V externich sekretech
prevazuje pIgA (kromé terminalni ¢asti tlustého stfeva a pohlavniho traktu, kde pievazuje
IgA2). Mukozni povrchy hornich cest dychacich obsahuji hlavné IgA1-produkujici bunky a
tento fakt je zajimavy zejména vzhledem ke klinicky pozorované vazbé mezi infekcemi
hornich cest dychacich ahematurii jako prvni pfiznak IgAN. Bez ohledu na tkétovou
distribuci 1gA-produkujicich bunék také druh antigenu ma vliv na tvorbu IgAl nebo IgA2.
IgA protilatky proti proteinim a glykoproteiniim byvaji pfevazné IgA1 podtiid zatimco IgA2

jsou typicky namifené proti bakterialnim polysacharidiim a lipopolysacharidim [2].

Pantova oblast

IgA1
C,1 - PVPST*PPT*PS™PS™TPPT"*PSPSC - C,2

IgA2
C,1-PVP PPPPC - C,2

Obrazek 1: Molekulova struktura IgA1 a IgA2, porovnani pantové oblasti lidského IgAl a
IgA2. IgA1 monomer obsahuje O-glykany na HR mezi C1 a C2 doménou (zeleny kruh). Dva
N-glykany (modry kruh) jsou navazany na obou tézkych fetézcich [8]. HR sekvence se sklada

ze dvou oktapeptidovych opakovani. Potencidlni O-glykosyla¢ni mista (POGS) jsou oznaceny
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cervené a Sest Ser/Thr residui, které mohou byt u cirkulujicich IgA1 O-glykosylovany jsou

¢islovany [9-11].
1.1.2 1gAl imunoglobulin

IgA1 HR ma unikatni aminokyselinovou sekvenci obsahujici dva oktapeptidy
(PVPST??*ppT?8pg?¥0pg232T233ppT2pgpSC) s deviti  potencialnimi  O-glykosyladnimi
misty (POGS) [8-10]. Normalni lidsky sérovy IgA1 obsahuje tii az Sest O-glykant, nejcastéji
jako disacharid galaktoza - N-acetylgalactosamin (Gal - GalNAc; T antigen) a jeho mono-
nebo disialylovanou formu (sialyl-T antigen) [9, 11]. U IgAN jsou nékteré IgA1 O-glykany
slozené pouze z N-acetylgalactosaminu (GalNAc) bez galaktozy (Gal) tvoiici Tn antigen nebo
sialylovaného GalNAc (Sialyl-Tn antigen) [12-16].

IgA1 HR je jedinou znamou molekulou ktera muze byt selektivné §tépena vybranymi
protedzami patogennich bakterii jako Clostridium ramosum, Streptococcus pneumoniae,
Haemophilus influenzae, Neisseria gonorrhoeae, N. meningitidis [1]. Bakterialni proteazy
jsou vyznamnym faktorem patogenity. Rozs$tépené IgAl, pfesto, ze se vaze na
mikroorganismus, neni schopno aktivovat fagocytozu piipadné komplement a zaroven
poskytuje bakteriim hydrofilni plast nezbytny k adhezi na epitelialni bunky [5, 17].

Vznik pIgA1 nastava kratce pred nebo pii samotné sekreci na mukozni povrchy. IgA1-
produkujici buiiky mukoéznich povrchli primarné exprimuji J fetézec na svém povrchu na
rozdil od IgA-produkujicich bun¢k kostni dien€. J fetézec neiniciuje polymeraci, ale urcuje, z
kolika molekul bude IgA sestaveno (di- piipadné tri- a tetra- mery). Na vnitini strané
epitelialnich buné¢k se IgA vaze na receptor pro polymerni Ig (poly-1gR) a komplex IgA-poly-
IgR je endocytovan a transportovan na luminalni stranu bunék kde fuzuje s membranou. Cast
receptorové molekuly ziistane navazana na pIgA a nazyva se sekre¢ni komponenta. Sekrecni

komponenta chrani IgA pred bakterialnimi proteazami [5].
1.1.3 1gAl O-glykosylace

V posledni dobé se posttranslacni modifikace proteinti, jako je napiiklad glykosylace,
staly dulezitou soucasti vyzkumu etiologie mnoha onemocnéni. Jeden z piistupi Studia
vyznamu glykosylace u jednotlivych chorob spo¢iva v popisu odchylek aktivity enzymového
aparatu zodpovédného za pfipojeni a formovani postrannich cukernych fetézcti. Takové
enzymy patii do skupiny glykosyltransferaz nachdzejicich se v endoplasmatickém retikulu a

Golgiho komplexu.
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O-glykany pantové oblasti IgAl jsou tvoieny GalNAc s 1,3 pfipojenymi Gal.
Retézec je ukonden sialovou kyselinou (NeuAc) pfipojenou ke Gal pomoci 02,3 vazby,
k GalNAc pomoci vazby 02,6 nebo k obéma cukrim zaroven. Detailni slozeni cukri je
proménlivé s pievazujici formou Gal-GalNAc a jeho mono- ¢i di-sialovanou formou [4, 10-
11, 18]. Abnormalni O-glykany pantové oblasti IgA1 s nepfitomnosti Gal (Gal-deficientni
IgAl), s terminalnim GalNAc nebo sialovanym NeuAc-GalNAC, se béZzné nachazeji u IgAN a
jen zfidka u zdravych jedincti [11].

O-glykosylace je komplexni proces, do né&jz je zapojeno vice nez 50
glykosyltransferaz. O-glykany jsou syntetizovany v Golgiho komplexu, ale nedavné vyzkumy
odhalily, Ze aktivace Src proto-onkogent vede k selektivnimu posunu nékterych
glykosyltransferaz do endoplasmatického retikula [19]. Syntéza Gal-deficientnich IgA1 (Gd-
IgAl) probiha pouze v Golgiho komplexu [20]. O-glykosylace zadina piipojenim N-
acetylgalactosaminu (GalNAc) na serinovy (Ser) nebo treoninovy (Thr) zbytek proteinového
fetézce (Obrazek 2, 3), za vzniku Tn antigenu (Tn Ag), pomoci velké rodiny vice nez dvaceti
UDP-GalNAc: polypeptide N-acetylgalactosaminyl transferaz (GalNAc-Ts) [21]. Tyto
enzymy jsou membrdnové proteiny typu II s kratkym N-terminalnim cytoplasmatickym
koncem (4 — 24 aa), transmembranovou kotvou (15 — 25 aa) a C-terminalni Casti ktera je
lokalizovana v lumen Golgiho komplexu. C-terminalni ¢ast obsahuje katalytickou doménu a
specifickou ricinu podobnou lektinovou doménu (> 450 aa) [22-23]. Transmembranova kotva
urcuje lokalizaci glykosyltransferazy v jednotlivych oblastech Golgiho komplexu [24]. Ricin-
like lektinova doména na C-termindlnim konci je zodpovédnd za substratovou specifitu
jednotlivych izoforem GalNAc-Ts [25]. Zatim nejsou znamy specifické role jednotlivych
GalNAc-Ts ani jak tyto enzymy spolupracuji, ale jejich vyskyt v bufikach uréuje misto a vzor
O-glykanti pfipojovanych na proteiny [8]. GalNAc-Ts maji rizné substratové specifity,
kinetické vlastnosti, tkanovou distribuci ale nékteré jejich funkce se prekryvaji. GalNAc-Ts
muzeme rozd¢lit do dvou skupin podle toho, jestli pro ptipojeni GalNAcC vyzaduji nebo
nevyzaduji pfitomnost cukru pfedem piipojeného na jiné glykosylacni misto akceptorového
proteinu [26].

Zahajeni O-glykosylace pantové oblasti IgA1l bylo donedavna spojovano pouze s
aktivitou GalNAc-T2 [26-27]. Pantova oblast IgA1 pfipomina sekvenci mucini a proto mize
byt cilem i jinych GalNAC-Ts, napi. GaINAc-T1 nebo -T11, které mohou také O-glykosylaci
zah4jit [25]. Nedavné analyzy ukazaly, Ze GalNAc-T14 se v IgAl produkujicich bunkach
pacientll exprimuje 5x vice nez V builkdch zdravych kontrol zatimco exprese GalNAc-T2 a

dalsich GalNAc-T se u pacientti a zdravych kontrol nelisi. Zda a do jaké miry se GaINAc-T14
11



podili na abnormalni glykosylaci 1IgA1 u IgAN bude nutné dale zkoumat [28]. Spoluprace
GalNAc-Ts muze byt u bunek produkujicich IgAl zménéna stimulaci prozanétlivych
cytokini Vv prubéhu infekce hornich cest dychacich. Pravdépodobné dochdzi ke zménam
V poctu a mistu vazby GalNAc na Ser/Thr pantové oblasti IgAL1 u IgAN [1].

Syntéza O-glykani IgAl pokracuje pfipojenim Gal na GalNAc za vzniku Core 1
disacharidové struktury, T antigenu (T Ag) (Obrazek 2, 3). Prodluzovani fetézce je pro
bunky specifické, zatimco B lymfocyty vytvaii Core 1 struktury tak napf. normalni prsni
epitelialni bunky vétvi O-glykany az do komplikovanéjsi Core 2 struktury [8]. Pfipojeni Gal
katalyzuje jedind Core 1 UDP-Gal:GalNAc-a-Ser/Thr B1,3-galaktosyltransferaza (C1GalT1)
[29]. Nedostatek C1GalT1 vede ke vzniku zkracenych O-glykant [30]. Proteinova stabilita a
aktivita C1GalT1l zavisi na specifickém chaperonu, Core 1 B3-Gal-T specific molecular
chaperone (Cosmc) [31]. U mnoha chorob (Tn syndrom, zhoubné nadory) vede mutace
Cosmc k zastaveni prodluzovani O-glykant (Tn antigen) a vzniku sialylovaného Tn antigenu
(STn) [30, 32-33]. Mutace Cosmc nebyla u IgAN pacientl zjisténa ale snizena transkripce
byla detekovana u klonovanych Gd-1gAl-produkujicich bun€k [20]. Core 1 struktura IgA1l je,
na rozdil od jinych molekul (napt. MUCL1), ukonéena sialylaci [8].

O-glykany patové oblasti IgA1 jsou ukonceny ptipojenim NeuAc k Gal nebo GalNAc
pomoci nekteré ze sialyltransferaz. Core 1 struktura je modifikovana pfipojenim NeuAc na
Gal reakci katalyzovanou GalP1,3GalNAc 02,3-sialyltransferazou (ST3Gal) a/nebo
pfipojenim NeuAc na GalNAc pomoci N-acetylgalactosaminide o2,6-sialyltransferazy
(ST6GalNAcC) (Obrazek 2, 3) [34-35]. Proces ptipojovani NeuAc ke Gal pomoci ST3Gal
neni u IgA dosud dostateéné¢ zmapovan. Naopak real-time PCR (RT-PCR) expresni analyza
gentt ST6GalNAc ukazala, ze ST6GalNAc I, enzym ucastnici se sialylace Tn Ag, neni u IgA1-
produkujicich bun¢k exprimovan [20]. ST6GalNAc Il byla navrzena jako kandidat sialylace
Tn Ag u IgAN [36], nebot’ ST6GaINAC II je zvysen¢ exprimovan plasmatickymi bunkami
produkujicimi aberantné galaktosylované IgAl izolovanymi z periferni krve pacientt s IgAN
[20]. Naopak u epitelidlnich bunék zvysSena exprese ST6GalNAc II nezpisobuje vznik
sialylovaného Tn Ag [37]. Nedavno publikovana studie vyuzivajici siRNA k potlaceni
exprese ST6GalNAc II ukazala, ze ST6GalNAc II se podili na sialylaci Tn O-glykand
pfipojenych k pantové oblasti IgA1 [38-40].

Princip vzniku Gal-deficientnich IgA1 molekul u IgAN pacienti je rozsahle studovan,
a ackoliv byly zaznamendny pokroky k pochopeni problému, stidle zastavda mnoho
nezodpovézenych otazek [16, 20, 41]. Pfi studiu bunécnych linii produkujicich abnormalné

galaktosylované IgA1, které byly izolovany z periferni krve pacientii s IgAN a imortalizovany
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infekci virem Epteina a Barrové bylo popsano zvySené zastoupeni O-glykanu tvofenym
GalNAc bez pfitomnosti Gal (Tn antigent) oproti IgA produkovym stejné pfipravenymi
bunkami od zdravych kontrol. Navic IgAN buiky tvofily pfevazné polymerni IgAl.
Terminalni GalNAc je rozpoznavan specifickym lektinem HAA (z Helix aspersa) jehoz
reaktivita s GalNAc je blokovana pfipojenim Gal 1 sialylaci GalNAc. Enzymatické odstranéni
sialové kyseliny vedlo ke zvySeni reaktivity IgA produkované¢ho bunikami z IgAN pacientd
coz naznacuje, ze GalNAc muze byt u téchto bunck sialylovéan a tato sialylace mize blokovat
ptipojovani Gal, coz bylo potvrzeno a nedavno publikovano (Obrazek 3) [16, 20, 39-40].
Piedcasna sialylace GalNAc je tedy vyznamny etiopatogeneticky faktor uplatiujici se pfi
tvorbé abnormalné galaktoylovaného IgAl.

Snizené zastoupeni Gal v O-glykanech pantové oblasti nemize byt vysvétleno
pouhymi zménami v hladinach uvedenych glykosyltransferaz, ale je ziejmé ovlivnéno i
dalsimi faktory jako je abnormalni distribuce jednotlivych enzymi v Golgiho komplexu.
Snizena exprese geni C1GalT1l a Cosmc spojena se zvySenou expresi genu ST6GalNAc 11
odpovidaji méfeni enzymovych aktivit v bunéénych extraktech [20, 31, 40] nicméné tyto
studie nepopisovaly mozné¢ zmény Vv lokalizaci jednotlivych enzymui. Vzhledem k vyse
popsané inhibici ptipojeni Gal zapticinéné predcasnou sialylaci GalNAc je mozné ocekavat,
ze zmeéna lokalizace zeyjména ST6GalNAc Il miize vést k piedCasné sialylaci a konecné

abnormalni galaktosylaci IgA [4].

Ser/Thr

sialyl-T Ag

-0-ST "~ AANPC \
p1.3
2.3

Obrazek 2: O-glykosylace pantové oblasti tézkého fetézce IgAl. N-acetylgalactosaminyl
transferazy (GalNAc-Ts): GalNAc-T2 nebo GalNAc-T14 piipojuji N-acetylgalactosamin
(GalNACc) na Ser nebo Thr pantové oblasti IgALl. Pomoci Core 1 UDP-Gal:GalNAc-a-Ser/Thr
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B1,3-galactosyltransferaza (C1GalT1) se, za vzniku Core 1 struktury (T antigenu), na GalNAc
pfipojuje galaktéza (Gal). Proteinova stabilita C1GalT1 zavisi na specifickém chaperonu
Cosmc. Syntéza O-glykanti je ukoncena pfipojenim sialové kyseliny (NeuAc) ke Gal pomoci
Galp1,3GalNAc  a2,3-sialyltransferazou  (ST3Gal) nebo GalNAc pomoci a2,6-
sialyltransferazy 11 (ST6GalNAc I1). Nekteré O-glykany IgA1 pacientd s IgAN jsou ukonéeny
GalNAc, Tn antigenem (Tn Ag) nebo jeho sialylovanou formou (Sialyl-Tn Ag).

CH1 - PVPST™ PPT PS™PS™TPPT"PSPSC - CH2

GalNAcT2 "
weho R .
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GalNACTIE o* c IGan'I.':" F13
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Obrazek 3: Ruzné moznosti O-glykosylace IgA1 HR a enzymy zapojené do syntézy O-

glykani na IgAl HR. UDP-GalNAc: polypeptide N-acetylgalactosaminyl transferaza
(GaINACcT2 nebo GalNAcT14) ptipojuje GalNAc na Ser/Thr zbytek pantové oblasti IgAl.
Core 1 UDP-Gal:GalNAc-a-Ser/Thr B1,3-galactosyltransferaza (C1GalT1) stabilizovana Core
1 B3-Gal-T specifickym molekularnim chaperonem (Cosmc) piipojuje Gal na GalNAc.
Sekvence O-glykant je dokon¢ena pfipojenim NeuAc na Gal pomoci Galf1,3GalNAc a2,3-
sialyltransferazy (ST3Gal) nebo na GalNAc pomoci a2,6-sialyltransferazy II (ST6GalNAc
I1). U aberantn¢ galaktosylované pantové oblasti IgA1l jsou nékteré O-glykany predCasné
ukonceny vazbou NeuAc na GalNAC, vznikaji Gal-deficientni IgAl, které mohou byt

rozpoznany piirozené se vyskytujicimi protilatkami [1-2, 14].

1.1.4 Molekulova riznorodost O-glykosylace

Diky neustale se rozvijejicim moznostem hmotnostni spektrometrie se soucasné studie
mohou zaméfit na presnou charakteristiku O-glykanti pantové oblasti IgAl [42-44].
Ruaznorodost glykosylace spociva Vv poctu moznych kombinaci navazanych GalNAc na

potencialni O-glykosyla¢ni mista HR IgA1 a nasledné pfipojeni Gal a NeuAc. Heterogenita
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O-glykosylaci IgA1l ovliviiuje jeho odstraiiovani z cirkulace, odstranovani imunokomplex,
aktivaci komplementu a interakci s bakteriemi [42]. Abnormalni glykosylace muze, kromé
zmén V expresi a aktivit¢ enzymi, byt spojena také se zménami V pozicich a struktuie O-
glykani pfipojenych k jednotlivym glykosyla¢nim mistaim HR IgA1l [9-10].

Ke studiu heterogenity glykosylace HR IgAl se vyuzivaji proteazy specifické pro HR
IgAl, které s$tépi IgALl na nekolik prekryvajicich se fragmentt [9-10, 43]. O-glykosyla¢ni
mista HR IgA1 zdravych jedinct zahrnujici Thr ?°, Thr*®®, Ser”®®, Ser®® a Thr**. Thr ?° a
Thr®® nebyvaji vzdy obsazeny [11]. Sestym potvrzenym mistem O-glykosylace je Thr?*® [9].
Pantova oblast IgA1 obsahuje mono- (GalNAc-O-Ser/Thr) a di-sacharidy (Gal-GalNAc-O-
Ser/Thr) a jejich kombinace se li§i u zdravych jedinci a pacientd s IgAN. To, na kterou
aminokyselinu HR GalNAc-T ptipoji GalNAc, ovliviuji také jiz diive pfipojené GalNAc a
plati to s nejvétsi pravdépodobnosti 1 pro ptfipojovani Gal. VétSina HR IgA1l ma glykanem

225 zatimco Thr*® byva Gasto neobsazen [10]. Thr*®®, Thr® a Ser®®*? jsou

obsazen Thr
nejcast&ji obsazeny disacharidem Gal-GalNAc zatimco Ser’, Thr®®® a Thr™®® byvaji castdji
Gal-deficientni nebo nemaji zadny O-glykan [9]. Detailni analyza, kterou jsme provadéli v
ptedchozich letech, potvrdila, Ze rekombinantni GaINAC-T2 ptipojuje GalNAc na vSech devét
POGS pantové oblasti IgAl a pocet obsazenych O-glykosylacnich mist se zvySuje s Casem.
Glykosyla¢ni mista se shoduji s pfedpokladanymi POGS a GalNAc-T2 piipojuje GalNAc
V tomto pofadi: prvni na T228 3 pak na T236, nasleduje S22 125 and S*° a na konec S*# and
5240 [45-46]. Porovnanim piesnych pozic O-glykani pantové oblasti IgA1 zdravych jedinci
s pfesnymi pozicemi Gal-deficientnich O-glykani HR pacientskych IgAl ziejmé piispéje
k objasnéni mechanismu rozliseni glykan specifickymi protilatkami a vzniku IK [9-10]. U
IgA1 zdravych jedinct prevazuji NeuAc vazané v pozici 02,3, zatimco IgAl u IgAN pacientd

ma a2,3 i 02,6 sialylované O-glykany [9, 47].
1.1.5 Vznik IgA1 imunokomplexii a jejich biologicka aktivita

Pro rozvoj IgAN neni pfitomnost abnormalné galaktosylovaného IgAl jedinou
podminkou vzniku imunitnich komplext (IK). V pfipadé familiarni formy IgAN se
pfitomnost abnormélné galaktosylovaného IgAl prokdzala nejen u pacientl, ale i u
ptibuznych bez zfejmych znamek onemocnéni [41]. Dalsim faktorem rozvoje IgAN je
pritomnost protilatek reagujicich s Gd-IgAl. Protilatky proti Gd-IgAl se vyskytuji u kazdého
jedince ale jejich hladina a afinita neni optimalni pro tvorbu IK popsanych u IgAN [8].

Protilatky tvofici IK se vyskytuji ve vétSim mnozstvi u IgAN pacientii v porovnani se
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zdravymi jedinci a nejsou pfitomny pouze vazané v IK ale také volné v cirkulaci [14-15, 48].
Abnormalné galaktosylované IgA1 tedy pfedstavuji antigen pro vyse uvedené protilatky, které
vzhledek k tomu, ze reaguji s antigenem, ktery byt v mensi mife nez u IgAN pacientu, je
pfitomen 1 u jedincii bez zndmek IgAN, mizeme oznacit jako autoprotilatky. VysSe uvedeny
postup EBV imortalizace lymfocytt izolovanych od pacienti s IgAN umoznil identifikovat
bunécné klony produkujici 1gG rozpoznavajici terminalni GalNAc na Gd-IgAl. Jestlize byl
termindlni GalNAc na pantové oblasti IgAl nasledné galaktosylovan, vazba téchto
specifickych IgG protilatek byla blokovana [15-16]. EBV-imortalizovanych bun¢k bylo dale
vyuzito k sekvenaci variabilnich regionti (Vy a V) IgG a tyto analyzy odhalily unikatni znak
hypervariabilni oblasti 3 (complementarity-determining region 3;CDR3) tézkého fetézce 1gAl
od pacientt s IJQAN. Na prvni pozici CDR3 byl u Sesti ze sedmi pacientd pfitomen Ser misto
alaninu (Ala). Pomoci mistné specifické mutageneze byl tento Ser opét zaménén za Ala. U
takto zménéného rekombinantniho IgG nebyla potvrzena schopnost vazby Gd-IgA. Vysledky
potvrdily, ze Ser ve tieti pozici na CDR3 je nutny pro vazbu specifickych protilatek na
abnormalné galaktosylované IgA1 [15]. Vznik téchto protilatek muze byt vyvolan infekci
hornich cest dychacich a u geneticky nachylného organismu mohou zktizené reagovat s Gal-
deficientnimi IgA1. Hladiny té€chto protilatek jsou dale zvySeny opakujici se infekci hornich
cest dychacich. Tento proces pak vede ke vzniku nefritogennich imunitnich komplexa [16].

Cirkulujici IK, slozené z Gd-1gAl a IgG nebo IgAl autoprotilatek spolu s C3 slozkou
komplementu, se ukladaji v glomerularnim mesangiu [1-3, 14] a ziejmé stimuluji proliferaci
mesangialnich bungk, jak bylo potvrzeno Vv in vitro experimentu. Proliferacni aktivita CIK
zavisi na molekulové velikosti CIK. Pouze vysokomolekularni frakce CIK (800 — 900 kDa)
pusobi jako stimulator proliferace zatimco mensi CIK (700 — 800 kDa) a volné IgAl
proliferaci tlumi [12-13, 49-50]. CIK izolované ze sér IgAN pacientll v pribéhu episody
makroskopické hematurie stimuluji bunécnou proliferaci mnohem vice, nez CIK ziskané
béhem pozdéjsi klidové faze onemocnéni [13]. Otazkou stale zlstava, pro¢ pravé mezangium
ledvin je cilem ukladani nefritogennich IK. Jednim z faktor je jiZ zminovana velikost IK (>
800 kDa), kterd omezuje Uc¢innost pfirozené eliminace jatry a druhym faktorem je sniZena
schopnost vazby na hepatocytarni receptor pro terminalni GalNAc (receptor pro nesialylované
glykoproteiny, ASGP-R), ktery umoziuje transport CIK do hepatocytd k jejich katabolizaci
[49].

Aktivované mezangialni bunky proliferuji a produkuji zvySené proteiny zapojené do
tvorby extracelularni matrix, a dale produkuji cytokiny a chemokiny. Tyto procesy mohou

zpusobit expanzi mesangia glomeruld, fibrozu a ztratu glomerularnich funkei [1].
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1.1.6 I1gA receptory

Otazka, jakym mechanismem patologické nefritogenni IK spoustéji aktivaci a
proliferaci mesangialnich bunék, vedla ke snaze identifikovat bunécny receptor [4, 18]. Tento
receptor se lisSi od znamych IgA receptori: poly-IgR, ASGP-R, FcaR (CD89) a Fc o/u
receptor [13, 51] nebot’ zadny z uvedenych neni exprimovan dostate¢né intenzivné na
mesangialnich bunkach. Naopak zde byla popsana ptitomnost transferinového receptoru
(CD71), ktery vaze plgAl a IgA1l imunokomplexy. V in vitro experimentu bylo prokazano, ze
vazba IK obsahujicich IgA1 na CD71 receptor indukuje proliferaci mesangialnich bun¢k a
vede zpétnovazebné ke zvySeni exprese CD71. Nicméné nebylo dostate¢né objasnéno, zda je
CD71 jedinym receptorem zapojenym do vazby IgA1 obsahujicich IK na mezangialni bunky

nebo spolupracuje jesté s jinym, dosud nepopsanym receptorem [52-53].
1.1.7 Vyhledy terapie IgAN

V soucasnosti je 1écba IgAN =zalozena na obecnych opatienich sméfujicich ke
zpomaleni Ubytku ledvinové funkce. Krevni tlak se normalizuje za pouZiti ACE inhibitord
nebo blokatorti receptoru pro angiotensin Il a novéji antagonisti reninu. Dale se snizuje
imunosupresivni 1écba glukokortikoidy [1, 4]. V souéasnosti neni kauzalni 1é¢ba dostupna, ale
z vyse uvedenych mechanismt patogeneze IgAN je mozné doufat, Ze budouci terapie bude
schopna selektivné zasahnout do tvorby, plasmatické hladiny nebo nefritogenicity IgA1 IK.

Tvorbu nefrotogennich, velkych CIK lze ovlivnit jak na stran¢ antigenu (Gd-1gAl),
tak na strané autoprotilatky (IgG nebo IgA1) narusenim molarniho poméru obou komponent
naptiklad vhodnymi kompetitory, nebot nizkomolekularni IgAl IK, volné plgAl a
samostatné protilatky reagujici s O-glykany pantové oblasti IgA1 nevykazuji nefritogenni
aktivitu [12-13, 49]. Jednou z moznosti je piipravit kratké glykopeptidy strukturné podobné
pantové oblasti IgA1 s pfipojenymi O-glykany nesouci jedinou antigenni determinantu. Tyto
nizkomolekularni antigeny by mohly pfispét k vyvazani Gd-IgA1 specifickych autoprotilatek
a tim zabranit vzniku vysokomolekularnich IK. Druhou mozZnosti je pfipravit rizné
monovalentni fragmenty autoprotilatek IgG nebo IgAl a od nich odvozené Fab nebo Fv
polypeptidy, vazici se na glykopeptidy pantové oblasti s abnormalnimi O-glykany [1, 4]. Oba
pfistupy je nutné nejprve otestovat in vitro, kde mohou tkanové kultury mesangialnich bunek

slouzit jako modelovy indikator aktivity vzniklych IK [13].
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Dal$im smérem, kam mize kauzalni terapie sméfovat, je testovani nizkomolekularnich

latek jako specifickych inhibitori aktivace a proliferace mesangidlnich bunék.
1.2 Bakulovirovy expresni systém

Bakulovirovy expresni systém (BES) poskytuje rychlou a G¢innou metodu pro tvorbu
rekombinantnich proteinii posttranslaéné modifikovanych podobné jako pfirozené savci
proteiny. BES méa vyhody eukaryontnich, tak ¢astecné i prokaryontnich expresnich systému.
Tkanové kultury hmyzich bunék miry Spodoptera frugiperda (fall armyworm) nebo
Trichoplusia ni (Pidalka zelenda) jsou pii jejich biotechnologickém vyuziti infikovany
rekombinantnim bakulovirem s cilem ziskat virem kodovany rekombinantni protein
(Obrazek 4). BES je velmi vykonny expresni systém s vysokou vytéznosti rekombinantnich
proteindl, nepfitomnosti endotoxinu, s posttransla¢ni modifikaci, jako jsou glykosylace, kysela
acylace nebo fosforylace, podobnou sav¢im bunikam. Dalsi nespornou vyhodou je efektivni
sekrece proteind a moznost kultivovat hmyzi bunky ve velkych objemech v bezsérovych
médiich usnadnujicich purifikaci sekretovanych rekombinantnich proteinti. Nevyhodami
tohoto systému je Casova narocnost piipravy rekombinantniho bakuloviru (n€kolikafazova
pfiprava, nutnost titrovat bakulovirus, plakovy esej). Kultivace hmyzich bunék vyzaduje

pravidelnou péci. V neposledni fad¢€ je pro experimentdlni laboratot zavedeni bakulovirového

expresniho systému finan¢né naro¢na zalezitost [54-55].

BES vyuziva vneseni ciziho genu, za vzniku rekombinantniho bakuloviru, do
neesencialnich regioni virového genomu Autographa californica multiple nuclear
polyhedrosis viru (ACMNPV) nebo Bombyx mori silkworm nuclear polyhedrosis virus
(BmNPV), hmyzich dvouvlaknovych DNA viria. Bakuloviry jsou hmyzi patogeny, které

Vv prirod¢ reguluji hmyzi populaci. Typicka vlastnost bakuloviri, vysoka uroven velmi pozdni
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genové exprese, je ¢ini vhodnym vektor pro in vitro expresi cizich gend v tkanové kultuie
larvarnich bunék [56].

Bakuloviry jsou velké DNA viry tyCkovitého tvaru, které se replikuji v jadru
infikované hmyzi buiky. Virovy dvouvlaknovy kruhovy genom velky 80 — 180 kbp
v zavislosti na druhu viru kéduje proteiny zajist'ujici dulezité procesy jako je DNA replikace a
genova exprese, Strukturni uspofadani virionu, jeho kompletace a vstup do stievnich bunék
Vv primarni infekci hostitele [56-57].

Bakulovirova genova exprese probiha ve Ctyfech fazich:

1) okamzita ¢asna infekce — hostitelska RNA polymeraza II ptepisuje okamzité Casné
geny, které aktivuji geny opozdéné a pozdni infekce

2) opozdéna Casna infekce — jsou piepisovany geny kodujici proteiny dilezité pro DNA
replikaci, pozdni genovou expresy, proteiny chrdnici pfed obrannymi mechanismy
hostitele

3) pozdni infekce — tvofi se proteiny potiebné pro puceni viru (nukleokapsida a virové
obalové proteiny)

4) velmi pozdni infekce — viriony jsou obalovany a vznikaji proteiny nutné pro vznik

okluznich télisek (polyhedrin a 10kDa protein P10) [58].

1.2.1 Biotechnologické a laboratorni vyuziti bakulovirového expresniho systému

BES je Siroce pouZivan ve vyzkumu a prumyslu pro produkci velkych objema vhodné
posttranslacné modifikovanych, biologicky aktivnich a funkénich rekombinantnich proteini.
Posttranslaéni modifikaci je mySleno spravné skladani proteinu, stabilizace struktury
disulfidickymi mustky, oligomerizace, glykosylace, acylace, proteolytické St€peni. BES je
vhodny a vSestranny eukaryoticky systém pro expresi rekombinantnich proteini.

Bakuloviry maji relativné velky genom, a proto vlozeni ciziho genu pfimym
klonovanim neni mozné. Proteiny velmi pozdni infekce (polyhedrin a P10) nejsou nutné pro
produkci bakulovirt schopnych infekce a jejich promotory se vyuZzivaji pro produkci
rekombinantnich proteinli. Klasickou cestou vytvofeni rekombinantnich bakulovirti je
homologni rekombinace mezi virovym genomem a nosnym vektorem nesoucCim cizi gen pod
kontrolou polh nebo p10 promotoru. Cizi expresni kazeta je ohraniCena po obou stranach
pomoci bakulovirového genomového fragmentu lokusu promotor polh nebo p10. Originalni
metoda byla zlepSena linearizaci bakulovirové DNA, ktera zvysila vytéznost rekombinantnich

bakulovir. Velkym krokem vpted bylo vytvofeni umélého BACMIDU, bakteridlniho
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chromosomu obsahujici genom bakuloviru ACMNPV, umoziiujici manipulaci virového
genomu Vv bunkach E. coli (DH10B-strain). Cizi gen klonovany do nosného vektoru mezi
expresni kazetu obklopenou Tn7 pifesmykovym elementem je vnesen do bacmidu pomoci
mistné specifického pfesmyku nosného vektoru do mista cilového Tn7. Jakmile je vytvofen
rekombinantni vysokomolekularni bacmid, pfitomnost insertu je ovéfena PCR, a bacmid je
pouzit pro transfekci hmyzich bunék, které nasledné za¢nou tvorit rekombinantni bakuloviry a

jimi kédované rekombinantni proteiny (Obrazek 5) [59-60].
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Obrazek 5: Bac-to-Bac expresni systém. Bakulovirovy systém je zaloZen na rekombinaci
bakmidového vektoru s pomocnym (shuttle) vektorem nesoucim cilovy gen. Takto vznikly
rekombinantni bakulovirus miize byt produkovan v kultute hmyzich bun¢k (Sf9, Sf21, Mimic
S19). Produkce rekombinantniho proteinu je dosazeno infekci hmyzich bunék bakulovirem
nesoucim gen kodujici rekombinantni protein. Pfiprava bakuloviru zacind klonovanim
cilového genu do pFastBac vektoru, transformaci DH10Bac E. coli za vzniku bakmidové
DNA pokracuje transfekci hmyzich bun¢k Sf9 a konci produkci rekombinantnich bakulovirg.
Takto namnoZeny bakulovirus je vyuzit k nasledné infekci Sf9 bunék s cilem izolovat
produkovany rekombinantni protein. Zdrojem obrazku je manuél protokolli Bac-to-Bac

expression system (Invitrogen) [59].
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2 Cile diserta¢ni prace

Disertacni prace je =zaméfena na studium mechanismd vzniku abnormalné

galaktosylovaného plgAl, tvorby a vlastnosti CIK a ztoho vyplyvajicich moznosti

budouci terapie.

Cilem této diserta¢ni prace bylo:

1.

Seznamit se s metodami molekularni biologie (manipulace s RNA, cDNA a
plasmidy), izolovat sekvence cDNA glykosyltransferaz a klonovat je do expresnich
plasmidu.

Ptipravit plasmidy umoznujici expresi jednotlivych glykosyltransferaz v nativni
podob¢ v savcich bunkéach.

Ptipravit sekretované formy glykosyltransferaz rekombinantni technologii.

Ptipravit rekombinantni DNA vakciny kodujici glykosyltransferazy a tyto pouzit k
imunizaci experimentalnich mysi s cilem pfipravit specifické protilatky.

Stanovit aktivitu jednotlivych rekombinantnich glykosyltransferaz a vyuzit jednotlivé
glykosyltransferazy k ptipravé in-vitro modelu O-glykosylace pantové oblasti IgA1
Lokalizovat glykosyltransferazy v Golgiho komplexu pomoci fluorescenéni a

konfokalni mikroskopie.
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3 Material a metody

e Kultivace bunécné kultury hmyzich Sf9 bunék.

e Kultivace bunéénych kultur sav¢ich HEK 293T a HEK FreeStyle 293-F bunck.

e Izolace cDNA glykosyltransferaz (izolace celkové RNA — mRNA — reverzni
transkripce do cDNA — PCR).

e Piiprava savcich expresnich vektord kodujicich jednotlivé glykosyltransferazy (GT) v
nativni formé (v€etné transmembranové domény).

e Sestaveni expresnich vektori a rekombinantnich bakulovirG umoziujicich expresi
sekretovanych forem glykosyltransferaz v bakulovirovém expresnim systému:

1. klonovani syntetického oligonukleotidu kdédujiciho sekrecni signal odvozeny
od mysiho Ig k do pFastBac vektori s cilem pfipravit akceptorovy schuttle
plasmid umoznujici piipravu sekretovanych forem glykosyltransferaz (Igk-
pFastBac),

2. klonovani cDNA lidskych glykosyltransferaz bez transmembranovych domén
(TM) do Igk-pFastBac vektoru,

3. priprava rekombinantnich bacmidu.

e Produkce rekombinantnich sekretovanych glykosyltransferaz v bakulovirovém
expresnim systému:

1. mnozeni rekombinantnich bakulovird,

2. exprese sekretovanych glykosyltransferaz,

3. izolace rekombinantnich proteind,

4. analyza rekombinantnich proteind.

e Klonovani a produkce sekretovanych forem glykosyltransferaz v savéim expresnim
systému s vyuzitim vektoru pcDNA3.1-V5/His.

e Imunizace pokusnych mysi jednotlivymi DNA vakcinami a rekombinantnimi
proteiny, sledovani imunologickych parametrd, izolace slezin.

e Ptiprava monoklonalnich protilatek.

e Fluorescencné mikroskopicka lokalizace jednotlivych glykosyltransferaz v Golgiho

komplexu pomoci specifickych protilatek.
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Vsechny chemikalie, pokud neni jinak uré¢eno, byly od Sigma-Aldrich (St. Louis, MO,
USA); média pro tkanové kultury byla od Gibco (Invitrogen, Carlsbad, CA, USA). Primery
byly syntetizovany a rekombinantni vektory sekvenovany u komer¢niho dodavatele Generi
Biotech (Hradec Kralové, CR).

V dal§im textu budeme oznacovat cDNA a v nazvech rekombinantnich vektorti pro
zjednoduSeni pouzivat zkratky glykosyltransferaz: GalNAc-T2 (T2), GalNAc-T14 (T14),
C1GalT1 (C1T1), Cosmc (C1T2), ST6GaINAC | (ST6I) a ST6GalINAC 11 (ST6II).

3.1 Bunééné kultury
Bunééné kultury hmyzich bunék Sf9, savéich bunék HEK 293T (293T) a FreeStyle
293-F (293F) byly skladovany v tekutém dusiku. Pfed zahajenim kultivace byby bunky

rozmrazeny ve vodni 1azni na 37°C a pteneseny do kultiva¢nich nadob s kultivaénim médiem.

3.1.1 Hmyzi buniky Sf9

Sf9 bunky byly kultivovany jako adherentni nebo suspenzni v bez-sérovém médiu
Sf900I1 SFM v inkubatoru pii 28°C + 0,5°C. Adherentni bunky byly pasazovany vzdy, kdyz
dosahly vice jak 80% porostu kultivagni plochy a byly fedény na 2 a7 5.10* Zivych bungk/ml
(Obrazek 6). Pomoci postupného zrychlovani az na otaceni 125 — 150 rpm, byly adherentni
Sf9 bunky Vv prubéhu nékolika dni (3 az 7 dni) adaptovany na suspenzni kulturu. Suspenzni
buiiky byly pasaZovany na mnozstvi 3 — 5.10° Zivych bunék/ml vzdy, kdyz doséhly mnozstvi
vice jak 2.10° Zivych bundk/ml.

Obrazek 6: Adherentni bunky Sf9.
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3.1.2 Sav¢i buiikky HEK 293T a FreeStyle 293-F

Sav¢i bunky 293T byly kultivovany v médiu RPMI11640 s 10% FBS a 1% Penicilin-
Streptomycin (PenStrep) ve vlh¢eném inkubatoru pii 37°C + 0,5°C a 5%CO,. Bunky byly
pasazovany vzdy, kdyz dosahly vice jak 80% porostu kultivaéni plochy a pfi pasazi byly
fedény na 2 az 5.10* Zivych bundk/ml.

Sav¢i bunky 293F byly kultivovany v bez-sérovém médiu 293FreeStyle Expression
medium na orbitalnim shakeru za stalého michani 135 rpm ve vlhéeném inkubatoru pii 37°C
+0,5°C a 8% CO, [61]. Buiiky byly pasaZovany na mnozstvi 1 - 2.10° Zivych bungk/ml vzdy,
kdyz dosahly mnozstvi 1.10° - 3.10° Zivych bunsk/ml.

3.2 Izolace cDNA glykosyltransferaz (izolace celkové RNA — mRNA —

reverzni transkripce do cDNA — PCR)

Celkova RNA jednotlivych glykosyltransferaz byla izolovana z kultur sav¢ich bunck
kontinualné kultivovanych v RPMI1640 s 10% FBS a 1% PenStrep ve vlhéeném inkubatoru
37°C a 5% CO, (Tabulka 1). Z 1.10" bunk bylo podle navodu izolovano maximalng 30 pg
celkové RNA pomoci RNeasy Mini Kit (Qiagen, Hilden, Germany). Pro naslednou izolaci
mRNA byl vyuzit kit Oligotex mMRNA Kit (Qiagen). cDNA byla ziskana reverzni transkripci
mRNA pomoci SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA).

Tabulka 1: Kultury sav¢ich bunék pro izolaci celkové RNA.

GT Buiiky Popis bunék
T2, T14,C1T2 | U937 lidské monocytarni buniky
CiT1 HepG2 | buiky lidského hepatocelularniho karcinomu
ST6l, ST6lI HT29 | bunky lidského kolorektalniho adenokarcinomu

3.2.1 Klonovani vektori kodujicich celkovou délku jednotlivych glykosyltransferaz

cDNA koédujici celkovou délku jednotlivych glykosyltransferaz byla amplifikovana
pomoci polymerazové tetézové reakce (PCR) s primery navrzenymi dle sekvenci ziskanych
v databazi GenBank (NCBI) v programu Primer3 (http://primer3.ut.ee/) (Tabulka 2). Pro
ptimé klonovani vyuziva plasmid pcDNA3.1D-V5/His-TOPO (Invitrogen) ptesahujici
sekvenci GTGG komplementdrni k CACCATGG (Kozakova sekvence) na zacatku
klonovan¢ho insertu. PCR amplifikace byla provedena za pfedem optimalizovanych
podminek uvedenych v Tabulce 3 a 4 pomoci Phusion High-Fidelity DNA Polymerase
(Finnzymes, Espoo, Finland). Produkty PCR reakci byly separovany na 1% agarézovém gelu

bez EtBr, prouzky odpovidajici molekulové hmotnosti jednotlivych glykosyltransferaz byly
24



vyfiznuty, DNA byla izolovana pomoci QIAEX II suspenze (QIAquick Gel Extraction Kit,
Qiagen), eluovana do TE pufru a purifikované PCR produkty byly ligovany do sav¢iho
expresniho vektoru pcDNA3.1D-V5/His-TOPO. TOP10 E. coli byly transformovany
rekombinantnimi vektory TM-T2-pcDNA3.1-V5/His, TM-T14-pcDNA3.1-V5/His, TM-
C1T1-pcDNAS3.1-V5/His, TM-C1T2-pcDNA3.1-V5/His, TM-ST61-pcDNA3.1-V5/His, TM-
ST6I1-pcDNAS3.1-V5/His a separovany pod selekénim tlakem 100 upg/ml ampicilinu
(SERVA). Z transformovanych bakterii byla izolovana plasmidova DNA pomoci QIAprep
Spin Miniprep kit (Qiagen) a analyzovana pomoci restrikénich enzyma (New England Biolab,
Inc.). Podle restrikéni analyzy byly vybrany rekombinantni vektory pro dals$i experimenty.
Sekvence rekombinantnich vektord (Obrazek 7) byly porovnany se sekvencemi dostupnymi
v databazy GenBank pomoci programu MACAW (NCBI) a jejich otevieny ¢teci ramec byl
kontrolovan pomoci programu ORF finder (NCBI). Pro transfekci HEK 293T bun¢k byla
plasmidova DNA izolovana pomoci Plasmid Maxi Kit (Qiagen). Pro vakcinaci byla
plasmidova DNA izolovana pomoci Endo-Free Plasmid Mega Kit (Qiagen). Plasmidova

DNA byla fedéna na koncentraci 1 pug/ul v ddH,O a uchovavana na -20°C.

Tabulka 2: Sekvence primerii pro PCR amplifikaci inzerti cDNA kodujicich celkovou délku
glykosyltransferaz do pcDNA3.1D-V5/His-TOPO.

Velikost PCR Optimalni
GT Nazev primeru Sekvence
produktu (bp) teplota (°C)
TM-T2-d* 5’- CACC ATG CGG CGG CGCT C -3’
T2 . 1720 63
TM-T2-u 5-CTGC TGC AGG TTG AGC GTG -3’
TM-T14-d 5’- CACC ATG CGG CGC CTG ACTC -3’
T14 1660 58
TM-T14-u 5’- AG AGC TCA CCA TGT CCC AGT - 3’
TM-C1T1d 5’- CACC ATG GCC TCT AAATCC TGG C -3’
CiT1 1092 55
TM-C1T1-u 5’- AG GAT TTC CTAACT TCACTT TTG - 3’
TM-C1T1-d 5’-CACC ATG CTT TCT GAAAGC AGC T -3’
Cl1T2 957 55
TM-C1T1-u 5’- GTC ATT GTC AGA ACC ATT TGG - 3’
TM-I-d 5’- CACC ATG AGG TCC TGC CTG TGG AG - 3°
STé6l 1803 62
TM-I-u 5-GT TCT TGG CTT TGG CAG TTC - 3’
TM-I1I-d 5’-CACC ATG GGG CTC CCG CGC GGG T- 3’
ST6II 1117 62
TM-Il-u 5’- G CGC TGG TAC AGC TGA AGG- 3’

* doptedny primer (forvard primer, downstream primer)

* zpétny primer (reverse primer, upstream primer)
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Tabulka 3: Slozeni reakéni smési PCR amplifikace pomoci Phusion High-Fidelity DNA

Polymerase.
Reagencie Objem na reakci (pl) | Finalni koncentrace
5x Phusion HF buffer 10 1x
10 mM dNTPs 1 200 uM kazdy
10 uM Primer d 2,5 0,5 uM
10 uM Primer u 2,5 0,5 uM
DNA X
Phusion DNA Polymerase 0,5 0,02 U/ ul
ddH,0 doplnit do 50 pl
X Mnozstvi DNA se lisilo dle jednotlivych glykosyltransferaz.
Tabulka 4: Podminky PCR reakce.
Opakovani cykli Krok Teplota (°C) | Cas (min:s)
1x denaturace 98 00:30
denaturace 98 00:10
30x nasedani primerd X 00:30
prodluzovani sekvence 72 00:30
1x koneéné prodluzovani sekvence 72 10 min

® Teplota nasedani primeri se 1ii u jednotlivych glykosyltransferaz a je uvedena v Tabulce 2.

™

pcDNA3.1D-V5His-TOPO

pcDNA3.1D-V5His-TOPO

+

¢ transmembranova doména (TM)

’ glykosyltransferaza
B v

TM-T2-pcDNA3.1-V5His
TM-T14-pcDNA3.1-V5His
TM-C1T1-pcDNA3.1-V5His
TM-C1T2-pcDNA3.1-V5His
TM-ST6I-pcDNA3.1-V5His
TM-ST6II-pcDNA3.1-V5His
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Obrazek 7: Konstrukce vektori TM-T2-pcDNA3.1-V5/His, TM-T14-pcDNA3.1-V5/His,
TM-C1T1-pcDNA3.1-V5/His, TM-C1T2-pcDNA3.1-V5/His, TM-ST61-pcDNA3.1-V5/His,
TM-ST611-pcDNA3.1-V5/His.

3.3 Konstrukce vektori kédujicich sekre¢ni formy glykosyltransferaz
3.3.1 Priprava vektorua pro Bakulovirovy expresni systém

Do vektoru pFastBac HT byla klonovana signaliza¢ni sekvence lehkého fetézce
myS$iho imunoglobulinu kappa (Igk). Synteticky oligonukleotid odvozeny z prvnich 21
aminokyselin (AMK) mysiho Igk byl klonovan pomoci Rsrll klonovaciho mista pied His tag
znacku [27]. cDNA jednotlivych glykosyltransferaz zkracené o transmembranovou doménu
byly klonovany do takto modifikovaného vektoru, ozna¢eného Igk-pFastBac (Tabulka 5).
cDNA kodujici jednotlivé glykosyltransferazy byly amplifikovany jako v kapitole 3.2.1
(Tabulka 6). PCR produkty byly ligovany do Igk-pFastBac pomoci restrik¢nich mist
(Tabulka 5) a dalsi postup viz kapitola 3.2.1. Bunky DH 10 Bac E. coli byly transformovany
rekombinantnimi vektory Igk-T2-pFastBac, Igk-T14-pFastBac, Igk-C1T1-pFastBac, Igk-
C1T2-pFastBac, Igk-ST6l-pFastBac a Igk-ST6ll-pFastBac a selektovany na LB agaru s 50
ng/ml kanamycinu 7 pg/ml gentamicinu a 10 pg/ml tetracyklinu (SERVA), 100 pg/ml X-gal
(Invitrogen) a 40 pg/ml IPTG (SERVA). Pozitivni klony s rekombinantnim bacmidem rostly
jako bilé kolonie, na rozdil od negativnich kloni, které rostly jako modré kolonie. Z pozitivné
transformovanych bakterii byla izolovana bacmidova DNA dle navodu [59] a analyzovana
pomoci PCR s Platinum Tag DNA polymerase High Fidelity s primery M13 Forward (M13F)
a M13reverse (M13R) v kombinaci s primery nasedajicimi uvnité klonované sekvence
glykosyltransferaz (Tabulky 7 - 10). Rekombinantni bacmidy (Obrazek 8) byly izolovany
pomoci Large-Construct Kit (Qiagen), fedény na koncentraci 1 pg/ul v ddH,O a uchovavany
pii +4°C.

Tabulka 5: Sekvence glykosyltransferaz z GenBank (NCBI).

GT | GenBank ¢islo | AMK sekvence bez TM | restrikéni mista pro klonovani
T2 NP_004472 52 -571 EcoRlI, Xhol

T14 NP_078848 39 - 552 EcoRlI, Xhol

C1T1 | NP_064541 33-363 BamHl, Sall

C1T2 | NP_689905 44 - 318 EcoRI

ST6l NP_060884 44 - 600 Sall, Notl

STéll NP_006456 31-374 Sall, Notl
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Tabulka 6: Sekvence primert pro PCR amplifikaci inzert cDNA glykosyltransferaz bez TM

do pFastBac HT vektoru.
Velikost PCR Optimalni
GT Nazev primeru Sekvence
produktu (bp) | teplota (°C)
T2-d* 5’- AAA AAG AAA GAC CTT CAT CAC -3’
T2 . 1563 59
T2-u 5-C TAC TGC TGC AGG TTG AGC - 3’
T14-d 5’- GTG CAG ACC CCT AAG CCT TC- 3’
T14 1542 60
T14-u 5’- AGA GCT CAC CAT GTC CCA GT-3"
CiT1ld 5-GAAAAGGTTGACACCCAGCCTA - 3°
CiT1 1280 56
CiT1l-u 5-TCAAGGATTTCCTAACTTCACTT - 3’
CiT1-d 5-AGGATTGGTCATGGAAATAGAATGCAC - 3’
C1T2 1120 60
CiT1l-u 5-TCAGTCATTGTCAGAACCATTTG - 3’
I-d 5’-CCT CAA ACA AAG CCT TCC AG - 3’
ST6I 1702 59
I-u 5’-CTG GCC CCG GTC AGT TCT - 3’
I-d 5’- GTG CAG CGG TAC CCG GGG CCA - 3°
ST6II 1050 60
l-u 5’-CG CTG GTA CAG CTG ACG GAT - 3°

* dopredny primer (forvard primer, downstream primer)

+ ™ , . . .
zpétny primer (reverse primer, upstream primer)

Tabulka 7: Primery pro ovéfeni ptitomnosti insertu v rekombinantnim bacmidu.

Nizev primeru Sekvence
M13 Forward (M13F) 5’- CCC AGT CAC GAC GTT GTA AAA CG- 3’
M13 Reverse (M13R) 5’- AGC GGA TAA CAA TTT CAC ACA GG- 3’
bac-T2-d* 5'-CTACTG CTG CAG GTTGAG C -3’
bac-T2-u” 5’- CAC CAA AAA GAA AGA CCT TCATAC C -3’
bac-T14-d 5’- CAC CGA GAG GAA GCG GCA AAG G -3’
bac-T14-u 5- AGA GCT CAC CAT GTC CCAGT -3’
bac-C1T1-d 5’- CAC CAT GGA GAC AGA CAC ACT C -3’
bac-C1T1-u 5'- AGG ATT TCCTAACTT CAC TTT TG -3’
bac-C1T1-d 5’- CAC CAT GGA GAC AGA CAC ACT C -3’
bac-C1T1-u 5’- GTC ATT GTC AGA ACC ATT TGG - 3’
bac-1-d 5'- CAC CAA GCC TTC CAG GCA TCA ACG -3’
bac-I-u 5-TCAGTTCTTGGC TTT GGC AGTT-3’
bac-11-d 5’-CAC CTT CTT CTG GCT GCT GCT CCT-3’
bac-1l-u 5’- CGC TGG TAC AGC TGA AGG AT -3’

* doptedny primer (forvard primer, downstream primer)

* zpétny primer (reverse primer, upstream primer)

Tabulka 8: Analyza rekombinantnich bacmidt pomoci PCR.
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Kombinace primera | GT | Velikost PCR produktu (bp) | Optimalni teplota (°C)
T2 3993 55
T14 4109 55
C1T1 3740 55

M13F + M13R

C1T12 3330 55
ST6l 3996 55
STéll 3530 55

Kombinace primeri Velikost PCR produktu (bp) Optimalni teplota (°C)
bac-T2-d* + M13R 2106 56
M13F + bac-T2-u" 3401 56
bac-T14-d + M13R 2276 55
M13F + bac-T14-u 3414 55
bac-C1T1-d + M13R 1737 58
M13F + bac-C1T1-u 2822 58
bac-C1T1-d + M13R 1200 60
M13F + bac-C1T1-u 1684 60
bac-1-d + M13R 2280 55
M13F + bac-I-u 3418 55
bac-11-d + M13R 1697 57
M13F + bac-lI-u 2938 57

* doptedny primer (forvard primer, downstream primer)

* zpétny primer (reverse primer, upstream primer)

Tabulka 9: Slozeni reakéni smési PCR amplifikace pomoci Platinum Tag DNA polymerase
High Fidelity.

Reagencie Objem na reakci (ul) | Finadlni koncentrace
10x High Fidelity PCR buffer 15 1x
10 mM dNTPs 0,3 200 uM kazdy
50 mM MgSO, 0,6 2mM
10 uM Primer d 0,3 0,2 uM
10 uM Primer u 0,3 0,2 uM
DNA 0,15
Platinum Tagq DNA polymerase 0,2 1U
ddH,0 doplnit do 15 pl

Tabulka 10: Podminky PCR reakce.

Opakovani cykli Krok Teplota (°C) | Cas (min:s)
1x denaturace 94 01:00
30x denaturace 94 00:30
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nasedani primerQ X 00:45
prodluZzovani sekvence 68 1-3 min®
1x konec¢né prodluzovani sekvence 68 10 min

® Teplota nasedani primeri se 1isi u jednotlivych glykosyltransferaz a je uvedena v Tabulce 8.

® Délka prodluzovani sekvence zavisi na délce PCR produktu (1 min/kb).

Igk

HIS

glykosyltransferiaza bez TM
I

GalNAe-T2
GaINAc-T14

Cl1GalT1
Cosme

ST6GalNAc 1
ST6GalNAc 11

Igk-T2-pFastBac
Igk-T14-pFastBac
Igk-C1T1-pFastBac
Igk-C1T2-pFastBac
Igk-ST6I-pFastBac
Igk-STé6lI-pFastBac

Rsr 11 klonovaci misto

l pFastBAC HT A/B/C

ligace

Igx

pFastBAC HT A/B/C HIS

restrikéni mista pro klonovani

restrikce

+ pFastBAC HT A/B/C

ligace

Igx

pFastBAC HT A/B/C HIS

Obrazek 8: Konstrukce vektort Igk-T2-pFastBac, Igk-T14-pFastBac, Igk-C1T1-pFastBac,
Igk-C1T2-pFastBac, Igk-ST61-pFastBac a Igk-ST611-pFastBac.
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3.3.2 Priprava vektoru pro sav¢i expresni systém

Inserty Igk-glykosyltransferaza bez TM byly ligovany do vektoru pcDNA3.1-V5/His
ptred V5 epitop a His znacku dle postupu v kapitole 3.2.1 (Tabulka 11). Sekvence
rekombinantnich  vektori kT2-pcDNA3.1-V5/His, «T14-pcDNA3.1-V5/His, «C1T1-
pcDNA3.1-V5/His,  «C1T2-pcDNA3.1-V5/His,  «ST6l-pcDNA3.1-V5/His,  «ST6lI-
pcDNA3.1-V5/His (Obrazek 9) byly kontrolovany jako v 3.2.1. Plasmidova DNA pro
transfekci 293F bunc¢k byla izolovana pomoci Plasmid Maxi Kit (Qiagen), fedéna

na koncentraci 1 pg/ul v ddH,O a uchovavana na -20°C.

Tabulka 11: Sekvence primert pro PCR amplifikaci inzertd Igk glykosyltransferaz bez TM-
pFastBac do vektoru pcDNA3.1D-V5/His-TOPO.

Velikost
Optimalni
Spole¢ny primer dopfedny PCR
GT Sekvence teplota
Igk-d produktu
O
(bp)
T2 5’-CTG CTG CAG GTT GAG CGT G -3’ 1744 60
T14 5’- AGA GCT CAC CATGTC CCAGT -3’ 1725 55
CiT1 5-AGG ATT TCC TAACTTCACTTTTG -3’ 1200 58
5’- CAC CAT GGA GAC AGA CAC ACT C -3’
Ci1T2 5- GTC ATT GTC AGA ACC ATT TGG — 3~ 1090 58
ST6I 5-GTTCTTGGC TTT GGC AGT TC -3~ 1877 61
ST6II 5-GCG CTG GTACAGCTGAAGG -3’ 1227 61

Igk-d
peDNA3.1D-V5His-TOPO

HIS
pFastBAC HT A/B/C

PCR

glykosyltransferiaza bez TM

ligace

Igk

HIS
pcDNA3.1D-V5HIS-TOPO

glykosyltransferiaza bez TM
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Obrazek 9: Konstrukce vektort kT2-pcDNA3.1-V5/His, kT14-pcDNA3.1-V5/His, «C1T1-
pcDNA3.1-V5/His,  kC1T2-pcDNA3.1-V5/His,  «ST6l-pcDNA3.1-V5/His,  «ST6lI-
pcDNA3.1-V5/His.

3.4 Produkce rekombinantnich glykosyltransferaz v Sf9 burkach
3.4.1 Transfekce hmyzich bunék Sf9

Do 6-ti jamkového panelu bylo nasazeno 8.10° bungk Sf9/jamka v Grace’s Insect
Medium. Bunky nasedaly na dno jamky 15 min pfi laboratorni teploté. Transfekcni reakce
byly provedeny za piedem optimalizovanych podminek (Tabulka 12) pomoci Cellfectin Il
transfekéniho ¢inidla (Invitrogen). Ptipravené reakéni smési Cellfectinu IT a bacmidové DNA
byly smichany a inkubovany 20 min pii laboratorni teploté. Poté byly komplexy cellfectin-
bacmidova DNA nakapany k S9 bunkam. Transfekce byly inkubovany 5 hod v inkubatoru na
28°C. Reakce byly zastaveny odsatim transfekéni smési z jamky a ptfidanim kultiva¢niho
média SfO00II SFM. Buriky byly inkubovany 72 - 96 hod pii 28°C. V pribéhu inkubace byly
buriky sledovany, zda projevuji znamky pozdniho stadia infekce (Tabulka 13, Obrazek 10).
M¢édium obsahujici bakuloviry bylo centrifugovano na 3000 rpm/5 min. Zasobni roztoky
bakulovirt P1 (Viral stock, P1) byly skladovany bez pfistupu svétla pti +4°C. Pro dlouhodobé
skladovani byla do P1 pfidana 2% FBS. Zaroven s bakuloviry dochazi k produkci
rekombinantnich proteini. Z kazdého P1 bylo odebrano 50 ul vzorku, smichano s50 pl
2xSDS vzorkového pufru, naneseno na SDS-PAGE gel (Miniprotean 1, BIO-RAD, CA,
USA) a po rozdé¢leni byly proteiny blotovanim pfeneseny na PVDF membranu (Millipore,
Billerica, MA, USA). Pfitomnost rekombinantniho proteinu byla detekovana pomoci anti-
pentaHIS tag protilatky znacené HRP (anti-pentaHIS-HRP, Qiagen) v fedéni 1:15 000. Pro
prukaz ptitomnosti protilatky byl pouzit systém SuperSignal West Pico (Pierce, Rockford, IL,

USA) a emitovany chemiluminiscen¢ni signal byl zachycen na fotograficky papir.

Tabulka 12: Podminky transfekéni reakce.

Reagencie Grace's Insect Medium (ul) | Mnozstvi (ul)
Cellfectin 11 100 8
bacmidova DNA (1 ug/ ul) 100 1

Tabulka 13: Vlastnosti infikovanych buné¢k [59].
Cas (hod) Popis

) zvétSeni velikosti bunek
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zvétseni poctu bunéénych jader
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Obrazek 10: Bunky Sf9 infikované bakuloviry.

3.4.2 MnozZeni bakulovira

Pro infekci hmyzich bun¢k Sf9 byla pouzivana nasobnost infekce 0,1 (multiplicity of
infection; MOI). MOI se vypocitava podle rovnice 1. Nasobnost infekce (MOI) vyjadiuje
pomér mezi poctem virovych ¢astic a poctem cilovych (potencidlné infikovanych) bunék.
MOI zavisi na schopnosti viru infikovat a rychlosti jeho mnozeni. Do 6-ti jamkového panelu
bylo v den infekce nasazeno 2.10° bun&k/jamka. Po 1 hod inkubace pii laboratorni teploté
byly k bunkam piidany P1 zasobni roztoky bakulovirt. Jakmile bunky projevovaly znamky
pozdniho stadia infekce (Obrazek 10) bylo médium obsahujici bakuloviry centrifugovano na
3000 rpm/5 min a oznaeno P2 az Pn. Zaroven s bakuloviry dochazelo k produkci
rekombinantnich proteind. Detekce pfitomnosti rekombinantnich proteind jako v kapitole

3.4.1.

Rovnice 1: Vypocet nasobnosti infekce (multiplicity of infection; MOI).

MOI (pfu/bunék) X pocet bunék
titr P1 (pfu/ml)

mnozstvi inokula = (

3.4.3 Virova plakova esej

Do 6-ti jamkového panelu bylo v den infekce nasazeno 2.10° bunék/jamka. Buiiky
nasedaly na dno jamky, pfi laboratorni teplot¢ po dobu 1 hod. V prubéhu inkubace byla
pfipravena série feddni zasobniho roztoku P2 (8-log serial dilution; 10* — 10®) pomoci

postupného fedéni 0,5 ml P2 nebo predchoziho fedéni P2 k 4,5 ml kultivaénim média S-900
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Il SFM. Pro virovou plakovou esej byl pouzit P2 v fedéni 10 — 10°®, vzdy po dvou. Médium
nad bunkami bylo odsato a nahrazeno 1 ml ze série fedéni P2 nebo negativni kontrolou bez
bakulovirti a inkubovano 1 hod pfi laboratorni teploté. V pribéhu inkubace bylo pfipraveno
plakovaci médium obsahujici rozpustény 4% agardzovy gel v 1,3x Sf-900 Medium v poméru
1:3. Po jedné hodin¢ inkubace byly bunky pokryty 2 ml plakovaciho média. Plakova virova
esej byla inkubovana 7 — 10 dni pii 27°C. V sedmy den inkubace byly plaky barveny 0,5 ml
roztoku 1 mg/ml Neutralni ¢ervené (Invitrogen) v ddH,O po dobu 1 hod. Plaky v jednotlivych

jamkach byly spocitany a titr bakulovira byl spocitan podle rovnice 2.

Rovnice 2: Vypocet titru bakulovirt.

1
ml inokula/jamka

titr(pfu/ml) = pocet plakii X redéni X

3.4.4 Produkce rekombinantnich glykosyltransferaz Igk-GalNAc-T2, Igk-GalNAc-
T14, Igk-C1GalT1, Igk-Cosmc, Igk-ST6GalNAc I, Igk-ST6GalNAc 11
Produkce rekombinantnich proteinli ve velkém objemu byly provedeny za predem
optimalizovanych podminek MOI (1 — 5), doby infekce (48 — 96 hod) a titru bakulovird vyssi
nez 1.10° pfu/ml. Rekombinantni proteiny byly produkovany ve 2 litrech 2.10° suspenznich
bunék Sf9/ml v Sf-900 II SFM médiu, na orbitalni michacce pii 130 rpm v inkubatoru na
27°C po dobu 72 hod.

3.5 Produkce rekombinantnich glykosyltransferaz v HEK 293T a HEK

293FreeStyle buiikach
3.5.1 Produkce rekombinatnich glykosyltransferaz v buiikkach HEK 293T

Do 6-ti jamkovém panelu bylo den pred transfekci nasazeno 2.10° Zivych bunék
293T/jamka. Plasmidova DNA a transfek¢éni ¢inidlo SuperFect (Qiagen) byly pfipraveny
podle optimalizovanych podminek v Tabulce 14. K 100 ul RPMI1640 s 2,5 pg plasmidové
DNA bylo pipetovano 12,5 ul SupeFect transfek¢niho ¢inidla. Reakce byla inkubovana 10
min pfi laboratorni teploté. Transfekéni komplex DNA-SuperFect byl ptidan k 293T buiikdm
a reakce byla inkubovana 72 hod v inkubatoru na 37°C a 5% CO,. Detekce piitomnosti

rekombinantnich proteint jako v kapitole 3.4.1.

Tabulka 14: Podminky transfekéni reakce.
Reagencie RPMI11640 + 1% PenStrep (ul) | MnoZstvi (ul)

SuperFect - 12,5
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plasmidova DNA (1 pg/ pl) 100 2,5

3.5.2 Produkce rekombinantnich glykosyltransferaz v buiikach FreeStyle 293-F

Bunky 293F byly 48 hod pied transfekci pasazovany na mnozstvi 3.10° zivych
bundk/ml. V den transfekce byly buiiky fedény na 1.10° Zivych bunék/ml. Pro jednu
transfekéni reakci o objemu 30 ml byla pfipravena plasmidova DNA a transfekéni ¢inidlo
293fectin podle optimalizovanych podminek v Tabulce 15. Pro velkoobjemovou produkci
rekombinantnich proteint byly pouzity 3 — 10 objemy transfek¢ni reakce. 293fectin byl 5 min
inkubovan v Opti-MEM 1 pii laboratorni teploté, poté byl smichan s plasmidovou DNA
v Opti-MEM 1 a reakce byla inkubovana 25 min pfi laboratorni teploté. Transfekéni komplex
DNA-293fectin byl za stalého kruhového michani pipetovan k 293F bunkam. Transfekéni
reakce byly inkubovany 72 hod na orbitalni michaéce pii 135 rpm v inkubatoru na 37°C a 8%

CO;. Detekce pritomnosti rekombinantnich proteinti jako v kapitole 3.4.1.

Tabulka 15: Podminky transfekéni reakce.

Reagencie Opti-MEM | (ml) | MnozZstvi (ul)
293 fectin 1 40
plasmidova DNA (1 pg/ pl) 1 20

3.6 Izolace rekombinantnich glykosyltransferaz
3.6.1 Izolace sekretovanych forem glykosyltransferaz

Rekombinantni proteiny Igik-GalNAc-T2, Igk-ST6GalNAc I, Igk-ST6GalNAc 11 byly
purifikovany za nativnich podminek pomoci Ni-NTA afinitni chromatografie. VSechny
purifikaéni kroky probihali na ledu pti 4°C. Kultivaéni médium bylo centrifugovano na 3000
rpm/10 min, k supernatantu byl v poméru 1:9 ptidan vazaci pufr (VP; 50 mM NaH,PO, pH 8,
300 mM NacCl, 10 mM imidazol a 0,1% octyl-pB-D-glukopyranoside; OG) a na kazdych 250
ml supernatantu bylo pfidan 1 ml 50% NIi-NTA agardzy (Qiagen). Smés byla za stalého
michani na roller mixeru inkubovéna pii 4°C pies noc. Ni-NTA byla pfenesena do sklenéné
chromatografické kolony a promyta promyvacim pufrem s 2mM nebo 20 mM imidazolem
(PP; 50 mM NaH,PO, pH 8, 300 mM NaCl a 0,1% OG). Rekombinantni proteiny byly
eluovany elu¢nim pufrem (EP; 50 mM NaH,PO4 pH 8, 300 mM NaCl, 200 mM imidazol a
0,1% OG). Elu¢ni frakce byly koncentrovany na koncentraci > 1 mg/ml proteinu do 50 mM
Tris-HCI pH 7.4, 200 mM NaCl pomoci Amicon Ultracell 10L (Millipore, Billerica, MA)
[27]. Jednotlivé frakce byly analyzovany pomoci blotovani na PVDF membranu a detekovany

jako v kapitole 3.4.1. Koncentrace byly stanoveny podle Bradfordové a srovnanim denzit
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s kalibra¢ni kiivkou standardu sérového bovinniho albuminu (BSA; 66,5 kDa) po rozd€leni
na 10% SDS-PAGE a obarveni Coomassie Blue R-250. K analyze denzit kalibracni kiivky
BSA a vypoctu koncentraci proteinti jsme pouzili program ImagelJ (http://imagej.nih.gov/ij/).

3.6.2 Izolace Igk-GalNAc-T14, Igk-C1GalT1, Igk-Cosmc

Rekombinantni  proteiny Igk-GalNAc-T14, Igk-C1GalTl, Igk-Cosmc byly
purifikovany za nativnich podminek pomoci Ni-NTA afinitni chromatografie. VSechny
purifikacni kroky probihali na ledu pti 4°C. Buniky Sf9 nebo 293F byly centrifugovany 1000
rpm/10 min. K bunécné peleté byl pfidan lyzacéni pufr (LP; 50 mM NaH,PO, pH 8, 300 mM
NaCl, 10 mM imidazol a 1% OG), smés byla inkubovana za stalého michani 30 min pfi
laboratorni teploté a centrifugovana 10 000 rpm/10 min. Dalsi kroky jako izolace, analyza
koncentrace a Cistoty proteini byly provedeny dle kapitoly 3.6.1. Jednotlivé frakce jsme

analyzovali pomoci blotovani na PVDF membranu a detekovali jako v kapitole 3.4.1.

3.6.3 Potvrzeni identity rekombinantnich glykosyltransferaz pomoci hmotnostni
spektrometrie
Identita rekombinantnich proteinti izolovanych z hmyzich bunék Sf9 a savcich bun¢k
293F byla potvrzena hmotnostni spektrometrii tryptickych s§téptt Dr. Kazuo Takahashim na
Ustavu mikrobiologie, Universita of Birmingham at Alabama (UAB), Birmingham, Alabama,

USA [27, 47]. Ziskana peptidova spektra byla porovnavana s proteinovou databazi NCBI.

3.6.4 Potvrzeni aktivity rekombinantnich glykosyltransferaz

Aktivita rekombinantni Igk-GalNAc-T2 byla stanovena metodou dot-blot. 1 nebo 4 pg
rekombinantniho Igk-GalNAc-T2 piipojovaly GalINAc z UDP-GalNAc na 0,5 az 0,05 ug
syntetického peptidu pantové oblasti IgA1 (Val-Pro-Ser-Thr-Pro-Pro-Thr-Pro-Ser-Pro-Ser-
Thr-Pro-Pro-Thr-Pro-Ser-Pro-Ser-Cys; sHR IgAl). Reakce byla inkubovana po dobu 24hod
pii 37°C. GalNAc véazany na synteticky peptid pantové oblasti IgA1 byl detekovan reakci
s biotinylovanym lektinem Helix aspersa (HAA). Pantova oblast IgA1 s navazanymi GalNAc
byla pozitivni kontrolou. Negativni kontrola byla reakce s Igk-GalNAc-T2 bez pridani UDP-
GalNAc [27].

Igk-GalNAc-T2 pripojoval GalNAc na rekombinantni fragment Cal-HR-Ca2 IgAl.
GalNAc-osialylovany fragment IgA1 byl sialylovan rekombinantni Igk-ST6GalNAc | nebo
Igk-ST6GalNAC Il po dobu 36hod pii 37°C. Sialylace byla dale potvrzena desialylaci pomoci
Arthrobacter ureafaciens sialidase pfi 37°C po dobu 8 h. Glykosylované IgA1 fragmenty byly
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rozdéleny na SDS-PAGE, blotovany na PVDF membranu a detekovany pomoci
biotinylovaného lektinu HAA.

3.7 Priprava protilatek pro prikaz jednotlivych glykosyltransferaz v

usporadani Western blot a fluorescen¢ni mikroskopii

3.7.1 Imunizace pokusnych zvirat

Vakcina¢ni experimenty byly schvéaleny Etickou komisi Lékatské fakulty Univerzity
Palackého v Olomouci (Odborna komise uzivatelského zafizeni k projektu pokust podle
VyhlaSky o ochrané pokusnych zvitat, podle Pfedpisu ¢. 419/2012 Sb.). Samice BALB/c mysi
(AnLab s.r.o., Praha) byly umistény na Ustavu pro praci s laboratornimi zvitaty, LF UP,
Olomouc. Mysi byly rozdéleny do Sesti skupin po péti a byly vakcinovany 20 ug TM-T2-
pcDNA3.1-V5/His, TM-T14-pcDNA3.1-V5/His, TM-ST61-pcDNA3.1-V5/His, TM-ST6lI-
pcDNA3.1-V5/His na my$ v 2 ml 1XPBS podle vakcina¢niho schématu (Obrazek 11). Po
kazdé aplikaci vakcin byla pokusna zvifata kontrolovana. Mysi byly vakcinovany i.v. do

ocasni zily coz ptredstavuje tzv. hydrodynamickou aplikaci, ktera zajistuje preferenéni prenos

DNA do hepatocytt.
. I. imunizace II. imunizace I11. imunizace IV. imunizace
Imunizace:
v v v v
| | | | | | | | | | | | | |
L L L L L @any) >
0 3 6 9 12
A A A A A
Odbér séra: naivni po L. imunizaci po II. imunizaci po I1I. imunizaci po IV. imunizaci

Obrazek 11: Casové schéma imunizace.

3.7.2 Tvorba monoklonalnich protilatek

Sleziny mysi, jejichz sérové hladiny specifickych protilatek proti rekombinantnimu
proteinu Igk-ST6GalNAc II byly nejvyssi, byly pouzity pro tvorbu mySich monoklonalnich
protilatek anti-ST6GalNAc Il (mmAb anti-ST61I) pomoci hybridomti na Oddéleni

imunologie, Vyzkumného ustavu veterinarniho 1ékafrstvi, v. v. i. (VUVeL, Brno).

3.7.3 Stanoveni hladin specifickych protilatek

Detekce hladin specifickych protilatek byla provedena pomoci ELISA. Rekombinantni
proteiny Igik-GalNAc-T2, Igk-GalNAc-T14, Igk-ST6GalNAc I, Igk-ST6GalNAc |1 byly
navazany na dno jamek (20 ng/jamka). Mikrotitra¢ni desticky s navazanym rekombinantnim

proteinem byly blokovany pomoci 5% suSeného odtu¢néného mléka v 1XPBS s 0,1% NaN3 a
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0,05% Tween 20. Séra byla fedéna 1:500 v 1XPBS s 0,1% NaN3, 1% BSA a 0,05% Tween 20
a titrovana dvojkovou fedici fadou. Jako sekunddrni protilatka byla pouzita proti mysi
polyvalentni protilatka konjugovana s HRP fedéna 1:2000 ve vzorkovém pufru. Reakce byla
vizualizovana pomoci substratového pufru OPD (o-Phenylendiamine Dihidrochloride tablet) a
zastavena piidanim 0,4 M H,SO,. Intenzita barevné reakce byla vyhodnocena pii 492 nm

pomoci ELISA ¢tecky a programu Genesis (Labsystems Multiscan RC, Finsko).

3.7.4 Stanoveni specificity sérovych a monoklonalnich protilatek

Rekombinantni proteiny Igk-GalNAc-T2, Igk-GalNAc-T14, Igk-ST6GalNAc 1, Igk-
ST6GaINAC Il nebo lyzaty bunék IgAN pacientti a zdravych kontrol byly rozdéleny na 10%
SDS-PAGE gelu a blotovany na PVDF membranu. Membrana byla blokovana v SuperBlock
s 0,05% Tween 20 ptes noc pii 4°C. Specifické sérové protilatky proti GalNAc-T2,
ST6GalNAc I, ST6GalNAc II byly fedény 1:100 v SuperBlock s 0,05% Tween 20. Klony
mmAD anti-ST6II byly fedény 1:100 v RPMI11640 s 10% FBS. Reakce byla inkubovana pies
noc pii 4°C. Pritomnost navazané specifické protilatky byla zjisténa pfidanim mysi
polyvalentni protilatky zna¢ené HRP a reakce byla inkubovana 3hod pfi laboratorni teploté.
Pro detekci navéazanych protilatek byl pouzit systém SuperSignal West Pico (Pierce) a

emitovany chemiluminiscen¢ni signal byl zachycen na fotograficky papir.

3.7.5 Barveni bunék pomoci specifickych protilatek

EBV-imortalizované IgAl-produkujici bunky pacienti s IgAN a zdravych kontrol
byly kultivovany v RPMI11640 s 20% FBS a 1% PenStrep médiu ve vlhéeném inkubatoru pfi
37°C a 5% CO, [20]. Mikroskopicka sklicka s cytospiny 1.10° bun&k byly pfipraveny
centrifugaci pti 1000 rpm/6 min na Shandon Cytospin Il. Bunky byly 10min fixovany 4%
paraformaldehydem v 1xPBS, promyty 1xPBS a permeabilizovany 3x 5 min v 0,1% TritonX-
100 v 1xPBS. Bunky byly blokovany v RPMI1640 s 10%FBS 1hod pfi laboratorni teploté.
K 50 ul mmAb anti-ST6I1 fedéné 1:4 v RPMI1640 s 10%FBS byla ptidana komeréni krali¢i
protilatka proti cis- (anti-gm130) nebo trans- (anti-tgn46) Golgi fedéna 1:200 (Obrazek 12).
Reakce byla inkubovana ptes noc pii 4°C. Nasledujici den byly cytosiny promyty 3x 5min v
1xPBS. Sekundarni protilatka anti-mysi IgG znacena FITC byla fedéna 1:1000 a anti-krali¢i
IgG znacena Cy3 byla fedéna 1:2000 v RPMI1640 s 10%FBS.Cytospiny byly inkubovany
v tmavé vlhcené komtirce 2 hod pfi laboratorni teploté¢ a poté promyty 3x 5 min 1xPBS.
Cytospiny byly pokryty montovacim médiem s DAPI, piekryty krycim sklickem a

uchovavany pii -20°C. Mikroskopické preparaty cytosinti byly prohlizeny na fluorescen¢nim
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mikroskopu Axioskope microscope (OPTON, West Germany) s CCD kamerou a konfokalnim
mikroskopu LSM 710 (Zeiss). V trojbarevné kombinaci experimentu bylo DAPI excitovany
pfi 405 nm a detekovano pii 410 — 495 nm, FITC bylo excitovano pii 488 nm a detekovano
pii 495 — 550 nm a Cy3 bylo excitovano pti 561 nm a detekovano pii 560 — 660 nm.

DAPI
jadro /
. Pl monoklonalni mysi anti-ST6l|
P oty ok 1 " anti-mysi IgG-FITC
\ : “ .(
\ ; , £ krali¢i anti-gm130 (cis-Golgi marker)
s . anti-krali¢i IgG-Cy3

vy
2y

endoplasmatické retikulum

kralici anti-tgn46 (trans-Golgi marker)
anti-krali¢i IgG-Cy3
cis-Golgi

trans-Golgi
Obrazek 12: Schéma barveni bunék.
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4  Vysledky

4.1 Konstrukce vektori pro produkci rekombinantnich glykosyltransferaz

Pro produkci rekombinantnich glykosyltransferaz pomoci hmyziho expresniho
systtmu byl do vektoru pFastBac vnesen tsek genu kodujici sekre¢ni signal mySiho
imunoglobulinu k a vznikly plasmid byl oznacen Igk-pFastBac. Do vektoru Igk-pFastBac
byly klonovany cDNA glykosyltransferaz GalNAc-T2, GalNAc-T14, C1GalT1, Cosmc,
ST6GalNAc I, ST6GalNAc II bez transmembranovych domém. Z téchto plasmida byly
pomoci PCR pieneseny useky cDNA kodujici fizni proteiny (Igk-glykosyltransferazy) do
savéiho expresniho vektoru pcCDNA3.1D-V5/His-TOPO (Obrazek 13). Vsechny plasmidy
byly ovéfovany restrikéni analyzou, sekvenovanim a identita enzymut byla potvrzena

srovnanim s databazi GenBank (NCBI).

glykosyltransferazy

-
§|

Baculovirovy expresni system

glykosyltransferazy bez TM

AHis

IgK

HEK 293 expresni systém

glykosyltransferazy bez TM v
-
AHis V5/HIS

IgK

Obriazek 13: Schéma jednotlivych variant rekombinantnich glykosyltransferaz.

4.2 Produkce rekombinantnich glykosyltransferaz

4.2.1 Produkce rekombinantnich glykosyltransferiz pomoci Bakulovirového

expresniho systému

Hmyzi bunky Sf9 byly transfekovany rekombinantnimi bacmidy (Obrazek 13) a
podle uc¢innosti transfekce byl titr bakuloviri po transfekci 1.10° — 1.10° plak tvoticich

jednotek/ml (plaque forming units/ml; pfu/ml). Mnozenim bakuloviri a tvorbou virovych
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zasobnich roztoka P2, P3... Pn bylo dosazeno titru 1.10" — 1.10° pfu/ml a zéroven vétSich

zasobnich objemt (Obrazek 14).

Obrazek 14: Virova plakova esej. Supernatanty z bunééné suspenze infikovanych bunék byly
fedény desitkovou titraéni fadou, v rozsahu 10 — 10 naneseny na vrstvu hmyzich bungk v
agaru a po lyze bunék infikovanych v okoli jednotlivych virionti byly kolonie v jednotlivych

fedénich pocitany.

Programem ProtParamTool (http://web.expasy.org/protparam/) byly u

rekombinantnich proteinti Igk-GalNAc-T2, Igk-GalNAc-T14, Igk-C1GalT1, Igk-Cosme, Igk-
ST6GalNAc I, Igk-ST6GalNAc Il predikovany molekulova hmotnost a pl (Tabulka 16).
Efektivita sekrece jednotlivych rekombinantnich glykosyltransferaz byla vyhodnocena
porovnanim mnozstvi proteinu v bunécné pelet€¢ a v supernatantu Sf9 bunécné kultury 96
hodin po infekci bunék rekombinantnimi bakuloviry (MOI=5) pomoci western blot. Analyzy
ukazaly, ze ne vSechny ndmi testované rekombinantni glykosyltransferazy s odstranénou
transmembranovou doménou jsou efektivné sekretovany z hmyzich bun¢k N' termindlni fuzi s
mysSim sekre¢nim signalem Igk. Efektivni sekrece byla potvrzena pro Igk-GalNAc-T2, Igk-
ST6GalNAc | a Igk-ST6GaINAc I, zatimco Igk-GalNAc-T14, Igk-C1GalT1, Igk-Cosmc
sekretovany nebyly (Obrazky 15 — 17).
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Tabulka 16: Zakladni fyzikalné-chemické vlastnosti rekombinantnich glykosyltransferaz

produkovanych Sf9 buiikami.

GT Molekulova hmotnost (kDa) | pl
GalNAc-T2 65,8 6,71
GalNAc-T14 66,4 5,94

ClGalT1 45,1 5,84
Cosmc 38,2 5,40
ST6GalNACc | 71,1 9,69
ST6GalNAc 11 49,9 8,83
kDa T2 T14
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Obrazek 15: Srovnani intracelularniho a sekretovaného podilu Igk-GalNAc-T2 (T2), Igk-
GalNAc-T14 (T14) pomoci Western blot s pouzitim protilatky anti-pentaHis-HRP.
Supernatant kultury (S) a lyzat bunék (L) Sf9.

STéll STl
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Obrazek 16: Srovnani intracelularniho a sekretovaného podilu Igk-ST6GalNAc Il (ST6I1),
Igk-ST6GaINAC | (ST6I) pomoci Western blot s pouzitim protilatky anti-pentaHis-HRP.
Supernatant kultury (S) a lyzatu bunék (L) Sf9.
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Obrazek 17: Srovnani intracelularniho a sekretovaného podilu Igk-C1GalT1 (C1T1), Igk-
Cosmc (C1T2) pomoci Western blot s pouzitim protilatky anti-pentaHis-HRP. Supernatant
kultury (S) a lyzatu bunék (L) S9.

Nasledné byly jednotlivé rekombinantni glykosyltransferazy exprimovany ve 2|
bunécné suspenze, byly purifikovany pomoci NiNTA agar6zy a analyzovany pomoci Western
blotu (Obrazky 18 - 21). Eluéni frakce rekombinantnich proteinti byly koncentrovany do 50
mM Tris-HCI pH 7.4, 200 mM NaCl. Proteiny byly ulozeny pii -20°C a byly stabilni bez
znamek rozpadu nebo ztraty enzymatické aktivity po dobu minimalné 6 mésici. Ani pfi
dlouhodobém skladovani na ledu nebo pii +4°C nebyl pozorovan vyznamny rozpad
(Obrazek 22). Pro vyhodnoceni Cistoty byly preparace jednotlivych rekombinantnich
glykosyltransferdz separovany na 10% SDS-PAGE gelu a obarveny pomoci Brilliant
Coomassie Blue. Koncentrace byly stanoveny podle Bradfordové a srovnanim denzit
s kalibra¢ni kiivkou standardu BSA (Obrazek 23). Po koncentraci na ultrafiltraénim
koncentratorti byla u vSech proteinti dosazena koncentrace vyssi nez 1 mg/ml a Cistota 85 - 95
%. Z jednoho litru Sf9 kultury byly izolovany 2 mg Igk-GalNAc-T2, 1 mg Igk-ST6GalNAC |
a 0,25 mg Igk-ST6GalNAC II.
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Igk-GalNAc-T2 (Sf9)
WASH

VZ FT 2 5 10 20mM E1 E2

Obrazek 18: Optimalizace podminek afinitni purifikace rekombinantniho Igk-GalNAc-T2
vyhodnocena pomoci Western blot a anti-pentaHis-HRP protilatky. Protein byl izolovan
pomoci NiNTA kolony ze supernatantu kultury (VZ). Jednotlivé frakce vychazejici z kolony
byly rovnéz analyzovany: nenavazand frakce (FT), promyvaci frakce se vzristajici
koncentraci imidazolu WASH (2, 5, 10, a 20 mM imidazol), elu¢ni frakce (E1, E2; pufr
obsahoval 150 mM imidazolu) [27].

Igk-GalNAc-T14 (S19)

L LS FT W2 W20 E1 E2
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Obrazek 19: Afinitni purifikace rekombinantniho Igk-GalNAc-T14 vyhodnocena pomoci
Western blot a anti-pentaHis-HRP protilatky. Protein byl izolovan pomoci NiNTA kolony z
lyzatu (L) bunék. Alikvot supernatantu lyzatu (LS) po centrifugaci 10 000 rpm/10 min byl

nanesen na gel rovnéz. Jednotlivé frakce vychazejici z kolony byly rovnéz analyzovany:
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nenavazana frakce (FT), promyvaci frakce se vzrustajici koncentraci imidazolu 2 a 20 mM
(W2, W20), elu¢ni frakce (E1, E2; pufr obsahoval 150 mM imidazol).
Igk-ST6GalNAc 11 (S19)
kDa VZ FT W2 W20 El E2
95 =
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Obrazek 20: Afinitni purifikace rekombinantniho Igk-ST6GalNAc II vyhodnocend pomoci
Western blot a anti-pentaHis-HRP protilatky. Protein byl izolovan pomoci NiNTA kolony ze
supernatantu kultury (VZ). Jednotlivé frakce vychazejici z kolony byly rovnéz analyzovany:
nenavazana frakce (FT), promyvaci frakce se vzristajici koncentraci imidazolu 2 a 20 mM

(W2, W20), elu¢ni frakce (E1, E2; pufr obsahoval 150 mM imidazol).
Igk-Cosmc (S19)
FT W2 W20 E1 E2
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Obrazek 21: Afinitni purifikace rekombinantniho Igk-Cosmc vyhodnocend pomoci Western
blot a anti-pentaHis-HRP protilatky. Protein byl izolovan pomoci NiNTA kolony ze

supernatantu kultury. Jednotlivé frakce vychazejici z kolony byly analyzovany: nenavazana

45



frakce (FT), promyvaci frakce se vzrustajici koncentraci imidazolu 2 a 20 mM (W2, W20),
eluéni frakce (E1, E2; pufr obsahoval 150 mM imidazol).

Igk-GalNAc-T2 (S19)

laboratorni teplota led -20°C
kDa kDa kDa
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PUFRY: @ 50mMTRIS pH7.4, 200 mM NaCl
' @ 50mM TRIS pH7.4, 200 mM NaCl, 50% glycerol

Obrazek 22: Stanoveni stability Igk-GalNAc-T2. Rekombinantni protein byl po purifikaci na
NiNTA koloné koncentrovan do 50 mM TRIS pH7.4, 200 mM NaCl. Vzorky proteinu pro
stanoveni stability v pufru 50 mM TRIS pH7.4, 200 mM NacCl (¢erné pismo) a 50 mM TRIS
pH7.4, 200 mM NaCl s 50% glycerolem (modré pismo) byly uskladnény pfi laboratorni
teploté, na ledu a pti -20°C po dobu 0 az 120 dni. Vzorky Igk-GalNAC-T2 byly analyzovany
na 10% SDS-PAGE gelu a barveny stiibrem.

kDa BSA Igk-GalNAc-T2

5 25 1,25 0,625 nl
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Obrazek 23: Stanoveni Ccistoty a koncentrace Igk-GalNAc-T2 pomoci SDS-PAGE.

Rekombinantni protein byl po purifikaci na NiNTA kolon¢ koncentrovan, analyzovan na 10%
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SDS-PAGE gelu a barven pomoci Brilliant Coomassie Blue. Koncentrace stanovena

srovnanim s densitou BSA naneseného v titra¢ni fad¢ 5 - 0,16 pg na jamku.

4.2.2 Produkce rekombinantnich glykosyltransferaz pomoci savciho expresniho
systému

4.2.2.1 Produkce glykosyltransferdaz pomoci FreeStyle 293-F bunék

Rekombinantni proteiny Igk-GalNAc-T2, Igk-GalNAc-T14, Igk-ST6GalNAc 1, Igk-
ST6GaINAc Il byly paraleln¢ exprimovany i v savéim expresnim systému. Pro tyto ucely
byly pfipraveny expresni vektory, z nichz jsou proteiny exprimovany ve fuzi s C' terminalni
His znackou a V5 epitopem pro vysoce specifickou detekci pomoci anti-V5-HRP nebo anti-
pentaHis-HRP protilatky. Proto proteiny exprimované pomoci bakulovirového a savc¢iho
expresniho systému maji jinou molekulovou hmotnost (Obrazek 13). Programem
ProtParamTool byla predikovana molekulova hmotnost a pl jednotlivych rekombinantnich
glykosyltransferaz (Tabulka 17). Proteiny byly exprimovany pomoci 293F bunék a
piitomnost rekombinantnich proteini v supernatantu kultury byla srovnana s mnoZstvim
proteinu v alikvotu buné¢né pelety pomoci Western blotu a protilatky anti-pentaHis-HRP Ab
(Obrazky 24 - 26).

Tabulka 17: Zékladni fyzikalné-chemické vlastnosti rekombinantnich glykosyltransferaz

produkované 293F.
GT Molekulova hmotnost (kDa) | pl
GalNAc-T2 70,8 6,82
GalNAc-T14 71,5 6,15
ClGalT1 50,2 6,07
Cosmc 43,3 5,82
ST6GalNAc | 76,2 9,67
ST6GalNAc I 51,1 8,82
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Obrazek 24: Srovnani intracelularniho a sekretovaného podilu Igk-GalNAc-T2 (T2), Igk-

GalNAc-T14 (T14) pomoci Western blot s pouzitim protilatky anti-pentaHis-HRP.
Supernatant kultury (S) a lyzatu bun¢k (L) 293F.
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Obrazek 25: Srovnani intracelularniho a sekretovaného podilu Igk-ST6GaINAc 11 (ST6II),
Igk-ST6GalNAc I (ST6I) pomoci Western blot s pouzitim protilatky anti-pentaHis-HRP.
Supernatant kultury (S) a lyzatu bun¢k (L) 293F.
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Obrazek 26: Srovnani intracelularniho a sekretovaného podilu Igk-C1GalT1l (C1T1), Igk-
Cosmc (C1T2) pomoci Western blot s pouzitim protilatky anti-pentaHis-HRP. Supernatant
kultury (S) a lyzatu buné¢k (L) 293F.

Nésledné byly jednotlivé rekombinantni glykosyltransferazy exprimovany ve 2I
bunécné suspenze, byly purifikovany pomoci NiNTA agar6zy a analyzovany pomoci Western
blotu a anti-pentaHis-HRP protilatky (Obrazky 27 - 30). Elu¢ni frakce rekombinantnich
proteini byly zkoncentrovany do 50 mM Tris-HCI pH 7.4, 200 mM NaCl. Proteiny byly
uloZeny pii -20°C a byly stabilni bez znamek proteinové rozpadu nebo ztraty enzymatické
aktivity po dobu minimalné 6 mésicti. Ani pii dlouhodobém skladovani na ledu nebo pii +4°C
nebyl pozorovan rozpad (Obrazek 31). Pro vyhodnoceni ¢istoty byly preparace jednotlivych
rekombinantnich glykosyltransferaz separovany na 10% SDS-PAGE gelu a obarveny pomoci
Brilliant Coomassie Blue. Koncentrace rekombinanntich GT byla stanovena jako pro proteiny
exprimované v bakulovirovém systému (Obrazek 32). Po koncentraci na ultrafiltraénim
koncentratorti byla u vSech proteinti dosazena koncentrace vyssi nez 1 mg/ml a Cistota byla
uréena 75 % pro Igk-GalNAc-T2 a Igk-ST6GalNAc Il a 95 % pro Igk-ST6GalNAC
srovnamim denzit prouzku odpovidajiciho proteinu a otatnich pfitomnych prouzk.
Z jednoho litru kultury 293F byly izolovany 4 mg Igk-GalNAc-T2, 2 mg Igk-ST6GalNAC | a
1 mg Igk-ST6GaINAC Il. Podobné jako v piipadé exprese v bakulovirovém expresnim
systému pouZiti lidské expresni linie 293F nevedlo k u¢inné sekreci glykosyltransferdz Igi-
GalNAc-T14, Igk-C1GalT1, Igk-Cosmc (Obrazky 24, 26). Igk-GalNAc-T14, Igk-C1GalT1
proto byly purifikovany z bun&cné pelety. Afinitni purifikace umozZnila pfipravit vysoce Cisté

proteiny pouzitelné pro nasledujici enzymatické analyzy.
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Igk-GalNAc-T14 (293F)
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Obrazek 27: Optimalizace podminek afinitni purifikace rekombinantniho Igk-GalNAc-T14
vyhodnocena pomoci Western blot a anti-pentaHis-HRP protilatky. Protein byl izolovan
pomoci NiNTA kolony z lyzatu 293F bunék (L). Pro srovnani alikvot supernatantu lyzatu
(LS) po centrifugaci 10 000 rpm/10 min byl nanesen na gel rovnéz. Jednotlivé frakce
vychézejici z kolony byly analyzovany: nenavazana frakce (FT), promyvaci frakce se
vzrustajici koncentraci imidazolu 2 a 20 mM (W2, W20), elu¢ni frakce (E1 a E2; pufr
obsahujici 150 mM imidazol).

Igk-ST6GalNAc I (293F)
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Obrazek 28: Optimalizace podminek afinitni purifikace rekombinantniho Igk-ST6GalNAC |

vyhodnocena pomoci Western blot a anti-pentaHis-HRP protilatky. Protein byl izolovan
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pomoci NINTA kolony ze supernatantu kultury (VZ) 293F bunék. Jednotlivé frakce
vychazejici z kolony byly rovnéz analyzovany: nenavazana frakce (FT), promyvaci frakce se
vzrustajici koncentraci imidazolu 2 a 20 mM (W2, W20), elu¢ni frakce (E1 a E2; pufr

obsahujici 150 mM imidazol). ST6I purifikovany protein po koncentraci.

Igk-ST6GalNAc II (293F)
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Obrazek 29: Optimalizace podminek afinitni purifikace rekombinantniho Igk-ST6GalNAc 11
vyhodnocena pomoci Western blot a anti-pentaHis-HRP protilatky. Protein byl izolovan
pomoci NINTA kolony ze supernatantu kultury (VZ) 293F bunck. Jednotlivé frakce
vychézejici z kolony byly rovnéz analyzovany: nenavadzana frakce (FT), promyvaci frakce se
vzristajici koncentraci imidazolu 2 a 20 mM (W2, W20), elu¢ni frakce (E1, E2, E3; pufr

obsahujici 150 mM imidazol). ST6II purifikovany protein po koncentraci.
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Obrazek 30: Optimalizace podminek afinitni purifikace rekombinantniho Igk-C1GalT1l
vyhodnocena pomoci Western blot a anti-pentaHis-HRP protilatky. Protein byl izolovan
pomoci NiNTA kolony z lyzatu 293F buné¢k (L). Pro srovnani alikvot supernatantu (S) byl
nanesen na gel rovnéz. Jednotlivé frakce vychazejici z kolony byly analyzovany: nenavazana
frakce (FT), promyvaci frakce se vzristajici koncentraci imidazolu 2 a 20 mM (W2, W20),
elucni frakce (E1 a E2; pufr obsahujici 150 mM imidazol).

Igk-ST6GalNAc 11 (293F)
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Obrazek 31: Stanoveni stability Igk-ST6GalNAc 1. Rekombinantni protein byl po purifikaci
na NiNTA kolon¢ koncentrovan do 50 mM TRIS pH7.4, 200 mM NaCl. VVzorky proteinu pro
stanoveni stability v pufru 50 mM TRIS pH7.4, 200 mM NaCl (¢erné pismo) a 50 mM TRIS
pH7.4, 200 mM NaCl s 50% glycerolem (modré pismo) byly uskladnény pii laboratorni
teploté, na ledu a pii -20°C po dobu 0 az 180 dni. Vzorky Igk-ST6GalNAc Il byly

analyzovany na 10% SDS-PAGE gelu a barveny pomoci Brilliant Coomassie Blue.

52



T2 STell STeol

—

kDa
95 =—

75— =3
—
55 == .
)

JG =

Obrazek 32: Stanoveni Cistoty purifikovanych rekombinantnich proteinti. SDS-PAGE
analyza koncentrovanych proteint Igk-GalNAc-T2, Igk-ST6GalNAc | a Igk-ST6GalNAC II.
Rekombinantni protein byly po koncentraci na ultrafiltracnim koncentratoru separovany

pomoci 10% SDS-PAGE gelu a barveny pomoci Brilliant Coomassie Blue.
4.2.2.2 Produkce glykosyltransferdz pomoci HEK 293T bunék

Produkce rekombinantnich proteint TM-GalNAc-T2, TM-GalNAc-T14, TM-
ST6GalNAc I, TM-ST6GalNAc 11, Igk-GalNAc-T2, Igk-GalNAc-T14, Igk-C1GalTl, Igk-
Cosmc, Igk-ST6GalNAc 1, Igk-ST6GaINAC Il byla ovéiena produkci v HEK 293T bunkach
(Obrazky 8, 13). Molekulovou hmotnost a pl rekombinantnich glykosyltransferaz shrnuje
Tabulka 18. U vektort kodujicich glykosyltrasferazy v plné délce byla potvrzena produkce
rekombinantnich proteind. Pozitivita signalu v bunééném lyzatu potvrzuje fixaci v Golgiho
komplexu pomoci pfitomné transmembranové domény. Pii analyze efektivity sekrece
sekretovanych forem jednotlivych glykosyltransferaz (bez transmembranové domény a s
pfipojenym sekrecnim signalem z mysiho lehkého fetézce (k) imunoglobulinu byla potvrzena
sekrece pouze pro Igk-GalNAc-T2, Igk-ST6GalNAc I, Igk-ST6GaINAc 1l. Podobné jako v
piipadé exprese v bakulovirovém expresnim systému a lidské expresni linii 293F, pouZiti linie
HEK 293T bun€k nevedlo k ucinné sekreci glykosyltransferaz Igk-GalNAc-T14, Igk-
C1GalT1, Igk-Cosmc (data nejsou ukazana).

Tabulka 18: Zakladni fyzikalné-chemické vlastnosti rekombinantnich glykosyltransferaz
produkované 293T.
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GT Molekulova hmotnost (kDa) | pl
GalNAc-T2 64,7 8,63
GalNAc-T14 64,3 7,84
ClGalTl 42,2 6,17
Cosmc 36,4 6,35
ST6GalNAc | 68,6 9,93
ST6GalNAc I 41,9 9,38

4.3 Aktivita rekombinantnich glykosyltransferaz

Vzhledem k tomu, ze GalNAc-T2 iniciuje O-glykosylaci IgAl, byl jako prvni
rekombinantni enzym dukladné charakterizovan vzhledem k jeho aktivité. Cilem bylo
potvrzeni, Ze rekombinantni protein je enzymaticky aktivni a nasledné vyuZiti
charakterizovaného proteinu pro studium pribéhu glykosylace pantové oblasti IgAl
molekuly. Aktivita lgk-GalNAC-T2 produkované v Sf9 buikach byla analyzovana pomoci
vazby lektinu HAA, specificky rozpoznavajiciho terminalni GalNAc. Jako substrat byl pouzit
synteticky peptid opovidajici pantové oblasti IgA1 konjugoavany s BSA. Tento substrat byl
inkubovan s rekombinantnim Igk-GalNAC-T2 v pritomnosti UDP-GalNAc jako donor
GalNAc (Obrazek 33). Lektinovy dot-blot potvrdil, ze Igk-GalNAc-T2 je enzymaticky
aktivni [27].

+ - Ipgdpg

1 - pozitivni kontrola
2 - negativni kontrola
3 - reakce s 1ug Igk-GalNAc-T2
4 - reakce s 4ng Igk-GalNAc-T2

Obrazek 33: Aktivita Igk-GalNACc-T2 izolovana z Sf9 pomoci metody HAA lektinového dot-
blotu. 1 nebo 4 pg rekombinantniho enzymu byly ptidany spoleéné s UDP-GalNAc do reakci
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s postupnym fedénim akceptorového peptidu odpovidajiciho HR IgAl1 (0,5 — 0,05 pg).
Pantovéa oblast IgA1 s navazanymi GalNAc byla pozitivni kontrolou. Negativni kontrolou

byla reakce bez ptidani UDP-GalNAc.

Pro potvrzeni enzymatické aktivity Igk-GalNAc-T2 byla provedena analyza vyse
osetfen¢ho peptidu pomoci hmotnostni spektrometrie. Plsobenim  pfipravené¢ho
rekombinantniho proteinu bylo na synteticky HR IgAl v zavislosti na dob¢ inkubace
ptipojeno 5 — 9 GalNAc zbytkd. Nejcastéjsi variantou byla varianta se sedmi navazanymi
GalNAc. Potvrdila se tak aktivita lgk-GalNAc-T2 a jeho schopnost sekven¢niho pfipojovani
GalNAc na peptidovy akceptor (Obrazek 34) [27].
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Obrazek 34: Hmotnostni spektrometrie LC FT-ICR syntetického HR IgAl glykosylovaného
pomoci Igk-GalNACc-T2. Po inkubaci IgA1 HR peptidu s Igk-GalNAc-T2 po dobu 24 hodin
pifi 37°C v pfitomnosti donoru GalNAc (UDP-GalNAc) byla provedena hmotnostné
spektrometrickd analyza poctu pfipojenych GalNAc k HR peptidu pomoci LC FT-ICR
(provedI Dr. Kazuo Takahashi, Ustav mikrobiologie, UAB, Birmingham, Alabama, USA).

Rovnéz byla detailn¢ charakterizovana aktivita rekombinantnich Igk-ST6GalNAc | a
zejména Igk-ST6GaINAC Il jako vyznamného patogenetického faktoru IgAN. Aktivita byla
hodnocena poklesem reakce HAA s HR IgA1 substratem s pfedem pfipojenymi GaINAc po
inkubaci s rekombinantnimi sialyltransferazami Igk-ST6GalNAc I a Igk-ST6GalNAc |1 v
pfitomnosti donoru sialové kyseliny CMP-NeuAc v uspofadani Western blot, nebot’ sialylace

GalNAc brani jeho rozliseni HAA lektinem (Obrazek 35, sloupce Sl a Sll). Specifické
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potvrzeni faktu, ze pokles reaktivity HAA byl zpiisoben sialylaci GalINAc bylo prokéazano
obnovenim reakce HAA s HR peptidem po enzymatickém odstranéni sialové kyseliny
enzymem sialidazou (Obrazek 35, sloupce SI-D a SlI-D). Aktivita rekombinantnich Igk-
ST6GaINAc | a Igk-ST6GalNAc II byla dale potvrzena pomoci hmotnostni spektrometrie
sptazené s HPLC chromatografi¢ (LC-FT) s vysokym rozlisenim (Obrazky 36, 37).

K T2 Sl SI-D Sl SII-D

. ¢.', ' . . t Anti-IgA

' o T S e e Anti-vs
25= ’

- .k

_——— —— — HAA
25—

Obrazek 35: Priukaz aktivity Igk-GalNAc-T2, Igk-ST6GaINAc | a Igk-ST6GaINAc 1l vici
rekombinantnimu proteinu Cal-HR-Ca2 predstavujicimu fragment IgA1 odpovidajici prvni
konstantni doméné tézkého tetézce IgAl (Cal), pantové oblasti (HR) a druhé konstantni
doméné IgAl tézkého fetézce (Co2) piipraveného v E. coli expresnim systému. Pfipojeni
GalNAc a jeho sialylace byla hodnocena pomoci reaktivity s HAA lektinem Vv uspofadani
Western bot. Neglykosylovany fragment Cal-HR-Co2 IgA1l (K) byl galaktosylovan pomoci
Igk-GalNAC-T2 (T2) a sialylovan Igk-ST6GalNAc II (SII) nebo Igk-ST6GalNAc | (SI).
Blokovani reaktivity HAA zplsobené sialylaci GalNAc na Cal-HR-Co2 bylo potvrzeno
obnovenim reakce s HAA po enzymatickém odstranéni sialové kyseliny sialidazou z
Arthrobacter ureafaciens (SlI-D, SI-D). Prukaz stejného mnozstvi Cal-HR-Co2 fragmentu
pouzitého na Western blot analyzu byl proveden detekci Cal-HR-Ca2 pomoci anti-IgA a
pomoci anti-V5 protilatek (panely Anti-V5 a Anti-IgA).

Zajimavé pozorovani vySlo ze srovnani MS analyz poctu pfipojenych sialovych
kyselin k GalNAc na pantové oblasti IgAl. Zatimco Igk-ST6GalNAc I pfipojila po 36
hodinové inkubaci maximaln¢ jednu az dvé sialové kyseliny na vSech 9 potvrzenych GalNAc
na pantové oblasti IgA1, Igk-ST6GalNAc II byla schopna za stejnych podminek piipojit o
jednu sialovou kyselinu navic (Obrazky 36, 37).
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Obrazek 36: Hmotnostni spektrometrie LC FT-ICR syntetického HR IgA1 glykosylovaného
pomoci Igk-GalNAC-T2 a sialylovaného pomoci Igk-ST6GalNAc Il. 1 pg syntetického HR
IgAl byl GalNAc-osylovan 8 hod a po inaktivaci GaINAC-T2 byly 0,4 pg aliquoty GalNAc-
osylovaného syntetického HR IgA1l sialylované 24 hod. Byly detekovany nesialylované i
sialylované formy GalNAc-osylovaného HR peptidu s 4 — 7 pfipojenymi GalNAc a 0 — 3
pfipojenymi NeuAc. Jednotlivé glykopeptidy na syntetickém HR IgA1l jsou oznaceny jako
pomér GalNAc : NeuAc.
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Obrazek 37: Hmotnostni spektrometrie LC FT-ICR syntetického HR IgA1 glykosylovaného
pomoci Igk-GalNAc-T2 a sialylovaného pomoci Igk-ST6GalNAcC I. 1 ug syntetického HR
IgAl byl GalNAc-osylovan 8 hod a po inaktivaci GaINAcC-T2 byly 0,4 pg aliquoty GalNAc-
osylovaného syntetického HR IgA1 sialylované 24 hod. Byly detekovany nesialylované i
sialylované formy GalNAc-osylovaného HR peptidu s 4 — 7 pfipojenymi GalNAc a 0 — 3
pfipojenymi NeuAc. Jednotlivé glykopeptidy na syntetickém HR IgA1l jsou oznaceny jako
pomér GalNAc : NeuAc.

Hodnoceni aktivity pomoci LC-FT provedl Dr. Kazuo Takahashi na Ustavu
mikrobiologie, UAB, Birmingham, Alabama, USA [27, 45-47].

4.4 Priprava protilatek pro prikaz jednotlivych glykosyltransferaz v

usporadani Western blot a fluorescen¢ni mikroskopii

Pro indukci sérovych mysich protilatek specificky reagujicich s glykosyltransferazami
GalNAc-T2, ST6GalNAc II a ST6GalNAc I byla pouzita DNA vakcinace pomoci
rekombinovanych plasmidid TM-T2-pcDNA3.1-V5/His, TM-ST6I-pcDNA3.1-V5/His, TM-
ST611-pcDNAS3.1-V5/His popsanych vySe. Sérové hladiny protilatek po tieti imunizaci,
stanovené pomoci ELISA, byly vysoké pro vSechny tfi testované DNA vakciny. Hodnoceno
pomoci end-point titru sérovych protilatek, imunizace mysi plasmidem kodujicim GalNAc-T2
indukovala titr 1: 12 000, u mysi imunizovanych ST6GalNAc Il byl titr 1: 100 000 a u mysi
imunizovanych ST6GalNAc I byl titr 1: 94 000. Skiizena reaktivita sérovych protilatek byla
nizka, jak vyplynulo z reaktivit s ostatnimi antigeny pouzitymi k potazeni jamek ELISA

paneld.
4.4.1 Specificita sérovych protilatek ve Western blot

Hyperimmunni séra byla dale testovana na specificitu indukovanych protilatek ve
Western blot uspofaddni srovnanim reaktivity s jednotlivym zejména isomernimi
rekombinantnimi  glykosyltransferazami. Reaktivita hyperimunnich sér specifickych k
ST6GalNAc I a ST6GalNAc II vykdzala vysokou specificitu pii srovnani reaktivit s
rekombinantnimi Igk-ST6GalNAc II a Igk-ST6GaINAcC | (Obrazek 38). Podobné reaktivita
hyperimunnich sér specifickych k GalNAc-T2 vykazala vysokou specificitu k
rekombinantnimu Igk-GalNAC-T2 kdezto s rekombinantnim Igk-GalNAc-T14 nereagovala
(Obrazek 39).
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Obrazek 38: Analyza specificity sérovych protilatek indukovanych proti ST6GalNAc I (anti -

ST6I), ST6GaINAc Il (anti-ST6I1) na zaklad¢ srovnani reaktivit s rekombinantnimi proteiny
Igk-ST6GalNAc I (ST61), Igk-ST6GalNAc 11 (ST6II) v usporadani Western blot .

T2 T14
kDa

95 —
72 =
38 =

3

sérové anti-T2

Obrazek 39: Analyza specificity sérovych protilatek indukovanych proti GaINAc-T2 (sérové
anti-T2) na zakladé srovnani reaktivit s rekombinantnimi proteiny Igk-GalNAc-T2 (T2), a
Igk-GalNAC-T14 (T14) v uspofadani Western blot.

4.4.2 Priprava a charakterizace monoklonalnich protilatek

V dalsim kroku jsme pfistoupili k ptipravé monoklonalni protilatky proti ST6GalNAC
Il ve spolupraci s Vyzkumnym ustavem veterinarniho Iékafstvi, Brno. Pro pfipravu

hybridomt byly pouzity splenocyty od mysi imunizované TM-ST61I-pcDNA3.1-V5/His
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vykazujici nejvyssi titry specifickych protilatek. Po skriningu 1000 hybridoma s pouzitim
ELISA byly vybrany 4, jez vykazovaly nejvyssi reaktivitu pro dalsi testovani.

Specificita ziskanych kloni monoklonalnich protilatek specifickych k ST6GalNAc Il
byla testovana pomoci imunodetekce lyzati EBV-imortalizovanych bunék produkujicich
IgAl izolovanych od pacientl s IgA nefropatii a od zdravych kontrol. Vazba monoklonalnich
protilatek byla detekovana anti-mysi 1gG zna¢enou HRP (Obrazek 40). Pro Western blot
analyzy byla vybrana jako optimalni protilatka 2HS. Specificita reakce byla testovana ve
standardnim Western blot vii¢i bunéénému lyzatu (Obrazek 41) a proti rekombinantnimu
Igk-ST6GaINAC Il a jako kontrola specificity byl pouzit rekombinantni Igk-ST6GaINAC |
(Obrazek 42).

A B
lyzat bunék: lgAN K rekomb.protein: ng-ST6GalNAc 11
klony mAb anti-ST6II: 2B8 2H5 3C10 4D4 2B8 2HS 3C10 4D4 klony mAb anti-ST6II: 2B8 2H5 3C10 4D4
kDa kDa
95 = 95—
12=— y
99— 55 =
38— 38
25— 25—

ST6GalNAc II (41,9 kDa) Igk-ST6GalNAc II (51,1 kDa)
Obrazek 40: Testovani specificity 4 pfipravenych kloni monoklondlnich protilatek
specifickych k ST6GalNAc 11 pomoci Western blot. (A) Lyzat bunék produkujicich IgA1l od
pacientdl s IgA nefropatii (IgAN) a zdravych kontrol (K) byl rozdélen pomoci SDS-PAGE,
blotovan na PVDF a membrany byly po zablokovani inkubovany v uspofadani multiscreen s
jednotlivymi klony monoklonalnich protilatek (2B8, 2H5, 3C10 a 4D4). Vazba byla
prokazana anti-mysi IgG-HRP protilatkou. ST6GalNAc Il ma molekulovou hmotnost 41,9
kDa. Vysledkem reakce jsou dva prouzky, (dolni) odovida ST6GalNAc II a horni (t€Z8i) je
vysledke nespecifické reakce, kterd optimalizaci podminek inkubace byla minimalizovéna.

(B) Reaktivita jednotlivych klonti s rekombinantnim Igk-ST6GalNAc 11 (51,1 kDa).
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Obrazek 41: Vysledek detekce ST6GalNAc Il z bunécéného lyzatu (viz Obr. 38) za

37 -

optimalizovanych podminek blokovani a detekce anti-ST61l. Lyzat buné€k produkujicich
IgA1 od pacienti s IgA nefropatii (IgAN) a od zdravych kontrol (K) byl detekovan
protilatkou klon 2H5 (anti-ST611) a pomoci komer¢ni protilatky proti B-aktinu (B-actin).

ST6ll ST6l
kDa

anti-ST6lI
Obrazek 42: Analyza specificity monoklonalni protilatky proti ST6GalNAc Il, klon 2H5

(anti-ST61I) na zakladé srovnani reaktivit s rekombinantnimi proteiny Igk-ST6GalNAc Il
(ST6II), Igk-ST6GaINAC | (ST61) v usporadani Western blot.

45 Lokalizace glykosyltransferaz v Golgiho  komplexu  pomoci

monoklonalnich protilatek

45.1 Fluorescenéni mikroskop

Inicidlni série fluorescenéné mikroskopickych analyz vedla k identifikaci klonu
ST6GalNAc Il specifické protilatky s nejvy$sim odstupem signalu od pozadi za
optimalizovanych podminek blokovani preparatu a fedéni protilatky (klon 2B8). Obrazky 43-
46 wukazuji mikroskopické preparaty IgAl-produkujicich bun€k prohlizenych na
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fluorescen¢nim mikroskopu. Obrazky byly pofizeny po barveni bunék protilatkami proti Cis-
Golgi, trans-Golgi a proti ST6GalNAc 11 (klon 2B8).

Obrazek 43: Fluorescenéni mikroskopicka lokalizace ST6GalNAc II a cis-Golgi I1gAl-
produkujicich bun¢k od pacientii s IgA nefropatii pomoci anti-ST611 klon 2B8 detekované
anti-mysi 1gG-FITC (zelend), cis-Golgi je znafeno krali¢i anti-gm130 detekovanou anti-
krali¢i 19G-Cy3 (Eervend). Jadro obarveno DAPI. Zluta barva piedstavuje prekryv Eerveného

a zeleného signalu.

Obrazek 44: Fluorescenéni mikroskopicka lokalizace ST6GalNAc II a trans-Golgi 1gAl-

produkujicich bun€k od pacientl s IgA nefropatii pomoci anti-ST6II klon 2B8 detekované
anti-mysi IgG-FITC (zelend), trans-Golgi je znaceno krali¢i anti-tgn46 detekovanou anti-
krali¢i IgG-Cy3 (Eervend). Jadro obarveno DAPIL. Zluta barva piedstavuje piekryv Serveného

a zeleného signalu.
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Obrazek 45: Fluorescenéni mikroskopicka lokalizace ST6GalNAc II a cis-Golgi 1gAl-
produkujicich bunék od zdravych kontrol pomoci anti-ST6II klon 2B8 detekované anti-mysi
IgG-FITC (zelena), cis-Golgi je znaceno krali¢i anti-gm130 detekovanou anti-krali¢i IgG-Cy3
(Servend). Jadro obarveno DAPI. Zlutd barva predstavuje piekryv erveného a zeleného

signalu.

Obrazek 46: Fluorescen¢éni mikroskopicka lokalizace ST6GalNAc II a trans-Golgi IgA1-

produkujicich bun¢k od zdravych kontrol anti-ST6II klon 2B8 detekované anti-mysi IgG-
FITC (zelena), trans-Golgi je znaceno krali¢i anti-tgn46 detekovanou anti-krali¢i 1gG-Cy3
(Servend). Jadro obarveno DAPI. Zluta barva piedstavuje piekryv &erveného a zeleného

signalu.
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Kolokaliza¢ni analyza 10 snimkt potvrdila dominantni lokalizaci ST6GalNAc 11 u
skupiny IgAN pacienti a zdravych kontrol v trans-Golgi komplexu. U bunék od pacienti s
IgAN byla vsak vyznamné vys$si i kolokalizace s cis-Golgi markerem oproti zdravym
kontrolam. Toto pozorovani bylo déle verifikovano pomoci konfokalni fluorescencni

mikroskopie (Tabulka 19).

Tabulka 19: Kolokalizace ST6GalNAc Il v Golgiho komplexu bun¢k pacientd s IgAN a

zdravych kontrol pomoci fluorescencniho mikroskopu.

kolokalizace v buiikiach Pearsoniiv koeficient | Piekryv | % | Rozdil
zdravych kontrol, ST61I vz cis-Golgi 0,7092 0,9494 | 70,92
IgAN pacientt, ST6II vz cis-Golgi 0,8100 0,9600 | 81,00 10.05
bunky zdravych kontrol, ST6l1l vz trans-Golgi 0,8610 0,9730 | 86,10
butiky IgAN pacienti, ST61I vz trans-Golgi 0,8336 0,9725 | 83,36 ol

4.5.2 Konfokalni mikroskop

V dalsim experimentu byly vySe popsané preparaty (Obrazky 42-46) prohlizeny v
konfokalnim mikroskopu (Obrazky 47-50). Obrazky 47-50 ukazuji mikroskopické preparaty
IgAl-produkujicich bunék prohlizenych na konfokalnim mikroskopu.

Obrazek 47: Konfokaln¢ mikroskopicka lokalizace ST6GalNAc 1l v cis-Golgi EBV-
imortalizovanych IgA1-produkujicich bunék izolovanych z IgAN pacienti. ST6GalNAc Il

detekovana anti-ST6Il protilatkou klon 2B8 a anti-mysi IgG-FITC (zelena). Cis-Golgi
barvené krali¢i anti-gm130 protilatkou a anti-krali¢i 1gG-Cy3 (Cervend). Jadro obarveno

DAPI. Zluta barva predstavuje piekryv Eerveného a zeleného signélu.
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Obrazek 48: Konfokaln¢ mikroskopicka lokalizace ST6GalNAc Il v trans-Golgi EBV-
imortalizovanych IgAl-produkujicich bunék ziskanych od IgAN pacientu. ST6GalNAc I
detekovano pomoci anti-ST611 klon 2B8 a anti-mysi IgG-FITC (zelena). Trans-Golgi barvené
krali¢i anti-tgn46 protilatkou a anti-krali¢i 1gG-Cy3 (Eervena). Jadro obarveno DAPI. Zluta

barva predstavuje piekryv ¢erveného a zeleného signalu.

Obrazek 49: Konfokaln¢ mikroskopicka lokalizace ST6GalNAc Il v cis-Golgi EBV-
imortalizovanych IgA1-produkujicich bun¢k ziskanych od zdravych kontrol. ST6GalNAc Il
detekovano pomoci anti-ST61l klon 2B8 a anti-mysi IgG-FITC (zelend). Cis-Golgi barvené
krali¢i anti-gm130 protilatkou a anti-krali¢i 1gG-Cy3 (Servena). Jadro obarveno DAPI. Zluta

barva pfedstavuje piekryv ¢erveného a zeleného signalu.

Obrazek 50: Konfokaln¢ mikroskopa lokalizace ST6GalNAc Il vtrans-Golgi EBV-

imortalizovanych IgA1-produkujicich bunék ziskanych od zdravych jedinch pomoci anti-
ST6GalNAc Il protilatky (klon 2B8) a anti-mysi 1gG-FITC (zelena). Trans-Golgi barvené
krali¢i anti-gm130 protilatkou a anti-krali¢i 19G-Cy3 (Gervend). Jadro obarveno DAPI. Zluta

barva ptedstavuje prekryv cerveného a zeleného signalu.
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Kolokaliza¢ni analyza 10 snimkad potvrdila vysledky standardni fluorescenéni
mikroskopie, tedy dominantni lokalizaci ST6GalINAc II u skupiny IgAN pacientli a zdravych
kontrol v trans-Golgi komplexu s vyznamnym posuvem smérem k cis-Golgi u bunék od
pacientd s IgAN (Tabulka 20).

Tabulka 20: Kolokalizace ST6GalNAc Il v Golgiho komplexu bun¢k pacientd s IgAN a

zdravych kontrol pomoci konfokalniho mikroskopu.

kolokalizace v buiikach Pearsoniv koeficient | Piekryv | % | Rozdil
zdravych kontrol, ST61I vz cis-Golgi 0,7810 0,9494 | 78,10
IgAN pacientt, ST6II vz cis-Golgi 0,9148 0,9600 | 91,48 1340
buriky zdravych kontrol, ST61I vz trans-Golgi 0,8737 0,9730 | 87,37
buiiky IgAN pacientti, ST6I1 vz trans-Golgi 0,8943 0,9725 | 89,43 2,06
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5 Diskuze

IgA nefropatie (IgAN) je autoimunitni onemocnéni charakterizované ukladanim
imunokomplexti (IK) IgA-19G v glomeruldrnim mezangiu. U IgAN dochézi k abnormalni O-
glykosylaci 1IgA1 HR charakteristické snizenym mnozstvim Gal pfipojené ke koncovému
GalNAC a naopak zvysenou vazbou NeuAc na koncovy GaINAc. Abnormalné glykosylované
IgAl je rozliSovano autoprotilatkami (IgG, IgA1l), jejichz epitop je konformovan za ptispéni
terminalniho GaINAc na pantové oblasti IgAN [15].

Bakulovirovy expresni systém byl v této praci uspéSné pouzit k pripravé
rekombinantnich enzymaticky aktivnich sekretovanych variant Igk-GalNAc-T2, Igk-
ST6GalNAc 1l a Igk-ST6GalNAc | glykosyltransferaz s vyuzitim sekre¢ni signaliza¢ni
sekvence lehkého fetézce mysiho imunoglobulinu kappa a kratké His tag znacky umoznujici
afinitni purifikaci proteinu. Dalsi glykosyltransferazy Igik-GalNAc-T14, Igk-C1GalTl1, Igk-
Cosmc nebyly efektivné sekretovany. V ptipadé GalNAc-T14 jsme testovali pric¢inu tohoto
jevu pripravou konstrukti sestavajicich z N' termindlni lektinové domény GalNAc-T2 a
katalytické domény GalNAc-T14 a naopak. Analyzy ukazaly, Ze lektinovd doména a zejména
N' termindlni Cast proteinu bezprostfedné za publikovanou transmembranovou doménou
vyznamné ovlivituje efektivitu sekrece enzymy GalNAc-T14. Zavér z téchto studii je, zZe
oproti ptivodng, v této praci uvedenému zktraceni GalNAc-T14 o transmembranovou doménu
v pozici 25. aminokyseliny, je tfeba zkratit enzym minimaln€ po pozici 39. aminokyseliny
(data nebyla dosud publikovana). V piipad¢ dalSich enzymii v soucasnosti testujeme varianty,
které by si zachovaly enzymatickou aktivitu a byly pfitom efektivné sekretovany. Problém
tohoto pfistupu s po€iva v tom zZe jednim z hlavnich vyuziti rekombinantnich proteinli je
testovani kinetiky a zpisoby glykosylace pantové oblasti IgA1 a zkraceni enzymu miize vést
k zméne enzymatické aktivity, jejiz dopad nebude mozné jednoznacné posoudit. Na druhou
stranu, pouZziti detergentll pro izolaci nesekretovanych forem rekombinantnich enzyma muze
do jisté miry rovnéz ovlivnit enzymatickou aktivitu finalniho preparatu a tudiz vysledky in
vitro analyz bude nutné ovéfit na vhodné uspofddaném bunééném modelu vyuzivajicim
napiiklad potlaceni exprese nebo naopak zvySeni exprese standardni formy konkretniho
enzymu pomoci siRNA nebo transfekce bun€k enzym kodujicim plasmidem, coz jiz v
soucasnosti je Castecné dosazeno. Kromé Igk signaliza¢ni sekvence Ize jako alternativu vyuzit
i dalsi sekvence jako bakulovirovou signalni sekvenci GP67 atd. [27, 62], jejichz pfinos je

vSak nutné experimentaln¢ ovéfit. V dalsim kroku, zejména z divodd casové naroénosti
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produkce proteini v hmyzich bufikach jsme se zaméfili na produkci enzymu Igk-GalNAC-T2,
Igk-GalNACc-T14 a Igk-ST6GaINAC 1. Produkce GalNAc-T2, GalNAc-T14 a ST6GalNAc 11
byla optimalizovdna a rekombinantni proteiny byly izolovany ve vysoké Cistoté a dostatecné
koncentraci pozadované pro in vitro glykosyla¢ni experimenty. V prubéhu feSeni projektu se
jako cCasové a cenov€ vhodnéjsi alternativa ukazala exprese rekombinantnich
glykosyltransferaz v sav¢ich buitkach HEK 293F. Rekombinantni enzymy ziskané pomoci
savC¢iho expresniho systému vykazovaly shodné enzymatické aktivity.

O-glykosylace IgAl probiha vyhradné v Golgiho komplexu [20]. Zahajeni O-
glykosylace pantové oblasti IgA1 se donedavna piisuzovalo pouze GalNAc-T2 [26-27]. Nase
posledni experimenty ukazuji, Ze GaINAc-T14 se v IgA1 produkujicich bunkach od pacienti
s IgA nefropatii exprimuje 5x vice nez v bunikach zdravych kontrol, zatimco exprese GalNAc-
T2 a dalsich GalNAc-Ts se u pacientll a zdravych kontrol neli$i. Zapojeni GalNAc-T14 do
abnormalni glykosylace bylo potvrzeno pomoci siRNA inhibice jeji aktivity, ktera vedla k
poklesu Gal abnormity IgAl1 produkovanych bunkami od pacienti s IgA nefropatii.
Vysvétleni spociva v tom, ze zvySend exprese a aktivita GlaNAc-T14 vede k extenzivnimu
ptipojovani GalNAc k pantové oblasti nad kapacitu f1,3 Gal transferazy, jehoz dusledkem je
zvySené mnozstvi terminalnich, negalaktosylovanych GalNAc [28]. Rekombinantni GalNAc-
T2 a GalNAc-T14 (rGalNAc-T2 a rGalNAc-T14) izolované z hmyzich bunék Sf9 nebo
sav¢ich bun¢k 293F umoznuji jednak in vitro modelovani prvniho kroku O-glykosylace, tak
napiiklad pfipravu rekombinantniho galakt6zové deficientniho monovalentniho IgAl pro
ucely studia moznosti ovlivnéni tvorby imunitnich komplext [63]. Rekombinantni GalNAc-
T2 a GalNAc-T14 byly jiz vyuzity pro studium kinetiky ptipojeni GalNAc k peptidu
reprezentujicicmu pantovou oblast IgA1 a k rekombinantnimu IgA1l jako akceptoru. Prace
byly dosud publikovany formou posterd [45-46, 64-65] a po dokonceni nezbytnych
potvrzovacich experimentli budou publikovany casopisecky. Vyznamny zavér je, Ze oba
enzymy se li§i v kinetice obsazovani jednotlivych potencialnich O-glykosyla¢nich mist a
postu pripojovani GalNAc. GalNAc-T14, narozdil od GalNAc-T2 vyznamné zvySuje
enzymatickou aktivitu, jestlize IgA substrat obsahuje jiz nekteré O-glykosyla¢ni misto
obsazené GalNAc, zfejm¢ za nativnich podminek v dasledku aktivity GaINAc-T2. VétSina

225 236 byva Casto neobsazen [10]. Thr?®,

HR IgAl ma glykanem obsazen Thr*”, zatimco Thr
Thr*® a Ser® jsou nejcastéji obsazeny disacharidem Gal-GalNAc zatimco Ser®®, Thr*® a
Thr*® byvaji cast&ji Gal-deficientni nebo nemaji zadny O-glykan [9]. Detailni analyza
hmotnostni spektrometrii potvrdila, ze rekombinantni rGalNAc-T2 pfipojuje GalNAc na

vSech devét POGS IgA1 HR a pocet obsazenych O-glykosylacnich mist se zvySuje s Casem.
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Glykosyla¢ni mista se shoduji s pfedpokladanymi POGS a rGalNAc-T2 piipojuje GalNAc
v tomto pofadi: prvni na T?® a pak na T?*, nasleduje S°*, T?* a S* a na konec $* a §?°
[45-46]. Porovnanim piesnych pozic O-glykani HR IgAl zdravych jedinc s pfesnymi
pozicemi Gal-deficientnich O-glykantt HR IgA1l pacientt s IgAN dale pfispéje k objasnéni
vzniku IK [9-10].

Dalsi faze glykosylace pantové oblasti IgA1 spociva v pfipojeni Gal k terminalnimu
GalNAc nebo piipojeni NeuAc k terminalnimu GalNAc je proces, v némz pied¢asna sialylace
muze blokovat aktivitu 1,3 Gal transferazy. V tomto procesu hraje vyznamnou roli
ST6GalNAc 1l [39] a dosud ne zcela jasné definovanou roli ziejmé i néktera z 02,3 sialyl
transferaz. U IgA1 zdravych jedinct pievazuji NeuAc vazané v pozici a2,3 zatimco IgAl
u IgAN pacientd ma 02,3 i 02,6 sialylované O-glykany [9, 47]. Real-time PCR expresni
analyza ukdzala, Ze ST6GalNAc II je zvySené exprimovana bufikami tvoficimi abnormalné
galaktosylované IgAl izolovanymi od pacientd s IgAN, zatimco u epitelidlnich bunék
zvysena exprese ST6GalNAc II nezpusobuje vznik sialylovaného Tn Ag [37]. Na potvrzeni,
ze ST6GaINAc I pfipojuje NeuAc na terminalni GaINAc byl zaméten jeden z cilt piedlozené
diserta¢ni prace - ptipravit rekombinantni ST6GalNAc 1l a ST6GalNAc | a testovat Kinetiku
sialylace pantové oblasti IgA1. Srovnani aktivity obou rekombinantnich proteint potvrdilo, Ze
ST6GalNAc 11 je schopna piipojit vice molekul NeuAc nez ST6GalNAcC | [66]. Spole¢né s
siRNA inhibici aktivity ST6GalNAc II potvrdily enzymatické esseje, ze ST6GalNAc II hraje
vyznamnou etiopatogenetickou roli pfi tvorbé abnormalné galaktosylovaného IgAl.

DNA vakcinace umoznila ptipravit monoklonalni protilatky specificky detekujici
ST6GalNAc II uvnitt Golgiho komplexu a umoznila potvrdit abnormity v lokalizaci
ST6GalNAc 1II spocivajici v pfesunu vyznamného mnozstvi ST6GalNAcC Il smérem do cis
Golgi komplexu, kde mechanismem ptedéasné sialylace dale piispiva k produkci IgAl se
snizenym mnozstvim galakt6z ptipojenych ke GalNAc na pantvé oblasti IgA1.

Dosavadni vysledky ukazuji, ze strategie rekombinantnich glykosyltransferaz ptispéla
k popisu mechanismu vzniku abnormalné glykosylovaného IgA1 u IgA nefropatie a rovnéz
poskytla nastroj pro pfipravu monovalentnich abnormélné glykosylovanych IgA1 nebo jejich

fragmentt jako potencialnich inhibitorti tvorby cirkulujicich imunitnich komplexi.
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6 Zavéry

Ve shod¢ s cili disertaéni prace byly ptipraveny vektory kodujici rozpustné formy
rekombinantnich enzymaticky aktivnich lidskych glykosyltransferdz. Rekombinantni enzymy
Igk-GalNACc-T2, Igk-GalNAc-T14, Igk-C1GalTl, Igk-Cosmc, Igk-ST6GalNAc | a Igk-
ST6GalNAc Il byly produkovany pomoci bakulovirového expresniho systému (v Sf9
bunkach) a pomoci sav¢iho expresniho systému (v 293F burikach). Identita rekombinantnich
glykosyltransferaz byla potvrzena hmotnostni spektrometrii. Enzymové aktivity Igk-GalNAc-
T2, Igk-GalNAc-T14, Igk-ST6GalNAc 1 a Igk-ST6GalNAc Il byly ovéfeny in vitro
glykosylaci syntetického peptidu odpovidajiciho tézkému fetézci IgA1l nebo glykosylaci
rekombinantniho fragmentu IgAl Cal-HR-Ca2. Mysi byly vakcinovany DNA vakcinou
kodujici lidské glykosyltransferazy pomoci hydrodynamické metody, coz nam umoznilo
indukovat tvorbu specifickych sérovych protilatek. Nasledné¢ byly pfipraveny mysi
monoklonalni protilatky rozpoznavajici ST6GalNAc II (mAb anti-ST6II), které umoznily
specificky barvit ST6GalNAc Il enzym v IgAl-produkujicich buiikach imortalizovanych
infekci virem Epsteina a Barrové od pacientt s IgA nefropatii @ od zdravych kontrol a urdit
jeho lokalizaci vzhledem Kk cis- a trans-Golgi markerim (gm130 a tgn46).

Reakce s HAA lektinem potvrdila, Zze enzymy Igk-GalNAc-T2 a Igk-GalNAc-T14
ptipojuji GalNAc na synteticky peptid kodujici HR IgA1 nebo na rekombinantni fragment
Cal-HR-Co2 IgAl. Oba enzymy piipojuji GaINAc na jednotlivé POGS s odlisnou Kinetikou
reakce. Enzymy Igk-ST6GalNAc I a Igk-ST6GaINAC Il jsou schopny sialylovat specifické
GalNAcC piipojené k pantové oblasti rekombinantniho fragmentu Cal-HR-Co2 IgAl. Jejich
aktivita se lisi jednak rychlosti ptipojovani jednotlivych sialovych kyselin, tak maximalnim
poctem sialovou kyselinou obsaznych GalNAc, kde Igk-ST6GalNAc I pfipojuje maximalné
jednu az dvé sialové kyseliny na vSech 9 potvrzenych GalNAc na pantové oblasti IgA1, Igk-
ST6GalNAc II byla schopna za stejnych podminek pfipojit o jednu sialovou kyselinu navic.

Fluorescencni a konfokalni mikroskopie potvrdila, Ze v IgAl-produkujicich buiikach
izolovanych od pacientii s IgA nefropatii dochazi k castecné relokalizaci ST6GalNAc Il
smérem k cis-Golgi oproti kontrolam, coz mize ptispét, nedavno potvrzenym mechanismem
predcasné sialylace, k tvorbé IgA se zvySenym mnozstvim termindlniho GalNAc na pantové
oblasti.

Rekombinantni enzymy Igik-GalNAc-T2, Igk-GalNAc-T14, Igk-ST6GalNAc 1 a Igk-

ST6GalNAc II produkované pomoci bakulovirového expresniho systému a savciho
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expresniho systému umoziuji in vitro modelovani prabéhu glykosylace IgA1 a mohou tak

pfispet k poznani molekularni podstaty tvorby abnormalné glykosylovaného IgA1 u IgAN.
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7 Souhrn

IgA nefropatie (IgAN) je autoimunitni onemocnéni charakterizované ukladdnim
imunokomplexti (IK) v glomeruldrnim mezangiu. IK jsou tvofeny polymernimi IgAl
molekulami, které maji abnormalni strukturu O-vazanych glykand na pantové oblasti. Pantova
oblast IgA1 obsahuje devét potencialnich mist pro O-glykosylaci, ale obvykle jen 3 az 6 mist
je obsazenych. O-vazané glykany pantové oblasti IgAl jsou syntetizovany v jasné
definovaném sledu enzymatickych reakci: nejprve je pfipojen N-acetylgalactosamin
(GalNAc) na Ser nebo Thr pomoci N-acetylgalactosaminyltransferazy 2 (GalNAc-T2).
Vznikly O-glykan je dale prodlouzen pftipojenim galaktosy (Gal) pomoci core 1 B1,3-
galaktosyltransferazy (C1GalT1), jejiz stabilita zavisi na C1GalT1-specifickém molekularnim
chaperonu (Cosmc). Nakonec je pomoci 02,6-sialytransferazy 11 (ST6GalNAc II) pfipojena
sialova kyselina (NeuAc) na GalNAc nebo pomoci a2,3-sialytransferdzy na Gal. U IgAN
dochdzi k abnormalni glykosylaci pantové oblasti IgA1 spocivajici ve snizeném mnoZzstvi Gal
ptipojené ke GalNAc. Abnormalni glykosylace je pfi¢inou vazby nékterych protilatek tiidy
IgG, IgAl, které reaguji s abnormalnimi cukry na pantové oblasti IgAl. Tyto protilatky se
uplatiiuji jako autoprotilatky.

Hlavnim cilem prace byla produkce rekombinantnich enzymaticky aktivnich lidskych
glykosyltransferaz - GalNAc-T2 a -T14, C1GalTl, Cosmc, ST6GalNAc | a II pomoci
bakulovirového nebo sav¢iho expresniho systému. Expresni kazeta kodujici vlastni protein
byla vnesena do vektoru, kterym byly transfekovany hmyzi buiiky Sf9. Nové vytvotreny
rekombinantni bakulovirus dale zajist'uje produkci rekombinantniho proteinu v Sf9. Sekvence
kazdého proteinu byla zkracena o N termindalni transmembranovou doménu, na jejiz misto
byla vnesena sekre¢ni signaliza¢ni sekvence z lehkého fetézce mysiho imunoglobulinu kappa.
Na C-konec byla vnesena kratka His tag znacka umoziujici afinitni purifikaci proteinu.
Produkce GalNAc-T2 a -T14, C1GalT1, Cosmc, ST6GalNAc I a II byla optimalizovana a
rekombinantni proteiny byly izolovany pomoci afinitni NiINTA chromatografie. Proteiny byly
identifikovany pomoci SDS-PAGE a western blotu. Aminokyselinova sekvence
rekombinantnich proteini byla potvrzena pomoci hmotnostni spektrometrie. Aktivity
glykosyltransferaz byly charakterizovany uréenim poctu GalNAc, Gal a NeuAc pfipojenych
jednotlivymi enzymy k potencialnim O-glykosylaénim (POGS) mistim syntetického HR
peptidu IgA1 nebo rekombinantniho IgA1 proteinu a ur¢enim pofadi obsazovanych POGS.

Detailni analyza potvrdila, Ze rekombinantni Igk-GalNAC-T2 piipojuje GalNAc na

vSech devét POGS IgA1 HR v ¢asové definovaném potadi. Glykosyla¢ni mista obsazend Igk-
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GalNAc-T2 odpovidaji mistim popsanym u sérového IgAl. Igk-GalNAcC-T2 piipojuje
GalNAc v tomto pofadi: prvni na T® a pak na T?®, nasleduje $*%, T?* a $**° a na konec
S8 a $?* Nedavné in vitro studie naznacuji, ¢ GalNAc-T2 neni jedinou GalNAc-T
glykosylujici IgAl HR. Vyznamnym kandidatem je GalNAc-T14, ktera se Vv IgAl-
produkujicich buiikach exprimuje 5 krat vice u pacienti s IgAN, nez u zdravych kontrol,
zatimco exprese GalNAc-T2 se u obou skupin vyrazné nelisi.

Hydrodynamicka vakcinace umoznila indukovat tvorbu specifickych protilatek proti
studovanym glykosyltransferazam. Byly pfipraveny hybridomy produkujici protilatky proti
ST6GalNAc Il. Ziskané protilatky byly pouzity pro mikroskopické analyzy lokalizace
ST6GalNAc Il. Pomoci fluorescenéni a konfokalni mikroskopie byla lokalizovana
ST6GalNAc Il v Golgi komplexu a pomoci kolokalizace s cis- a trans-Golgi specifickymi
markery bylo potvrzeno, ze IgAl-produkujici buiiky od pacientli s IgA nefropatii maji
ST6GalNAc II vice lokalizovanou v cis-Golgi oproti IgAl-produkujicim buitkdm od zdravych
kontrol. Caste¢né piesunuti ST6GaINAc |l ztrans-Golgi mize piedstavovat novy
mechanismus pfispivajici k tvorbé Gal-deficientnich [gA1 mechanismem ptedcasné sialylace
O-vazanych glykanii na IgA1l.

Rekombinantni glykosyltransferazy umozniuji modelovat in vitro prubéh glykosylace
IgA1 a pfispivaji tak k poznani molekuldrni podstaty tvorby abnormalné glykosylovaného

IgAL u IgAN.
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8 Summary

IgA nephropathy (IgAN) is associated with abnormal O-glycosylation of
immunoglobulin Al (IgA1l), characterized by the presence of galactose (Gal)-deficient O-
glycans in the IgAl1 hinge region (HR). The terminal N-acetylgalactosamine (GalNAc) of
IgA1l O-glycans is often modified by addition of sialic acid (NeuAc). IgAl with terminal
GalNAc is recognized by naturally occurring antibodies, thus leading to the formation of
pathogenic IgAl-containing circulating immune complexes (CIC) which after glomerular
deposition induce mesangial cell proliferation and expansion of extracellular matrix. The aim
of this thesis was to study enzymes involved in O-glycosylation of IgA1 hinge region.

O-glycosylation of IgAl takes place in the Golgi apparatus of IgAl-producing cells.
O-glycosylation is initiated by attachment of GaINAc to Ser/Thr residues on IgA1 HR by N-
acetylgalactosaminyltransferases (GalINAc-T2 or GalNAc-T14) followed by addition of Gal
to the GalNAc catalyzed by B1,3-galactosyltransferase 1 (C1GalT1) with specific chaperone
Cosmc. This structure can be modified by attachment of NeuAc to the Gal residues in a
reaction catalyzed by a a2,3-sialyltransferase (ST3Gal) and/or to the GalNAc residues
catalyzed by a2,6-sialyltransferase Il (ST6GalNAc I1). Gal deficiency observed on IgAl
could be attributed to the changes in level of any involved glycosyltransferases, aberrant
structure of involved enzymes, abnormal distribution of enzymes in Golgi apparatus where O-
glycosylation takes place, competition between GalNAc-T2, C1GalT1, and ST6GalNAc Il
and mean monosaccharides levels.

Recombinant enzymes involved in O-glycosylation of IgAl hinge region were
expressed by the Baculovirus Expression System and/or in HEK 293 cells, isolated by affinity
NiNTA chromatography, identified by Western blotting with anti-His-tag antibody and their
identities were validated by mass-spectrometry-based sequencing. Activity of recombinant
glycosyltransferases were measured based on the rate and sites of the attachment of GalNAc,
Gal and NeuAc to the synthetic IgA1 HR peptide or recombinant IgA1 HR-containing
protein.

Detail analyses confirmed that recombinant Igk-GalNAc-T2 could add GalNAc to all
nine glycosylation sites in IgA1 hinge region peptide. Time-course analyses showed that the
number of added GalNAc residues increased with time and GalNAc-T2 ads GalNAc residues
in an ordered fashion: to T%® first and then to T?*°, followed by $**?, T°*, and S**, and

8238

finally to and S*°. Recent in vitro studies suggested involvement of another GalNAc-T,

GalNAc-T14 which is among the major GalNAc-Ts transcribed in IgAl-producing cells and
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its expression is 5-fold greater in IgAl-producing cells from the patients vs. the cells from
healthy controls. In contrast, the expression of GaINAc-T2 did not differ between patients and
healthy controls.

Hydrodynamic DNA vaccination was used to induce high titers of specific antibodies
to respective recombinant enzymes. In case of ST6GalNAc Il, hybridoma cells producing
ST6GalNAc Il-specific monoclonal Ab were isolated. Selected ST611-specific mAb were used
for cell staining and microscopic analysis of the ST6GalNAc Il localization within Golgi
apparatus. Using co-localization with cis- and trans-Golgi markers-specific antibodies
fluorescence and confocal microscopy revealed that IgA1-producing cells from IgAN patients
had more ST6GalNAc Il localized in cis-Golgi compared to cells from healthy controls.
Described relocation of ST6GalNAc Il from trans- toward cis-Golgi in IgAl-producing cells
may represent a new mechanism contributing to production of Gal-deficient IgA1 caused by
premature sialylation of IgA1 O-linked glycans, which in accordance with recent results could
prevent attachment of Gal to GalNAc.

Recombinant glycosyltransferases provide valuable tool for elucidation of mechanisms
involved in production of aberrantly O-glycosylated IgAL in IgAN. We hope that this work
will contribute to the elucidation of mechanisms involved in generation of aberrantly

glycosylated IgA1 in IgA nephropathy.
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9 Seznam zkratek
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ABSTRACT

Background. Galactose-deficient O-glycans in the hinge
region (HR) of immunoglobulin Al (IgA1l) play a key role in
the pathogenesis of IgA nephropathy (IgAN). O-Glycans of
circulatory IgAl consist of N-acetylgalactosamine (GalNAc)
with a B1,3-linked galactose; both sugars may be sialylated. In
patients with IgAN, 0.2,6-sialylated GalNAc is a frequent form
of the galactose-deficient O-glycans. Prior analyses of IgAl-
producing cells had indicated that o2,6-sialyltransferase II
(ST6GalNAc-1I) is likely responsible for sialylation of GaINAc
of galactose-deficient IgA1, but direct evidence is missing.
Methods. We produced a secreted variant of recombinant
human ST6GalNAc-II and an IgAl fragment comprised of
Cal-HR-Coa2. This IgA1 fragment and a synthetic HR peptide
with enzymatically attached GalNAc residues served as accep-
tors. ST6GalNAc-II activity was assessed in vitro and the at-
tachment of sialic acid to these acceptors was detected by
lectin blot and mass spectrometry.

Results. ST6GalNAc-II was active with both acceptors. High-
resolution mass spectrometry analysis revealed that up to three
sialic acid residues were added to the GalNAc residues of the
HR glycopeptide.

© The Author 2014. Published by Oxford University Press
on behalf of ERA-EDTA. All rights reserved.

Conclusions. Our data provide direct evidence that ST6Gal-
NAc-II can sialylate GalNAc of galactose-deficient IgAl. As
serum levels of galactose-deficient IgA1 with sialylated glyco-
forms are increased in IgAN patients, our data explain the cor-
responding part of the biosynthetic pathway.

Keywords: aberrant O-glycosylation, galactose-deficient IgAl,
IgA nephropathy, immunoglobulin Al, 02,6 sialyltransferase
ST6GalNAc-1I

INTRODUCTION

Immunoglobulin A (IgA) nephropathy (IgAN) is associated
with alterations of hinge region (HR) O-glycans of IgA1 [1-3].
O-glycans on circulatory IgA1 are Core 1 glycans consisting of
N-acetylgalactosamine (GalNAc) attached to HR serine or
threonine (GalNAc-a-Ser/Thr, also called Tn antigen) with a
B1,3-linked galactose; both sugars may be sialylated. Galact-
ose-GalNAc-a-Ser/Thr disaccharide (also called T antigen) re-
presents a prevailing glycoform on normal circulatory IgAl
[4-8]. In patients with IgAN, an elevated fraction of IgA1 has
some O-glycans without galactose, leaving terminal GalNAc
residue(s) (GalNAc-a-Ser/Thr) accessible for recognition by
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IgG and/or IgAl autoantibodies. The consequence is forma-
tion of nephritogenic immune complexes [9] that may deposit
in the glomeruli, activate mesangial cells [3, 10, 11] and induce
renal injury. This process culminates in end-stage renal failure
within 20 years after diagnosis in 20-40% of patients [12].
The IgA1 HR, located between Col and Co2, consists of two
octapeptide repeats [13] with nine potential O-glycosylation
sites (POGSs) of which three to six are glycosylated
(PVPST?*PPT?*8p§23°p§232T233ppT23SpSPSC; POGSs are
in bold and the six commonly glycosylated sites are num-
bered) [14-16].

O-Glycosylation of IgAl is initiated by attachment of
GalNAc to Ser/Thr residues by a polypeptide N-acetylgalacto-
saminyltransferase (GalNAc-T) [1, 17]. Attachment of galact-
ose by a B1,3-galactosyltransferase (C1GalT1) follows, leading
to formation of galactose-GalNAc-o-Ser/Thr disaccharides
[18, 19]. IgA1-producing cells from patients with IgAN secrete
IgA1 with several galactose-deficient O-glycans. While some
glycans have a terminal GalNAc residue, in other glycans the
GalNAc residue is capped with sialic acid, forming sialyl-Tn
(STn) antigens [20]. The addition of sialic acid is mediated by
an 02,6-sialyltransferase (ST6GalNAc) [20-22]. Sialylation of
GalNAc-a-Ser/Thr prevents further galactosylation of this
structure on IgAl HR [23]. Therefore, the elevated activity of
an ST6GalNAc may play an important role in the pathogenesis
of IgAN, by enhancing production of IgAl with some of the
clustered O-glycans deficient in galactose [23, 24].

We found that IgAl-producing cells from IgAN patients
exhibited elevated transcription of the ST6GALNAC2 gene
encoding an ST6GalNAc, ST6GalNAc-II [20, 22]. This obser-
vation is consistent with elevated enzymatic activity of
ST6GalNAc in these cells [20, 22], leading to the hypothesis
that ST6GalNAc-II is involved in pathogenesis of IgAN. Re-
cently, we provided indirect evidence for the role of ST6Gal-
NAc-II in the synthesis of sialylated GalNAc-o-Ser/Thr on
IgA1 HR by using siRNA knockdown [23]. Here, we provide
direct evidence that ST6GalNAc-II can sialylate GaINAc in the
IgA1l HR. This process produces a glycoform of IgAl that is
secreted by IgAl-producing cells of IgAN patients of which
the serum level is increased. These data further define the
pathway for synthesis of galactose-deficient IgA1. This new
information may provide leads for development of potential
biomarkers and targets for future disease-specific therapy.

MATERIALS AND METHODS

Cell lines and primary cells

We isolated IgAl-producing cell lines by subcloning
EBV-immortalized cells derived from peripheral blood mono-
nuclear cells of IgAN patients and healthy controls [20].

Production of secreted recombinant ST6GalNAc-II in

mammalian HEK293 cells

Human ST6GALNAC2 cDNA without transmembrane
domain (corresponding to 31-374 amino acids, NCBI Acc.
No. NM_006456) was amplified by RT-PCR from human
colorectal adenocarcinoma cell line HT29 using gene-specific

primers (forward-primer 5'-GTGCAGCGGTACCCGGGGC
CA-3'; reverse-primer 5'-CGCTGGTACAGCTGAAGGAT-3).
PCR product was in-frame blunt-cloned into mammalian ex-
pression plasmid pcDNA3.1 (Thermo Fisher Scientific) ahead
of sequence encoding V5 and His tags. This vector was first
modified by adding in-frame murine Ig kappa secretion
signal-encoding ¢cDNA (corresponding to amino acids MET
DTLLLWVLLLWVPGSTGDAA) at the 5'-end [25]. Recom-
binant ST6GalNAc-II protein was isolated from the super-
natant of transiently transfected HEK293 FreeStyle suspension
cells (293F).

Purification of recombinant ST6GalNAc-II

The recombinant protein was purified by Ni-NTA affinity
chromatography under native conditions performed at 4°C,
as described for GalNAc-T2 [25], with minor modifications.
The culture supernatant was mixed with 1/9 of supernatant
volume of binding buffer (50 mM NaH,PO,, pH 8.0, 300 mM
NaCl, 10 mM imidazole and 0.1% octyl-B-p-glucopyranoside;
OG) and 1/250 supernatant volume of 50% Ni-NTA aga-
rose (Qiagen) and incubated overnight. Ni-NTA agarose
was washed with 10 volumes of washing buffer (50 mM
NaH,PO,, pH 8.0, 300 mM NaCl, 2 mM imidazole and 0.1%
OG). Bound protein was eluted with 6 column-volumes of
elution buffer (50 mM NaH,PO,, pH 8.0, 300 mM Na(Cl,
200 mM imidazole and 0.1% OG) and concentrated on
Amicon Ultracell 10K (Millipore) into 50 mM Tris-HCI (pH
7.4), 200 mM NaCl buffer to reach concentration ~0.5 mg/mL
(BCA Assay, Thermo Fisher Scientific). Protein was separated
by 10% SDS-PAGE and stained with Silver Stain Kit (Thermo
Fisher Scientific). Densitometric evaluation of protein bands
was performed with Image] software (NIH). Identification
of the recombinant protein was confirmed by liquid chro-
matography (LC)-mass spectrometry (MS), as described for
GalNAc-T2 [25].

Preparation of recombinant IgA1 fragment
in Escherichia coli

cDNA encoding Cal-HR-Co2 (NCBI Acc. No. AY647978.1)
was codon-optimized for E. coli expression and synthesized
(Generi Biotech, Hradec Kralove, Czech Republic). cDNA
was cloned into pET101/D-TOPO vector in-frame with 3'-
sequences encoding V5 and His tags (Thermo Fisher Scientif-
ic). Cal-HR-Co2 was expressed in E. coli BL21 (DE3) grown
for 5h at 30°C after the induction by 1 mM isopropyl-B-p-
thiogalactoside and purified from the bacterial pellet lysed
with 6 mL of denaturation lysis buffer added per 1 g of cell
pellet (100 mM NaH,PO,4, 10 mM Tris-HCI, 6 M guanidine-
HCI, pH 8.0). After 24 h, the centrifugation-cleared super-
natant was mixed at ratio 24:1 with 50% Co-NTA agarose
(Qiagen), washed with 12 column-volumes of 6 M urea,
50 mM NaH,PO,4, 300 mM NaCl buffer, pH 8.0, then eluted
with the same buffer adjusted to pH 6.0. Protein was dialyzed
against 10 mM Tris, 150 mM NaCl, 0.3 M arginine buffer, pH
7.0 and concentrated by Amicon Ultracell 10K (Millipore) to
reach ~1 mg/mL. The identity of the Col-HR-Co2 protein
was confirmed by MALDI-TOF MS, as described [26].

M.S. Horynova et al.
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Determination of enzymatic activity of ST6GalNAc-II

IgAl fragment was GalNAcosylated in vitro with GalNAc-
T2 [25]; GalNAc-T2 was inactivated (5 min, 96°C). Six micro-
grams of GalNAcosylated IgA1 fragment were then sialylated
for 36 h at 37°C with 1 ug of recombinant ST6GalNAc-II in
the reaction mixture consisting of 50 mM MES (pH 6.0), 100
mM CMP-NeuAc, 2 mM CaCl,, 2 mM MnCl,, 10 mM MgCl,
in a total volume of 25 pL. Recombinant ST6GalNAc-I was
used in a control reaction [24]. Three micrograms of sialylated
IgAl fragment were then desialylated (2 U of Arthrobacter
ureafaciens sialidase; 37°C, 8 h) [8]. Glycosylated IgA1 frag-
ments were SDS-PAGE western blotted onto PVDF mem-
brane (Millipore), blocked with SuperBlock (Thermo Fisher
Scientific) and developed with biotinylated lectin from Helix
aspersa (HAA), a lectin specific for terminal GalNAc [9, 20,
22, 27-29] (Sigma-Aldrich) diluted 1:1000 in SuperBlock,
followed by HRP-conjugated avidin diluted 1:50 000 (Sigma-
Aldrich). Protein load of IgAl fragments was assessed
with anti-V5-tag antibody HRP-conjugated (Sigma-Aldrich)
diluted 1:10 000 in SuperBlock.

Assessment of the activity of ST6GalNAc-1I by MS

One microgram of the acceptor peptide VPSTPPTPSPST
PPTPSPSCCHPR was first GalNAcosylated using GalNAc-T2
(8 h, 37°C) in 25 pL of a reaction buffer consisting of 25 mM
Tris-HCI (pH 6.64), 5 mM MnCl, and 250 pM UDP-GalNAc
using 0.05 ug of GaINAc-T2. Reaction was terminated by heat
inactivation (95°C for 8 min). Sialylation was performed at
37°C for 24 h in 10 pL (~0.4 pg of GalNAcosylated acceptor)
of previous reaction with the addition of 2.5 uL. ddH,0, 2.5 uL
500 mM MES buffer (pH 6.0), 2.5 uL. 200 mM CMP-NeuAc
and 1.25 pg of purified recombinant ST6GalNAc-II protein in
2.5 uL of 50 mM Tris-HCl (pH 7.4), 200 mM NacCl buftfer.
Five microliters of the sialylation reaction were diluted in 75 pL
of 0.1% formic acid. Ten microliters of sample were loaded onto
Jupiter reverse-phase C18 beads with a 4-um particle diameter
and 90-A pore size and reaction products were eluted using
solvents A (97.4% water, 0.1% FA and 2.5% ACN) and B (2.5%
water, 0.1% FA and 97.4% ACN) to form a non-linear gradient
from 8 to 30% B over 40 min. LC was directly coupled to and
analyzed by Orbitrap Velos high-resolution mass spectrometer
with MSI1 full scans (m/z 200-2000) and MS2 collision-induced
dissociation activation on the top 3 ions from each MS1
scan. Spectra were manually analyzed in Thermo XcaliberQual
Browser software, wherein MS1 peak averages were assigned
glycoforms based on m/z data alone.

RESULTS

Production of secreted recombinant human ST6GalNAc-II

and recombinant Cal-HR-Ca2 fragment of IgA1

To assess whether ST6GalNAc-II can attach sialic acid to
GalNAc-a-Ser/Thr on IgA1 HR, we produced recombinant,
secreted version of ST6GalNAc-II in 293F cells and Cal-
HR-Co2 IgAl fragment in E. coli. Purified proteins were
separated on SDS-PAGE and detected by silver staining

ST6GalNAc-IIsialylates TnantigensinIgAl

(Supplementary data, Figure S1A and B). The bands repre-
senting ST6GalNAc-II (panel A) and Col-HR-Co2 (panel B)
corresponded to the apparent molecular masses of proteins of
54 and 27 kDa, respectively. Densitometric analysis indicated
~93% purity of ST6GalNAc-II and Cal-HR-Coa2. Two poten-
tial N-glycosylation sites on ST6GalNAc-II were predicted
by NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetN
Glyc/). Glycosylation of recombinant ST6GalNAc-II expressed
in 293F cells was confirmed by mobility-shift assay using
SDS-PAGE immunoblot before and after enzymatic deglyco-
sylation with PNGase F [30]. The results showed a reduction
of apparent molecular mass from ~54 to 51 kDa (Supplemen-
tary data, Figure S1C). Identity of both ST6GalNAc-II and
Cal-HR-Co2 proteins was confirmed by mass spectrometry.

Assessment of ST6GalNAc-II enzymatic activity

To determine whether ST6GalNAc-II can effectively sialy-
late GaINAc on IgA1 HR, we used a Cal-HR-Co2 fragment of
IgA1l, produced in E. coli, purified, and subsequently GalNA-
cosylated with recombinant GalNAc-T2 [1, 25]. GalNAc
additions and subsequent sialylation were monitored on
western blot with HAA lectin (reacts with GalNAc but not
with galactose-GalNAc) [20, 22]. HAA did not react with non-
glycosylated Co.l-HR-Co2 (Figure 1, column 1), but recog-
nized GalNAcosylated Col-HR-Co2 (Figure 1, column 2).
Sialylation with recombinant ST6GalNAc-II reduced the re-
activity with HAA by ~80% (Figure 1, column 3); the full re-
activity was restored by treatment with sialidase (Figure 1,
column 4). Anti-V5 antibody reactivity confirmed equal loads
of Cal-HR-Co2.

GalNAc-T2 + + +
ST6GalNAc-II
Sialidase +

Vs . - - -
-

HAA — —
e}
2=
ZE 1.0
5&
T o —
84—
ég 0.5
(1] —
Tg 0 [—
1 2 3 4

FIGURE 1: Determination of ST6GalNAc-II activity on IgA1 Col-
HR-Co2 using lectin blot. Cal1-HR-Co2 was GalNAcosylated by
GalNAc-T2 and then sialylated for 36 h at 37°C with ST6GalNAc-II.
Half of the protein was desialylated by sialidase from Arthrobacter ur-
eafaciens. Glycosylated proteins were analyzed by western blot with
HAA lectin. Anti-V5 antibody was used as load control. (1) Recom-
binant Cal-HR-Ca2, (2) Col-HR-Co2 glycosylated with GalNAc-
T2, (3) sample 2 sialylated by ST6GalNAc-II, and (4) sample 3 after
desialylation. Bar graph expresses densitometric data as means + SD
from two independent experiments.

nIuou papeojumoq

dTIOILAV TVNIOITHO

¥T0Z ‘€ Jqo100 uo 158nb Aq /610'Sfeunolpioxopuy/:ds


http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfu308/-/DC1
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfu308/-/DC1
http://ndt.oxfordjournals.org/lookup/suppl/doi:10.1093/ndt/gfu308/-/DC1
http://ndt.oxfordjournals.org/

ORIGINAL ARTICLE |

VPSTPPTPSPSTPPTPSPSCCHPR + GalNAc-T2 + ST6GalNAc-I
6:1%

LC-FT-MS RT: 10.8-18.0 min
ratio = GalNAc : sialic acid
per glycopeptide

5:14 6:2%

5:24 |
5113 g

7:2% 6:23+
| 5:23+
7:1% 6:34 sialic acid

7:13*‘
o 7:3% '
5:0% | Jiu 10| 503 4:12”’ {5:3& .

| : 4 33
“‘ ln"I‘ JL’ LI.'- J.i. il LJJ JJL l Ld.l 1;“';1 A

900 1000 1100 1200 1300 1400 1500
m/z

7:23

534+
6:0% |

FIGURE 2: Determination of ST6GalNAc-II activity using mass
spectrometry. IgA1 HR peptide VPSTPPTPSPSTPPTPSPSCCHPR
was GalNAcosylated with GaINAc-T2 and then sialylated using
ST6GalNAc-II. MS1 spectra were averaged over glycopeptide-elution
retention times; the glycopeptides were observed in 3" and 4" charge
states. Both the non-sialylated and sialylated forms of the GalNAcosy-
lated HR glycopeptide were detected, ranging from 4 to 7 additions of
GalNAc with 0 to 3 additions of sialic acid. Major glycopeptide ion
species are labeled to show the number of GalNAc and sialic acid ad-
ditions to the acceptor HR peptide.

Next, we tested ST6GalNAc-II activity by MS using Gal-
NAcosylated HR peptide as substrate. Figure 2 shows high-
resolution Fourier transform (FT) MS analysis of enzyme reac-
tion performed for 24 h. LC-FT-MS spectra revealed most of
the GalNAcosylated HR peptide was sialylated, corresponding
to glycopeptides with 4-7 GalNAc additions to the synthetic
HR peptide in the 3" and 4" charge states with additions of
one to three sialic acid residues ( peaks labeled with 4:X, 5:X, 6:
X, and 7:X show number of GalNAc and sialic acid residues;
Figure 2, Supplementary data, Table S1). The distance between
adjacent ion species reflected the exact masses of GalNAc and/
or sialic acid residues. These data directly demonstrated that
ST6GalNAc-II can attach sialic acid residues to GalNAc resi-
dues of IgA1 HR glycopeptide.

DISCUSSION

IgAN is associated with production of IgA1l with galactose-
deficient O-glycans recognized by IgG and/or IgAl autoanti-
bodies, leading to formation of immune complexes that
deposit in the glomerular mesangium and incite glomerular
injury [31, 32]. Galactose-deficiency of IgAl clustered
O-glycans is associated with elevated levels of sialylated
GalNAc, a feature that prevents subsequent galactosylation
[20, 23, 24]. The human colon-cancer cell line HCT15 over-
expresses ST6GalNAc-I and thereby produces an increased
amount of STn [33]. This finding suggests a key role for
ST6GalNAc-I in production of sialylated GalNAc-a-Ser/Thr
structure on glycoproteins in some types of cancer.

The origin of sialylated GalNAc-o-Ser/Thr in the IgA1 HR
in patients with IgAN was puzzling, as IgAl-producing cells
from peripheral blood of IgAN patients do not express
ST6GALNACI [20, 22]. However, abundant transcription of
ST6GALNAC2, the gene encoding another sialyltransferase,
ST6GalNAc-I1, was detected [20, 22]. Based on the overexpres-
sion of STEGALNAC?2 in the cells from IgAN patients versus
those of healthy controls and the elevated ST6GalNAc enzym-
atic activity, we suspected that the candidate enzyme respon-
sible for the sialylation of GaINAc-o-Ser/Thr antigens of IgA1l
is ST6GalNAc-II [20, 22].

Humans have four additional enzymes with ST6GalNAc
activity, ST6GalNAc-III to ST6GalNAc-VI, but their contribu-
tion to oversialylation of IgA1 in IgAN is likely negligible. The
transcriptional levels of STEGALNAC4 and ST6GALNACG in
IgAl-producing cells from IgAN patients versus healthy con-
trols are similar [20, 22]. mRNA for ST6GALNAC3 is present
at low levels in IgAl-producing cells from IgAN patients and
healthy controls. STE6GALNAC5 mRNA is not detectable in
IgA1l-producing cells (M. Raska, unpublished observations).

To confirm that ST6GalNAc-II can attach sialic acid to
GalNAc-o-Ser/Thr on the IgAl HR, we produced recombin-
ant human ST6GalNAc-II. Other investigators have shown
that ST6GalNAc-II isolated from cells attached sialic acid to
terminal GalNAc on a variety of mucins [34, 35]. In cell
lines transfected by human ST6GalNAc-I- and ST6GalNAc-
II-encoding plasmids, sialylation activity of ST6GalNAc-II
toward GalNAc-a-Ser/Thr antigen was less than that of
ST6GalNAc-I [34]. Limited activity of ST6GalNAc-II in STn
synthesis was shown also for some commonly used breast-
cancer cell lines that are STn-negative but express ST6Gal-
NAc-II mRNA ([35]. These reports confirmed that human
ST6GalNAc-II generally prefers galactose-GalNAc-o-Ser/Thr
over GalNAc-a-Ser/Thr and less effectively sialylates GalNAc-
o-Ser/Thr than does ST6GalNAc-I [34]. Here, we produced
recombinant ST6GalNAc-II in eukaryotic cells and used a re-
combinant IgA1l fragment expressed in E. coli that was Gal-
NAcosylated by GalNAc-T2 [25]. To test the ability of the
recombinant enzyme to sialylate Tn antigen(s) on IgAl, we
used HAA lectin western blot, taking advantage of the fact
that sialylation of GalNAc blocks HAA binding to GalNAc-
containing IgA1 [24]. HAA binding to GalNAcosylated IgAl
fragment was reduced after incubation with ST6GalNAc-II
enzyme and restored by enzymatic desialylation. Thus,
ST6GalNAc-II enzyme sialylated terminal GalNAc of the
IgAl HR. ST6GalNAc-I, used as a control, also sialylated
IgAl, the GalNAcosylated Cal-HR-Co2 fragment, and HR
peptide [24]. To better characterize the sialylation products of
ST6GalNAc-II enzyme, we used mass spectrometry and Gal-
NAcosylated HR peptide as the substrate. ST6GalNAc-II
added up to three sialic acid residues to the HR glycopeptide,
suggesting that ST6GalNAc-II can effectively sialylate galact-
ose-deficient IgA1 HR glycans. It is to be noted, however, that
these experiments used Col-HR-Co2 fragment of IgA1 or HR
glycopeptide and, thus, it is not necessarily straightforward to
extrapolate an identical function for this enzyme in a complex
environment of the Golgi apparatus and the IgA1 molecule as
substrate.

M.S. Horynova et al.
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Our previous data indicated that elevated activity of
ST6GalNAc-II in IgAl-producing cells of patients with IgAN
enhanced synthesis of IgAl with some of the clustered
O-glycans deficient in galactose [23, 24]. However, it is not
clear whether sialylated GalNAc is a precursor for the epitope
recognized by the autoantibodies or whether sialylation of
some GalNAc residues blocks galactosylation of neighboring
GalNACc residue(s) and, thus, directly increases the number of
glycans in the IgA1 HR with terminal GalNAc.

In summary, we confirmed that ST6GalNAc-II can sialylate
GalNAc in the clustered O-glycans of IgAl. As the enzyme is
overexpressed in IgA1l-producing cells from IgAN patients, its
activity may contribute to production of galactose-deficient
IgA1 [23], the key autoantigen in the pathogenesis of IgAN.

SUPPLEMENTARY DATA

Supplementary data are available online at http:/ndt.oxford-
journals.org.
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Abstract

Patients with IgA nephropathy (IgAN) have elevated circulating levels of IgA1 with some O-glycans consisting of galactose
(Gal)-deficient N-acetylgalactosamine (GalNAc) with or without N-acetylneuraminic acid (NeuAc). We have analyzed O-
glycosylation heterogeneity of naturally asialo-lgA1 (Ale) myeloma protein that mimics Gal-deficient IgA1 (Gd-IgA1) of
patients with IgAN, except that IgA1 O-glycans of IgAN patients are frequently sialylated. Specifically, serum IgA1 of healthy
controls has more o2,3-sialylated O-glycans (NeuAc attached to Gal) than a2 6-sialylated O-glycans (NeuAc attached to
GalNAc). As IgA1-producing cells from IgAN patients have an increased activity of o2,6-sialyltransferase (ST6GalNAc), we
hypothesize that such activity may promote premature sialylation of GaINAc and, thus, production of Gd-IgA1, as sialylation
of GalNAc prevents subsequent Gal attachment. Distribution of NeuAc in IgA1 O-glycans may play an important role in the
pathogenesis of IgAN. To better understand biological functions of NeuAc in IgA1, we established protocols for enzymatic
sialylation leading to a2,3- or a2,6-sialylation of IgA1 O-glycans. Sialylation of Gal-deficient asialo-IgA1 (Ale) myeloma
protein by an ST6GalNAc enzyme generated sialylated IgA1 that mimics the Gal-deficient IgA1 glycoforms in patients with
IgAN, characterized by a2,6-sialylated Gal-deficient GalNAc. In contrast, sialylation of the same myeloma protein by an o2,3-
sialyltransferase yielded IgA1 typical for healthy controls, characterized by «2,3-sialylated Gal. The GalNAc-specific lectin
from Helix aspersa (HAA) is used to measure levels of Gd-IgA1. We assessed HAA binding to IgA1 sialylated at Gal or GalNAc.
As expected, 02,6-sialylation of IgA1 markedly decreased reactivity with HAA. Notably, «2,3-sialylation also decreased
reactivity with HAA. Neuraminidase treatment recovered the original HAA reactivity in both instances. These results suggest
that binding of a GalNAc-specific lectin is modulated by sialylation of GaINAc as well as Gal in the clustered IgA1 O-glycans.
Thus, enzymatic sialylation offers a useful model to test the role of NeuAc in reactivities of the clustered O-glycans with
lectins.
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Introduction O-glycosylation is the transfer of N-acetylgalactosamine (GalNAc)
to Ser/Thr residues catalyzed by UDP-GalNAc-polypeptide N-
acetylgalactosaminyltransferases (GalNAc-Ts). The attached Gal-
NAc, also called Tn antigen, can be extended by core 1 Bl1,3-
i . . > galactosyltransferase (C1GalTl) that adds galactose (Gal) to
may b_C a}bnormally glycgsylatcd m pat_lcnts V.Vlth autoimmune and GalNAc to form the core 1 structure (GalNAc-Gal disaccharide,
chronic mﬂammatory.dlsorders, mfe.ctlous d1s‘eases, or cancer [1- called T antigen). An 02,6-sialyltransferase (ST6GalNAc; in
10]. Consequen.tly,'blologlcal fun?tlons of d1fferent'1ally leCOS,Y' human B cells it is exclusively ST6GalNAcII that has similar
la}ed glycoprotems in health and disease are of growing interest in specificity as the ST6GalNAcI isoform) can produce sialylated
biomedical researc}.l [11]. . . .. GalNAc, called sialyl-Tn antigen, by adding N-acetylneuraminic

Some glycoproteins have clustered sites of O-glycosylation in the acid (NeuAd) residue to GalNAc, whereas Gal can be sialylated by

segments rich in serine (Ser) and threonine (Th.r). Mucins, such as 02, 3-sialyltransferases (e, ST3Gall) to form sialyl-T antigen.
membrane-associated MUCI or secreted mucins, are prototypes L . .. .

. . I . . Sialic acids occupy the terminal positions of many glycan chains of
of heavily O-glycosylated proteins. The initial step in mucin-type ¢

Glycosylation is one of the most common post-translational
modifications of proteins; about half of mammalian proteins are
glycosylated. Notably, immunoglobulins and other glycoproteins
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glycoproteins and contribute to a wide variety of biological
functions and disease states [12,13]. Abnormalities in mucin O-
glycosylation, including terminal sialylation, are common in some
types of cancer [10]. Increased amounts of sialyl-Tn and sialyl-T
antigens have been reported in cancer cells [10,14-19], with
sialylated O-glycans being associated with higher growth rates [20]
and the metastatic process [21,22] and interactions with cell-
surface receptors [23].

Human IgA is represented by two structurally and functionally
distinct subclasses, IgAl and IgA2 [24]. Notably, IgAl, but not
IgA2, possesses a 19-amino-acid hinge region (HR) with 9
potential O-glycosylation sites; 3 to 6 core 1 O-glycans are
attached per HR [25-31] (Figure 1A,B). Primary IgA nephropathy
(IgAN), the most common type of primary glomerulonephritis
worldwide, is an immune-complex-mediated disease characterized
by the presence of glomerular IgA-containing immunodeposits
[32-36]. These deposits may be derived from IgAl-containing
circulating immune complexes (CIC), often present at increased
levels in patients with IgAN [37-43]. IgAl-containing CIC in
patients with IgAN are characterized by Gal-deficient HR O-
linked glycans of IgA1 (Gd-IgAl) [40,41,43]. These Gal-deficient
O-glycans with terminal or sialylated GalNAc are recognized by
anti-glycan antibodies, resulting in production of nephritogenic
immune complexes that may deposit in the glomeruli, activate
mesangial cells, and induce tissue injury [41,43-45]. It has been
shown that IgAl-producing cells from IgAN patients are
responsible for the production of Gd-IgAl due to the altered
expression and activity of specific glycosyltransferases: decreased
for C1GalTl and elevated for ST6GaINAcIIL. Consequently, in
IgAN patients the circulating levels of Gd-IgA1 with sialylated and
terminal GalNAc are elevated. There are two possible mechanisms
for the increased amount of sialyl-Tn antigen in IgAl HR O-
glycans in IgAN. In the first, augmented addition of NeuAc to
GalNAc prevents further a later addition of Gal (premature
sialylation); we have shown that greater activity of ST6GalNAcII is
critical for the production of Gd-IgA1 [46-48]. Alternatively, Gal-
deficient GalNAc residues may be due only to decreased C1GalT'l
activity and the oversialylation of GalNAc residues would thus be a
consequence of inefficient galactosylation.

Studies of sialylation of the IgAl O-glycans in IgAN reported
variable findings, ranging from increased [40,41,47,49-51] to
decreased [52-56] sialylation. Several groups have examined the
role of sialylated IgA1 O-glycans in mesangial deposition; however,
results of these studies have been inconclusive. Some studies
suggested that oversialylation of IgAl increased the negative
charge of the molecule and thus increased the affinity of such IgAl
to bind mesangial cells [49,51,57]. In contrast, others reported that
the decreased amount of NeuAc and Gal in IgA1-HR O-glycans
enhanced affinity to extracellular matrix proteins in the mesan-
gium [58-61]. Notably, two studies of IgAl eluted from isolated
glomeruli have identified less NeuAc in the mesangial IgAl that
was enriched for Gd-IgAl [62,63]. Furthermore, serum IgA1l from
healthy controls has more o2,3-sialylated O-glycans than o2,6-
sialylated O-glycans [31]. Thus, we speculate that distribution and
sites of attachment of NeuAc in IgAl O-glycans may play an
important role in the pathogenesis of IgAN, as IgA1-HR O-glycans
may have both 02,3- and a2,6-linked NeuAc.

To better assess the biological importance of NeuAc in the IgAl
HR, we established protocols for enzymatic sialylation leading to
02,6- or o2 3-sialylation of GalNAc and Gal, respectively.
Enzymatic sialylation of terminal GalNAc of Gal-deficient
asialo-IgAl (Ale) myeloma protein generated sialylated IgAl that
mimics the Gal-deficient IgAl glycoforms in patients with IgAN,
characterized by a2,6-sialylated GalNAc. We also used the same
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IgA1 myeloma protein, as it has some of the clustered O-glycans
with Gal [30], as an acceptor for a2,3-sialylation of Gal residues
and generated IgAl with a2,3-sialylated Gal typical for healthy
controls. Surprisingly, reactivity with Helix aspersa agglutinin
(HAA), which is specific for terminal GalNAc and is used in
ELISA to measure levels of Gd-IgAl [40,41,64], markedly
decreased not only after a2,6-sialylation of GalNAc but also after
a2,3-sialylation of Gal in IgAl HR O-glycans. This finding is, we
believe, the first demonstration that binding of GalNAc-specific
lectin is modulated by sialylation of Gal-containing glycans in the
clustered O-glycans of IgAl with terminal GalNAc. Thus, this
experimental approach is useful for testing the effects of NeuAc in
clustered IgAl O-glycans on lectin recognition.

Materials and Methods

Recombinant Glycosyltransferases

Soluble forms of recombinant human GalNAc-T2 and
ST6GalNAcI were produced in insect cells Sf9 or human HEK
293T cells [65]. Recombinant ST3Gall was purchased from
Calbiochem (La Jolla, CA).

Acceptors for Enzyme Reactions

A panel of synthetic HR (sHR) (glyco)peptides with no GalNAc,
a single GalNAc residue at five different sites, or five GalNAc
residues [28] was used as enzyme acceptors for GalNAc-T2. We
confirmed that preexisting sites of glycosylation on the sHR
glycopeptides did not affect kinetics of the GalNAc-T?2 reactions
(Figure S1). Thus, sHR peptide, corresponding to the amino-acid
sequence of the human IgAl HR, was synthesized by and
purchased from Bachem (Torrance, CA). The following sHR
peptide was used as the acceptor for GalNAc-T2:
VPSTPPTPSPSTPPTPSPSCCHPR-OH. The enzyme reaction
mixture contained 25 mM Tris-HCl (pH 7.4), 5 mM MnCl,,
250 uM UDP-GalNAc (Sigma, St. Louis, MO), 15 UM acceptor
sHR substrate or sHR glycopeptides, and the purified enzyme in a
final volume of 25 puL. The reaction mixture was incubated at
37°C, samples were collected at different time points, and the
reactions were stopped by boiling. Recombinant GalNAc-T2
added 3 to 7 GalNAc residues to sHR in 15 min. The polymeric
form of IgA1 (Ale) myeloma protein had been previously isolated
from plasma of a patient with multiple myeloma [47]. Briefly, the
plasma sample was precipitated with ammonium sulfate (50%
saturation) and dissolved in phosphate buffer, and IgG and IgM
were removed by affinity chromatography with protein G and
anti-human IgM antibodies, respectively [66]. Next, size-exclusion
chromatography on a column of Ultrogel AcA22 (Amersham
Biosciences, Piscataway, NJ) was used to isolate polymeric IgAl.
The final purification step included FPLC separation of the
polymeric form of IgAl on a column of Sephacryl 300. We
previously reported that the IgAl (Ale) myeloma protein used in
this study was naturally without sialic acid on O-glycans [30].

Sialyltransferase Reactions

sHR (15 uM) with 3 to 7 GalNAc residues or 2 Lg of purified
IgAl (Ale) myeloma protein was incubated with 2 pl of ST3Gall
or ST6GalNAcI overnight at 37°C in a total volume of 20 pl
reaction buffer (50 mM MES buffer, pH 6.5, 2 mM CaCl,, 2 mM
MnCl,, 10 mM MgCly, 5 mM CMP-NeuAc). The sialyltransfer-
ase reaction with the sHR acceptor with 3 to 7 GalNAc residues
was terminated by boiling. The enzyme reaction with IgAl
myeloma protein as acceptor was terminated by snap-freezing the
samples at —80°C [67].
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Figure 1. Structure of IgA1 and the hinge-region (HR) amino-acid sequence. (A) Monomeric IgA1 and its HR with nine possible sites of O-
glycan attachment and the Fc portion of heavy chain with two N-glycans. Underlined serine (S) and threonine (T) residues in HR are frequently
glycosylated [26,30,31]. Arrows show cleavage sites of trypsin and two IgA-specific proteases (from Clostridium ramosum AK183 and Haemophilus
influenzae HK50). (B) O-glycan variants of circulatory IgA1:1, Tn antigen; 2, sialyl-Tn antigen; 3, T antigen; 4, a.3-sialyl-T antigen; 5, a6-sialyl-T antigen; 6,
disialyl-T antigen. Abbreviations: GalNAc, N-acetylgalactosamine; Gal, galactose; NeuAc, N-acetylneuraminic acid.

doi:10.1371/journal.pone.0099026.g001

SDS-PAGE

IgAl (Ale) myeloma protein starting samples and enzymatically
sialylated IgAl samples were cleaved with IgA-specific protease
from Clostridium ramosum AK183 (recombinant enzyme produced
in Escherichia coli) and were separated by SDS-PAGE using 4-15%
gradient slab gels (Bio-Rad, Hercules, CA) under reducing
conditions; the proteins were detected by silver staining.

HAA Lectin-ELISA

F(ab’)y fragment of goat anti-human IgA (Jackson ImmunoR-
esearch, West Grove, PA) at a concentration of 3 pg/ml was
coated onto the wells of Costar 96-well plates (Corning Inc.,
Corning, NY). Plates were blocked overnight at 4°C with 2% BSA
(Sigma-Aldrich, St. Louis, MO) in PBS containing 0.05% Tween
20 (v/v). Samples of IgAl diluted in the blocking buffer were
added to each well and incubated overnight at 4°C. For
neuraminidase treatment, the captured IgA was subsequently
desialylated by treatment for 3 h at 37°C with 10 mU/ml
neuraminidase from Vibrio cholerae (Roche, Basel, Switzerland) in
10 mM sodium acetate buffer, pH 5 [40]. Samples were analyzed
with and without neuraminidase treatment. Samples were then
incubated for 3 h at 37°C with GalNAc-specific biotinylated HAA
lectin  (Sigma-Aldrich) diluted 1:500 in blocking buffer
[45,47,64,66]. The bound lectin was detected with avidin-
horseradish peroxidase conjugate, and the reaction was developed.
HAA binding to IgA1 was expressed relative to the standard IgAl
(Ale) myeloma protein [45,47].

Proteolytic Release of IgA-HR Glycopeptides

IgAl proteins were treated with an IgA-specific protease (from
Clostridium ramosum AK183 or from Haemophilus influenzae HK50
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that differ in the cleavage site; see Figure 1A), followed by trypsin
cleavage, to release IgAl HR glycopeptides [30,31]. The digests
were desalted by use of a C18 spin column (Pierce, Rockford, IL)
before mass spectrometric (MS) analyses.

High-resolution MS Analysis

On-line LC was performed by use of an Eksigent MicroAS
autosampler and 2D LC nanopump (Eksigent, Dublin, CA). One-
hundred-fifty nanograms of digested IgA1 were loaded onto a 100-
um-diameter, 11-cm column pulled tip packed with Jupiter 5-pm
C18 reversed-phase beads (Phenomenex, Torrance, CA). The
digests were then eluted with an acetonitrile gradient from 5 to
30% in 0.1% formic acid over 50 min at 650 nL min~'. Linear
quadrupole ion trap Orbitrap Velos (Orbitrap) mass spectrometry
(Thermo Fisher Scientific, San Jose, CA) parameters were as
described previously [30,31]. Briefly, Orbitrap parameters were
set to normal mass range (MS1, 300< m/z <1800) with a 50,000
resolution scan followed by five data-dependent collision-induced
dissociation tandem MS scans per cycle in profile mode. Dynamic
exclusion was set to exclude ions for 2 min after a repeat count of
three within a 45-sec duration. All spectra were analyzed by use of
Xcalibur Qual Browser 2.1 (Thermo Fisher Scientific) software.
Identified IgAl HR O-glycopeptides were checked against
theoretical values by use of GlycoMod tool (http://www.expasy.
org). Known IgAl HR amino-acid sequences produced by the
combination of IgA-specific protease+trypsin digestions were
inputted with trypsin enzyme and 0 missed cleavage sites. Hexose,
MN-acetylhexosamine (HexNAc) and NeuAc monosaccharide resi-
dues were all selected as possible (variable) additions to the IgA
HR peptides with a mass tolerance of 10 ppm.
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Results

Enzymatic o2,6 Sialylation of Synthetic HR (sHR) with
GalNAc Residues

We successfully produced a recombinant soluble form of
enzymatically active ST6GalNAcl. This enzyme can sialylate
GalNAc of glycoproteins, similarly as does the ST6GalNAcII
isoform expressed in human IgAl-producing cells. sHR glycopep-
tide with 3 to 7 GalNAc residues, generated from sHR in GalNAc-
T2 reaction for 15 min, was used as an acceptor substrate for
ST6GaINAcI (Figure 2A). ST6GalNAcI added three to six NeuAc
residues to sHR peptides with three to seven GalNAc residues,
with at least one GalNAc remaining without NeuAc (Figure 2B).

Enzymatic a2,3 Sialylation of Native IgA1 Protein
ST3Gall adds sialic acid to the Gal residue of T antigen
(GalNAc-Gal). To determine whether recombinant ST3Gall adds
NeuAc residues to clustered O-glycans of IgA1, we used naturally
sialic-acid-deficient IgAl (Ale) myeloma protein, with three to six
O-glycans with up to five T antigens, as an acceptor substrate
(Figure 3A). Our analysis showed that ST3Gall added NeuAc
residues to all five T antigens in the clustered HR O-glycans
(Figure 3B). IgA-specific protease from Haemophilus influenzae HK50
and trypsin produced N-terminal 24-mer glycopeptides (His®"-
Pro®*") and C-terminal 14-mer glycopeptides (Ser?**-Arg®*)
(Figure 1A). To determine whether ST3Gall added NeuAc
residue to only Gal residues, Ser”**-Arg”*> HR glycopeptide with
GalNAc;GaljNeuAc; was subjected to online liquid chromatog-
raphy (LC) collision-induced dissociation (CID) tandem mass
spectrometry (MS/MS) (Figure 4A,B). Primary absence of NeuAc
in the precursor ion indicated that NeuAc was attached to Gal to
form a linear trisaccharide (GalNAc-Gal-NeuAc) (Figure 4B).
Additionally, the presence of a Gal-NeuAc oxonium ion further
confirmed that the addition was the linear trisaccharide. We have

Enzymatic Sialylation of IgA1 O-Glycans

previously analyzed IgAl-HR O-glycoforms of normal human
serum IgAl and found that most T antigens was o2,3-sialylated
[31]. Thus, such an enzymatically o2,3-sialylated IgAl mimics

IgAl from normal human serum.

Model of Distinct 02,3/02,6-sialylated IgA1 HR O-
glycoforms

To establish protocols for enzymatic sialylation of either Gal or
GalNAc in IgAl-HR clustered O-glycans, asialo-IgAl (Ale)
myeloma protein was sialylated using ST3Gall or ST6GalNAcI,
respectively. Significant changes in SDS-PAGE mobility after
sialyltransferase reactions of IgAl Fc fragment produced by IgA-
specific protease from Clostridium ramosum AK183 indicated that
both ST3Gall and ST6GalNAcI added NeuAc to IgAl HR O-
glycans (Figure 5). Enzymatic sialylation of Gal-deficient asialo-
IgAl (Ale) myeloma protein thus generated sialylated IgAl that
mimics the Gal-deficient IgAl glycoforms in patients with IgAN,
characterized by a2,6-sialylated GalNAc, or the IgAl typical for
healthy controls, characterized by a2,3-sialylated Gal.

Lectin Binding to Sialylated IgA1

A GalNAc-specific lectin, HAA, is used in ELISA to measure
levels of Gd-IgAl. Notably, a2,6- as well as a2,3-sialylation of
IgAl HR O-glycans markedly decreased reactivity with HAA
(Figure 6). Neuraminidase treatment recovered the original HAA
reactivity. These results thus suggest that binding of GalNAc-
specific lectin is affected not only by sialylation of GalNAc but also
by sialylation of Gal in the clustered O-glycans of Gal-deficient
IgAl.

Discussion

Patients with IgAN have elevated circulating levels of IgA1 with
some O-glycans consisting of terminal or sialylated GalNAc. We
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Figure 2. MS analysis of sialylation of GalNAcosylated synthetic HR glycopeptides (sHR) by ST6GalNAcl. (A) Acceptor sHR
glycopeptides for ST6GalNAcl with 3 to 7 GalNAc residues were generated by recombinant GaINAc-T2 after a 15-min reaction. (B) sHR glycopeptides
produced after over-night reaction with ST6GalNAcl. Symbols: GalNAc, square; NeuAc, diamond. Red symbols: glycopeptides ionized as 4+ ions; Blue

symbols: glycopeptides ionized as 3+ ions.
doi:10.1371/journal.pone.0099026.9002
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doi:10.1371/journal.pone.0099026.9003

have previously analyzed O-glycosylation of naturally sialic-acid-
deficient IgA1 (Ale) myeloma protein that mimics the aberrant (i.e.,
Gal-deficient) IgA1 in patients with IgAN, although HR O-glycans
of circulatory IgAl are frequently sialylated. It has been suggested
that the anionic nature of IgAl may promote mesangial IgAl
deposition [68,69] and the anionic character of IgAl is in
agreement with less NeuAc in IgAl HR O-glycans [47,49-51].
However, IgAl eluted from isolated glomeruli has decreased level
of NeuAc compared to IgAl in the circulation of the correspond-
ing IgAN patients [62,63]. These observations of altered sialylation
of IgA1 O-glycans have become a significant area of interest in the
pathogenesis of ISAN. We have reported that IgA1-producing cells
from IgAN patients have increased expression of ST6GalNAcII,
an 1soform closely related to ST6GalNAcI, and that IgA1 secreted

PLOS ONE | www.plosone.org

by IgAl-producing cells from IgAN patients contained terminal
and sialylated GalNAc [47]. Furthermore, our high-resolution MS
analysis showed that IgA1 from healthy controls had more a2,3-
sialylated O-glycans than o2,6-sialylated O-glycans [31]. We
speculate that distribution of NeuAc in IgAl O-glycans may play
an important role in the pathogenesis of IgAN, as IgAl-HR O-
glycans have a2,3- as well as a2,6-linked NeuAc. To study the
effect of NeuAc in the IgA1 HR on lectin binding, we established
protocols for enzymatic sialylation leading to 2,3- or o2,6-
sialylation of Gal and GalNAc, respectively. These protocols allow
linkage-specific sialylation to assess the effect of the respective type
of sialylation on IgAl lectin recognition.

Biological roles of NeuAc in clustered O-glycans of IgAl are not
fully understood. NeuAc residues in IgA1 HR O-glycans influence
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the affinity of IgAl to some receptors. For example, binding of
IgAl to asialoglycoprotein receptor (ASGP-R) is reduced by
sialylation of IgAl [70-75]. It also has been suggested that

Asialo-IgA1 (Ale)

Sialylation (-) (-) ST3 ST6
IgA protease () AK AK AK

Heavy -
chain e

FC o @ L
Light - _Fd-— : : e
chain

Figure 5. SDS-PAGE of IgA1 (Ale) myeloma protein. IgA1
proteins were separated by SDS-PAGE under reducing conditions and
the protein bands were silver stained. IgA1 was untreated or sialylated
with ST3Gal1 (ST3) or ST6GalNAc! (ST6) sialyltransferases and the Fc and
Fd fragments of the heavy chains were generated using IgA-specific
protease from Clostridium ramosum AK183 (see Fig. 1). Mobility change
of Fc fragments after sialyltransferase reactions confirmed sialylation of
HR O-glycans.

doi:10.1371/journal.pone.0099026.g005
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enhanced sialylation of IgA1 extended its half-life in the circulation
due to reduced clearance [1,49,51].

The association of recurrent macroscopic hematuria with
upper-respiratory-tract infections in IgAN patients led to the
suggestion that the production of pathogenic IgAl may be related

100
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HAA-IgA1 (%)
(2]
o

N
[3,]

N- N+
ST6

[ 1L
N- N+
ST3

N- N+
Untreated

Figure 6. HAA reactivity of IgA1 (Ale) myeloma protein with
(N+) or without (N-) neuraminidase treatment. HAA lectin binding
to Gal-deficient IgA1 (Ale) in ELISA is reduced by sialylation of GalNAc as
well as of Gal by specific sialyltransferases. HAA binding to an untreated
IgA1 protein is set to 100%.

doi:10.1371/journal.pone.0099026.g006
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to abnormal handling of mucosal antigens. Gd-IgAl in the
patients with IgAN is found almost exclusively in CIC bound to
IgG or IgAl antiglycan antibodies [37-41]. We recently have
shown that these IgG antibodies recognize GalNAc-containing
epitopes on the Gal-deficient HR O-glycans of IgA1 [43]. As to the
origin of these antibodies, it has been suggested that they may
primarily recognize GalNAc-containing epitopes on viruses (e.g.,
Epstein-Barr virus) or bacteria (streptococci) and that they happen
to cross-react with glycans on Gd-IgAl [76]. As surfaces of
microbes can be sialylated [77], NeuAc in IgAl-HR O-glycans
may play an important role in the recognition by specific
antibodies against the HR of Gd-IgAl. Our enzymatic sialylation
protocol in conjunction with MS/MS analyses of the resultant
products will be useful for the molecular studies of the glycoprotein
or glycopeptide structures that may exhibit strong affinity to
glycan-specific antibodies recognizing Gd-IgAl.

IgA-specific proteases are proteolytic enzymes that cleave
specific peptide bonds in the human IgA HR [78]. Several species
of pathogenic bacteria secrete IgA-specific proteases at mucosal
sites of infection that neutralize effector functions of human IgAl
and thereby eliminate an important aspect of host defense. Thus,
IgA-specific proteases are considered virulence factors, as they
prevent effective IgA-mediated immune defense that requires
intact IgA [78-80]. Importantly, some of these bacteria (e.g.,
Streptococcus  pneumoniae) also secrete neuraminidase [80-84] that
removes sialic acid in the first step of the breakdown of soluble
mucins as well as cell-surface glycoconjugates [13]. It is thus
conceivable that structural changes by desialylation of IgAl may
facilitate the recognition of Gd-IgAl HR O-glycans by antiglycan
IgG. This hypothesis may explain the association of macroscopic
hematuria with upper-respiratory-tract infections. In this setting,
the amount of circulating antiglycan autoantibodies presumably
increases due to the infection. The antibodies bind to Gd-IgAl,
resulting in formation of IgAl-IgG complexes, with subsequent
renal deposition, mesangial cell activation, and glomerular injury
(for review, see [36]).

We have developed a new model for sugar-specific sialylation of
IgAl O-glycans and showed that GalNAc recognition by HAA
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Abstract Glycosylation abnormalities have been observed
in autoimmune diseases and cancer. Here, we compare
mechanisms of aberrant O-glycosylation, i.e., formation of
Tn and sialyl-Tn structures, on MUCI in breast cancer, and
on IgAl in an autoimmune disease, IgA nephropathy. The
pathways of aberrant O-glycosylation, although different for
MUCI and IgAl, include dysregulation in glycosyltrans-
ferase expression, stability, and/or intracellular localization.
Moreover, these aberrant glycoproteins are recognized by
antibodies, although with different consequences. In breast
cancer, elevated levels of antibodies recognizing aberrant
MUCI are associated with better outcome, whereas in IgA
nephropathy, the antibodies recognizing aberrant IgA1l are
part of the pathogenetic process.
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Introduction

Alterations in glycan moieties of cell-surface or secreted
glycoproteins are now recognized as a factor that can cause,
or contribute to, defects in the development and function of
cells and organs, leading in some instances to autoimmune
diseases as well as cancers (for review see [1-6]).

Autoimmune disease immunoglobulin A (IgA) nephro-
pathy (IgAN) is associated with alterations in mucin-type
O-glycans [7-9]. In patients with IgAN, a fraction of IgAl
molecules has some O-glycans deficient in galactose (Gal)
leading to exposition of N-acetylgalactosamine (GalNAc)
residues attached to serine or threonine (Tn antigen, also
called CD175). These Tn-antigen-containing IgA1 mole-
cules are recognized by IgG and/or IgAl antibodies,
resulting in the formation of nephritogenic immune com-
plexes [7, 9, 10].

Some cancer cells, on the other hand, produce similar
immature truncated aberrant O-glycans on various cellular
glycoproteins. For example, adenocarcinoma cells of breast
and other tissues over-express the cell-membrane mucin
MUCI1 with truncated non-branched O-glycans consisting
of Tn and sialyl-Tn (STn, CD175s) antigens as well as of
Core 1 glycans such as T (GalNAc-Gal disaccharide, also
called CD176) and sialyl-T antigens (ST, CD176s),
whereas branched O-glycans of Core 2 and, to a lesser
degree Core 3, are typical for the glycoproteins in the
normal counterpart cells [1, 11, 12]. The aberrant O-gly-
cosylation appears to play functional roles for the
malignant phenotype of cancer cells. Truncation of O-
glycans to STn on the surface glycoproteins of cancer cell
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lines changes growth morphology and adhesiveness
important for metastatic behavior [13, 14]. These aberrant
glycoproteins are recognized by antibodies recognizing Tn,
STn and T O-glycopeptide-associated neoepitopes or the
core peptides [15-17]. Such antibodies, primarily those
specific for aberrantly glycosylated glycoproteins, seem to
be protective in cancer [18], in contrast to those recog-
nizing IgA1 O-glycans in IgAN.

The O-glycosylation pathways leading to expression of
the immature truncated Tn, STn, and T O-glycans on
glycoproteins are diverse and not fully clarified. In this
review, we will discuss molecular mechanisms leading to
the glycosylation changes in O-glycans on IgAl in patients
with IgAN and on MUCI in patients with breast cancer.
We will also discuss characteristics of antibodies in both
types of diseases that target these neo-glycoproteins
through their truncated O-glycans and O-glycopeptide
neoepitopes (i.e., neoepitopes involving glycan(s) or gly-
can(s) in the context of the amino-acid sequence) and their
potential for use in diagnostic and prognostic applications.

Molecular structure of human IgA1l

Monomeric human IgAl has two heavy chains and two
light chains connected by disulphidic bridges. The heavy
chains are composed of three constant (C,) domains and
one variable (V) domain, and light chains of one C domain
and one V domain. A hinge region of IgAl, located
between C,1 and C,2, has a unique amino acid sequence
containing two octapeptide repeats (Fig. 1) with nine
potential O-glycosylation sites (POGSs) of which three to
six are glycosylated (PVPST??°PPT??8p§?30pg2321233
PPT***PSPSC; POGSs are in bold and the six sites utilized
on circulatory IgA1 are numbered; Fig. 1) [19, 20]. There
are also two N-glycosylation sites per heavy chain.
Monomers of IgA1 can be covalently associated during the
production in plasma cells with a 17-kDa J-chain and thus
be present as dimers and higher oligomers, called collec-
tively polymeric IgAl. In serum, most of IgA1 (80-99 %)
is monomeric [21].

The carbohydrate composition of the O-linked glycans
on normal serum IgAl is variable but the prevailing form is
the GalNAc with a 1,3-linked Gal (Core 1), and its mono-
and di-sialylated forms [22].

Aberrant O-glycosylation of IgA1 in patients with IgAN
IgAN, the most common primary glomerulonephritis, is
characterized by IgAl immune deposits in glomerular

mesangium usually with complement C3, and frequently
with co-deposits of IgG and/or IgM (for review see [9]).
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Fig. 1 Molecular structures of human IgAl and MUCI. IgAl
monomer (fop) is composed of two light chains (L) and two heavy
chains (H), with O-glycans (orange oval symbols) attached in the
hinge region between the first (C,1) and second (C,2) constant
domains of the heavy chain. Two N-glycans (blue oval symbols) are
attached to each heavy chain. The hinge-region sequence is composed
of two octapeptide repeats with up to six O-glycans attached
(numbered S/T residues in the hinge-region amino-acid sequence)
[19, 20]. Constant and variable domains of light chains (Cp, V) and
heavy chains (C,1-3, Vy) are in yellow and green color, respectively.
Potential O-glycosylation sites (POGS) are in red and the six residues
that had been shown to be glycosylated on circulatory IgAl are
numbered [19, 20, 22]. MUCI1 (bottom) is a transmembrane
glycoprotein composed of two noncovalently associated subunits.
The N-terminal extracellular subunit contains variable number of
tandem repeats (VNTR) of 20 amino acids that may carry up to five
O-glycans (orange oval symbols) [24]. N-glycans are shown by blue
oval symbols. The extracellular subunit is in pink color and contains
N-terminal flanking sequence (NFS), VNTR, and C-terminal flanking
sequence (CFS). The transmembrane subunit is in blue color and
contains extracellular segment (EC), transmembrane domain (TM),
and cytoplasmic domain (CD). POGS in VNTR amino-acid sequence
are in red color. The numbers are used for orientation in reference to a
single VNTR

Serum of patients with IgAN exhibits elevated levels of IgA1
molecules that have some O-glycans aberrantly glycosyl-
ated, i.e., deficient in Gal [7]. Furthermore, IgAl in the
mesangial deposits is enriched for this aberrantly glycosyl-
ated IgA1 form (for review see [9]). IgA1 with Gal-deficient
hinge-region glycans are recognized by IgG and/or IgAl
antibodies [7, 10], resulting in the formation of circulating
immune complexes. These complexes are relatively large,
are not efficiently cleared from the circulation, and tend to
deposit in the renal mesangium where they bind to the res-
ident mesangial cells and activate them. This activation
results in cellular proliferation, production of cytokines, and
overproduction of extracellular matrix proteins leading to
glomerular fibrosis and, ultimately, to renal failure [9].
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Molecular structure of human MUC1

MUCI is a large type I transmembrane mucin glycoprotein
that consists of two non-covalently-linked subunits released
from a precursor polypeptide by proteolytic cleavage
(Fig. 1). The large N-terminal extracellular subunit contains
a domain with variable number of tandem repeats (VNTRs)
of 20 highly conserved amino acids with dense O-glyco-
sylation (HGVT*S’APDT’RPAPGS'T'*APPA; POGSs
are in bold; Fig. 1); MUCI is polymorphic with variable
number of VNTRs from 25 to 125. Notably, carriers of
alleles with a low number of VNTRs may exhibit increased
susceptibility to cancer. The N-terminal subunit associates
with the C-terminal transmembrane subunit consisting of
short extracellular domain, membrane-spanning domain,
and C-terminal cytoplasmic tail [23]. MUCI is one of the
most extensively studied cancer-associated mucins and
serves as a model of aberrant O-glycosylation and cancer-
associated O-glycoprotein immunogenicity.

The MUC1 VNTRs contain five POGSs, all of which
can be O-glycosylated [24], although MUCI1 isolated from
normal human milk contains only 2-3 O-glycans per
VNTR. MUCI also contains potential N-glycosylation
sites, one of which is located in the membrane-associated
subunit and four near the C-terminal end of the extracel-
lular subunit. MUC1 expressed by normal mammary gland
epithelial cells is generally glycosylated with larger bran-
ched Core 2 O-glycans extended by polylactosamine and,
to a lesser extent, capped Core 1 O-glycans, whereas the
truncated Tn, STn, and T structures are absent [12].

Aberrant glycosylation of MUCI in breast cancer

MUCI is characteristically overexpressed in breast ade-
nocarcinomas as well as adenocarcinomas of other organs,
including ovary, lung, pancreas, and prostate. The O-gly-
cosylation of MUC1 VNTRs produced by cancer cells is
altered in density and core structures and elongation/cap-
ping of the O-glycans. In breast cancer, MUCI is greatly
overexpressed and has lost in polarized expression on the
apical surface of the cell. The aberrant O-glycosylation of
MUCI includes an increase in the density of O-glycans
(average POGS occupancy 4.2-4.8 per one VNTR in
breast cancer T47D cell line compared to 2.6 in normal
human milk) and a switch from branched Core 2 to
truncated Core 1 O-glycans [23-26]. MUCI is shed from
cancer cells and patients with late-stage breast cancer have
elevated levels of MUCI in the circulation [17, 27]. Cir-
culating MUCI in these patients is glycosylated mainly
with the Core 1 ST structures [28], which suggests that
truncated glycoforms with T, Tn, and STn structures shed
from cancer cells are cleared from the circulation by lectin

receptors and antibodies [15, 29, 30]. In this respect, it
has been found that dendritic cells selectively take up
Tn-containing MUC1 glycoforms via their macrophage
Gal-recognizing C-type lectin (MGL) receptor that
exhibits significant affinity for «GalNAc. It is likely that
this process is involved in the induction of Tn-MUCI1
glycopeptide autoantibodies found in some cancer patients
[15, 29].

The biosynthetic pathways for O-glycans on IgA1l
and MUC1

Mucin-type O-glycosylation is a highly complex process
potentially involving more than 50 glycosyltransferases,
enzymes that add one monosaccharide to a growing O-gly-
can. O-glycosylation is initiated by attachment of GalNAc to
Ser/Thr residues by a large family of at least 20 UDP-
GalNAc:polypeptide ~ N-acetylgalactosaminyltransferases
(GalNAc-Ts) with different but partly overlapping functions
(for review see [31, 32]). The repertoire of GalNAc-Ts in a
particular cell determines sites and patterns of O-glycan
attachments to proteins, but the specific roles of individual
GalNAc-T isoforms and how these enzymes cooperate is
not fully understood. Initiation of O-glycosylation gener-
ally occurs in Golgi apparatus [33]. However, a recent
report revealed that activation of Src proto-oncogene leads
to selective relocation of some GalNAc-Ts to the
ER, resulting in the early initiation of O-glycosylation
characterized by Tn structures on target proteins and,
consequently, leading to presence of more dense O-glycans
on glycoproteins such as MUCI1 [34]. Although it is
tempting to speculate that such a mechanism may play a
role in the generation of malignant glycophenotype in
cancer, further studies are needed to address this issue and
elucidate the mechanisms directing relocation of GalNAc-
Ts, but not other glycosyltransferases.

Initiation of IgA1 O-glycosylation

Initiation of O-glycosylation of the hinge region of IgAl
has been originally attributed to the ubiquitously expressed
GalNAc-T2 [35]. However, the IgA1 hinge region resem-
bles mucin-type sequence that can be an excellent acceptor
for many different GalNAc-Ts. Indeed, a more recent
report has shown that other GalNAc-Ts, including Gal-
NAc-T1 and GalNAc-T11 can also initiate O-glycosylation
of IgA1 hinge-region peptide (Fig. 2a) [36]. In fact, so far,
all GalNAc-Ts analyzed for the peptide specificity can O-
glycosylate one or more of the six POGS in hinge-region
peptide (Clausen, pers. comm.). Supporting this hypothe-
sis, our recent data indicated that not only GalNAc-T2 [8]
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Fig. 2 Biosynthetic pathways of O-linked glycans on human
circulatory IgAl (a) and MUCI on mammary epithelial cells (b).
O-glycosylation is initiated by a family of enzymes known as the
UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferases (Gal-
NAc-Ts); these enzymes catalyze the transfer of GaINAc from UDP-
GalNAc to the hydroxyl group on Ser or Thr residues (S/T).
a Biosynthesis of O-linked glycans of circulatory IgAl can be
initiated by GalNAc-T1, 2, 11, and possibly by other GalNAc-Ts
and followed by addition of Gal from UDP-Gal catalyzed by the Core
1 p1,3-galactosyltransferase 1 (C1GalT1). Synthesis of the stable
enzyme ClGalTl depends on Core 1 f31,3-galactosyltransferase-
specific chaperone (Cosmc). The Core 1 disaccharide can be
elongated with sialic acid residue(s) transferred from CMP-N-
acetylneuraminic acid (CMP-NeuAc) by sialyltransferases to either
Gal or GalNAc or both. The reactions are catalyzed by a
Galf1,3GalNAc ¢2,3-sialyltransferase (ST3Gal) and a o2,6-sialyl-
transferase (ST6GalNAc), respectively. In IgAl-producing cells,
sialylation of GalNAc is catalyzed exclusively by ST6GalNAc-II
[8, 64]. Patients with IgAN have elevated serum levels of aberrantly
glycosylated IgAl, with some of their O-glycans Gal-deficient and,
thus, consisting of GalNAc or sialylated GalNAc [8]. This aberrancy
is a result of changes in the activities of two glycosyltransfer-
ases, decreased C1GalTl and increased ST6GalNAc-II, in the

but also other GalNAc-Ts are abundantly expressed in
IgAl-producing cells derived from peripheral blood of
IgAN patients and healthy controls [37]. Specifically,
GalNAc-T14 was among the major GalNAc-Ts transcribed
in IgAl-producing cells and its expression was fivefold
greater in the cells from the patients versus the cells from
healthy controls. The expression of GalNAc-T2, and other
GalNAc-Ts, did not differ between patients and healthy
controls. It remains to be determined whether the over-
expression of GalNAc-T14 may contribute to the aberrant
glycosylation of IgA1l in IgAN. Synthesis of Tn structures
on Gal-deficient IgA1 produced by the cells from patients
with IgAN appears to occur in the Golgi apparatus, but not
in the ER, suggesting that the above-mentioned ER-based
initiation of O-glycosylation may be specific for epithelial
cells producing membrane-associated MUC1 and other
glycoproteins [8].
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b O-glycosylation of MUC1

IgAl-producing cells in the patients with IgAN [8]. Sialylated
GalNAc represents a terminal step of the O-glycosylation pathway, as
it cannot be further modified (for review see [9]). b Biosynthesis of O-
linked glycans of MUC1 on mammary epithelial cells is initiated by
GalNAc-T1, 2, 3, 4, 6, 7, 10, and followed by addition of Gal from
UDP-Gal catalyzed by C1GalT1. The Core 1 disaccharide can be
elongated with sialic acid residue(s) transferred from CMP-NeuAc by
sialyltransferases to either Gal or GalNAc or both. The reactions are
catalyzed by a Galf1,3GalNAc «2,3-sialyltransferase (ST3Gal) and a
02,6-sialyltransferase (ST6GalNAc), respectively. In breast epithelial
cells, sialylation of GalNAc is catalyzed by ST6GalNAc-1I. The Core
1 can be branched by addition of GlcNAc, catalyzed by Core 2 f1,6-
GlcNAc transferase (C2GnT), and further elongated by f1,4-Gal-
transferase and f1,3-GlcNAc-transferase. In breast cancer epithelial
cells, MUCI is aberrantly expressed, and it contains less Core 2
glycans, more Core 1 glycans, and elevated level of sialylated Core 1
glycans and sialylated GalNAc. The aberrant glycosylation stems
from decreased activity of C2GnT and increased activity of
sialyltransferases, ST3Gal, and ST6GalNAc-I [12, 61, 68-70].
Furthermore, ST6GalNAc-1, C1GalT1, and C2GnT compete for the
same acceptor, GalNAc [1, 59, 68]. Biosynthetic pathway of Core 3
O-glycans is not shown for simplicity, as these glycans are relatively
uncommon on MUCl1

Initiation of MUC1 O-glycosylation

The initiation of O-glycosylation of MUC1 VNTR with its
five POGSs (HGVT*S’APDT’RPAPGS*T'®APPA) has
been studied in a great detail. Many GalNAc-Ts, including
GalNAc-T1, 2, 3, and 6, can O-glycosylate Thr* in the
VTSA sequence and Ser'” and Thr'® in the GSTA
sequence of the MUC1 VNTR (Fig. 2b) [25, 38, 39].
GalNAc-T11 only glycosylates Thr* and Thr'® [40]. Other
GalNAc-Ts appear to have similar activities toward
MUCI, but detailed analyses of GalNAc attachment sites
in MUCI need to be performed [41-43]. Only GalNAc-T4
has so far been shown to be able to glycosylate the
remaining two residues in the MUC1 VNTR, Ser’ and
Thr’. This reaction is rather unique in that GalNAc-T4
requires prior GalNAc attachment at any of the other sites
in order to initiate glycosylation [44]. GalNAc-T4 is
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therefore predicated to play a major role in the higher
density of O-glycan attachments to the MUCI VNTR in
cancer cells, likely due to the lectin domain that directs the
glycopeptide specificity [44]. Although overexpression of
GalNAc-T4 in breast cancer cell lines has been observed
[45], further studies of breast tissues are needed.

The expression of the GalNAc-Ts controlling the initia-
tion glycosylation step is differentially regulated during
maturation and differentiation of cells [46] and markedly
altered in cancer [47-49]. This is especially evident for the
GalNAc-T3 and GalNAc-T6 isoforms, which constitute a
subfamily of GalNAc-Ts with similar functions. GaINAc-T6
has been reported to be a biomarker of breast cancer [49, 50],
and recently, it was discovered that GalNAc-T6 plays a
direct role in O-glycosylation of MUCI in breast cancer and
expression of GalNAc-T6 in breast-cancer cell lines reduces
cell adhesion and enhances growth properties [51]. Another
enzyme, GalNAc-T14, is overexpressed in breast cancer
[52]. This GalNAc-T isoform is highly similar to GalNAc-
T2 and, could contribute to increase in the O-glycan density
of MUCI1 observed in breast cancer. Further studies are
clearly needed to address the importance of individual
GalNAc-Ts in cancer, namely using strategies that would
directly link expression of individual enzymes with altered
glycosylation and functions of particular glycoproteins in
cells and tissues. Genome-wide association studies (GWAS)
support direct functions of GalNAc-Ts in carcinogenesis
[53, 54] and germline and somatic mutations in GaINAc-T12
have been found in patients with colon cancer [55].

In summary, the first step of O-glycosylation—the
attachment of GalNAc to multiple Ser and Thr residues in
IgAl and MUCI involves the coordinated function of
multiple GalNAc-Ts and changes in expression of the
repertoire of GalNAc-Ts and, in at least some instances,
changes in GalNAc-Ts localization. These changes likely
affect the density and pattern of O-glycans attached to
these molecules, i.e., how many Ser/Thr residues and
which ones will receive GalNAc. One of the major research
challenges is to correlate differential expression of various
GalNAc-Ts with detailed structural determination of sites
of O-glycan attachments in O-glycoproteins. Although
modern mass spectrometric methods can identify specific
O-glycosylation sites in glycoproteins, there are still con-
siderable hurdles to overcome to make screening the sites
of mucin-type dense O-glycans in glycoproteins a routine
protocol [20, 56]. Also, further studies are needed to
decipher the specific molecular changes occurring in dis-
ease and the underlying changes in GalNAc-Ts repertoire.

Extension of Tn structures

After GalNAc had been attached, the biosynthesis of
O-glycans continues. Additional monosaccharides are

attached to the GalNAc residues in a stepwise manner. The
processing/extension step is cell specific; for example, B
cells produce glycoproteins with sialylated Core 1 O-gly-
cans (Fig. 2), whereas normal epithelial breast cells
produce glycoproteins with branched Core 2 structures.

In both B cells and mammary gland epithelial cells,
the processing starts with formation of the Core 1 disac-
charide structure. This reaction is catalyzed by a single
UDP-Gal:GalNAc-a-Ser/Thr  f1,3-galactosyltransferase
(C1GalT1) [57], and this step is therefore without genetic
back-up; a lack of C1GalT1 results in truncated O-glycans
[58]. Interestingly, expression of active C1GalT1l in the
Golgi apparatus depends on a specific chaperone (Cosmc)
[59]. Cosmc is mutated in several cell lines (LSC and Jurkat)
and in several diseases (for review see [58]) and Cosmc
mutation is one of the mechanisms that lead to expression of
the truncated Tn and STn cancer antigens. Surprisingly, the
Jurkat cell line with Cosmc mutation was shown to revert to
Core 1 and 2 synthesis by expression of SHIP-1 (Src
homology 2-containing inositol 5’-phosphatase-1), sug-
gesting that the requirement of Cosmc for the production of
active C1GalT1 can be bypassed by another, yet unknown
mechanism [60].

Subsequently, the Core 1 structures are either capped by
sialylation (IgAl) or further modified toward Core 2
structures (MUC1).

Extension of Tn structures on IgA1l

In normal IgA1l, Core 1 structures are modified by attach-
ing the sialic acid from CMP-N-acetylneuraminic acid
(CMP-NeuAc) to the Gal residues in a reaction catalyzed
by a Galf1,3GalNAc «2,3-sialyltransferase (ST3Gal) and/
or attaching the sialic acid to the GalNAc residues cata-
lyzed by an o2,6-sialyltransferase (ST6GalNAc) (for
review see [61, 62]). The biosynthetic basis for deficient O-
glycosylation of IgAl in IgAN patients has been exten-
sively studied, and although substantial progress has been
made there are still many open questions [8, 9, 63]. Studies
with IgA1-producing cell lines from patients with IgAN [8,
64] showed that the cells secreted polymeric IgAl with
Gal-deficient O-glycans with exposed terminal GalNAc,
i.e., Tn. Neuraminidase treatment of the secreted IgAl
markedly enhanced reactivity with GalNAc-specific lectin
HAA, suggesting that some Tn O-glycans are likely capped
with sialic acids, i.e., STn antigens. Real-time RT-PCR
showed that these aberrancies were associated with altered
expression of specific glycosyltransferases: elevated
expression of ST6GalNAc-II and decreased expression of
CI1GualTI and the Cosmc [8]. These results were consistent
with the measured enzyme activities in cell extracts.
Observed decrease in expression of Cosmc would poten-
tially further reduce the amount of intact C1GalT1 enzyme
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due to the C1GalT1 degradation in the absence of the
protein chaperone [59]. Another factor that may affect O-
glycosylation of IgAl1 is relative localization of the specific
glycosyltransferases within the Golgi apparatus and/or their
turnover, although no data are available on this aspect.

Surprisingly, ST6GalNAc-I, the enzyme responsible for
sialylation of Tn antigen in man, is not expressed in the
IgAl-producing cells from IgAN patients [8, 64], and the
candidate enzyme for biosynthesis of STn in IgAN is
therefore ST6GalNAc-II. Overexpression of ST6GalNAc-
II in epithelial cells does not result in production of STn O-
glycans [65], but preliminary siRNA studies in IgA1-pro-
ducing cells suggest that ST6GalNAc-II may participate in
synthesis of STn O-glycans on IgA1 [66]. Analysis of IgA1
O-glycans by mass spectrometry did not provide a clear
answer to the presence of STn [19, 20, 56], but these
studies did not address IgAl from patients with IgAN.
Premature sialylation of GalNAc blocks further modifica-
tions and the observation that Gal-deficient sialylated
GalNAc-containing IgAl is present throughout the entire
Golgi [8] would lend support to the notion of possible
abnormal localization of the sialyltransferases. However,
studies of subcellular localization of individual enzymes
will be needed to support such hypotheses. Moreover,
future studies of ST6GalNAc-II and C1GalT1 enzymes and
their substrate specificities and kinetics for various hinge-
region glycoforms may uncover additional mechanisms
potentially involved in the generation of Tn and STn
antigens on IgAl in IgAN.

Extension of Tn structures on MUC1

In normal breast glandular epithelial cells, the Core 1
glycans on MUCI are extended to generate the branched
Core 2 structure (Fig. 2b) by addition of GlcNAc catalyzed
mainly by Core 2 f1,6-GlcNAc-transferasel (C2GnT1)
which is down-regulated in 50 % of breast cancers [67].
The Core 2 glycans are further elongated by adding Gal or
GlcNAc in reactions catalyzed by f1,4-Gal-transferase and
f1,3-GlcNAc-transferase, respectively, forming Core 2
polylactosamine protrusions [1].

In breast adenocarcinoma cells, the characteristic shift
from Core 2 to Core 1 on MUCI has been associated with
reduction in expression of the Core 2 enzyme, C2GnTl,
and increased expression of the sialyltransferase ST3Gal-I
[67]. C2GnT1 and ST3Gal-I competes for the same Core 1
substrate and premature sialylation of Core 1 blocks Core 2
formation [12, 68, 69], so increased ST3Gal-I expression
and perhaps alteration in its topology blocks the Core 2
glycosylation pathway. Data on expression of T, Tn, and
STn in breast cancer varies greatly among different
studies, presumably because of differences in specificity
and sensitivity of different lectin and monoclonal-antibody
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reagents used for detection. STn is generally believed to be
present in 30 % of breast cancers, and it appears to be due
to overexpression of ST6GalNAc-I [70], which utilizes Tn
on MUC1 VNTR as substrate and produces the STn
structures in vitro [1, 65]. Overexpression of ST6GalNAc-I
may override the function of other glycosyltransferases,
including C1GalT1, but mutations in Cosmc and, thus, lack
of C1GalTl enzyme could also result in truncation of
O-glycans and expression of the Tn and STn structures
[71], but further studies are needed to evaluate whether this
mechanism is more widely involved in breast cancer. In
summary, in breast cancer, aberrant glycosylation of
MUCI1 with increased proportion of STn and ST antigens is
consequence of aberrant expression and localization of
GalNAc-Ts, increased expression of both «2,3- and «2,6-
specific sialyltransferases, and reduced expression of
C2GnT. The action of sialyltransferases is further enhanced
by the recycling, up ten cycles, of the overexpressed
MUCI1 between the cell membrane and trans-Golgi net-
work in breast-cancer cells, thus further increasing the
extent of MUCI sialylation [72].

Antibodies targeting aberrantly glycosylated IgA1
and MUC1

Tumor-associated oligosaccharides are recognized
predominantly by naturally occurring IgM antibodies

Immune response to normal and modified autoantigens,
including those appearing during cancer development
(aberrantly glycosylated MUCI1) or those generated in
association with autoimmune conditions (aberrantly O-
glycosylated glycoproteins in IgA nephropathy or in Tn
syndrome), is covered in human and other animals by
natural polyreactive antibodies, which bind a broad spec-
trum of different antigens [10, 73, 74]. These polyreactive
antibodies are mostly of IgM isotype, followed by IgG and
IgA isotypes (for review see [75]). Natural antibodies
contain  predominantly  germ-line-encoded  variable
domains of H and L chains (VH and VL) recognizing
carbohydrate-containing epitopes on various surface mol-
ecules; these antibodies play a role in the elimination of
bacteria, viruses, and other pathogenic agents, regulation of
B and T cells activities, cytokine production, and inflam-
mation, presentation of antigens to T cells, development of
autoimmunity, removal of apoptotic cells, including tumor
and senescent cells, as well as many other functions [75-
79]. Brandlein et al. analyzed more than 18,000 B cell
hybridomas from over 60 cancer patients. Tumor-specific
monoclonal antibodies detected in this cohort were exclu-
sively of IgM isotype without signs of affinity-maturation.
All of the IgM antibodies were germ-line coded and
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belonged to distinct VH and VL gene families. In addition,
most of them bound to carbohydrates on cell surfaces and
induced cellular apoptosis in vitro [78]. In human cancer,
the appearance of T epitope on cancer cells is accompanied
by an increase in the titer of T-specific IgM antibodies [80].
However, during the progression of cancer, these T-specific
IgM antibodies tend to decrease in most patients [81].
These changes are not mirrored by changes in the levels of
other natural antibodies, indicating specificity of such
downregulation [81]. In conclusion, natural antibodies are
responding to cancer carbohydrate antigens preferentially in
the incipient stages, but their increase is modest and not
sufficient to prevent further cancer progression, probably
because of tumor-associated immune suppression. In con-
trast, the level of natural antibodies against ABO blood group
system could rapidly increase in response to presence of
xenoantigen (x-Gal epitope expressed on xenotransplantates
from pigs). Nevertheless, such B cells are probably selected
by very unique mechanisms, although sharing some steps
with other antibody-producing B cells, as their levels are
affected by the presence of autoantigens [82, 83]. Although B
cells producing these natural antibodies respond to tumor
antigens and immunization by antibody production, they
have only a limited isotype switching and do not produce
high-affinity antibodies [84].

Antibodies against aberrantly glycosylated IgA1l
are of IgG and IgAl isotypes

Whereas antibodies against aberrantly glycosylated MUC1
in patients with adenocarcinoma have potentially protec-
tive function [18], the antibodies against Gal-deficient
IgAl play a key role in the pathogenesis of IgAN. In IgAN
patients, the aberrantly glycosylated IgAl is recognized by
IgG and IgAl antibodies. This interaction is glycan-spe-
cific and can be blocked by GalNAc-binding reagents, such
as lectins [10], suggesting a direct participation of Tn
structure in the antibody binding. Conversely, IgA1 mol-
ecules with GalNAc modified by Gal or sialic acid are not
recognized by these antibodies. Sequence analysis of the
cloned heavy-chain antigen-binding domains (Vy) of IgG
antibodies reactive with Gal-deficient IgAl identified
unique features in complementarity-determining region 3
(CDR3). Specifically, the motif YCSR/K with S in the third
position plays a prominent role in binding to Gal-deficient
IgA1 [10], and, thus, promotes formation of pathogenic
immune complexes. The antibody binding to the aberrantly
glycosylated IgA1 may be based on a unique genetic back-
ground (i.e., variable heavy-chain genes encoding for or
driving the somatic mutation to YCSR/K motif) [85]. These
antibodies may be induced by an infection of upper respi-
ratory tract and may just happen to be cross-reacting with the
aberrantly glycosylated IgAl in a genetically susceptible

organisms. Levels of these antibodies may be further
enhanced by recurrent upper-respiratory tract infection or, in
some individuals, by mounting immune response to the
cross-reactive aberrantly glycosylated IgAl. Irrespective of
the mechanism(s), these processes would thus lead to
increased formation of nephritogenic immune complexes
(see for review [9]). At present, there are no experimental
approaches for specific suppression of production of such
autoantibodies and therefore interference with the formation
of the pathogenic immune complexes seems to be the only
possible causative therapeutic approach.

Experimental efforts to induce high-affinity antibodies
recognizing antigens containing T, Tn, and STn
epitopes in adenocarcinoma patients

Two types of antibodies specific for MUCI are found in
cancer patients. The first type is directed to the MUCI
VNTR peptide sequence [16, 17], whereas the second type
recognizes aberrant glycopeptides in the VNTR containing
truncated Tn, STn, and T O-glycans [15]. It has been
speculated that the shorter glycans (T, Tn, and STn anti-
gens) allow better access of peptide-specific antibodies to
the amino-acid backbone (first type). Accordingly, several
experiments attempted to elicit MUCI-specific antibody
responses by immunizing cancer patients with nonglyco-
sylated MUC1 VNTR variants. Although a few studies
showed that this kind of immunization extended signifi-
cantly the survival of patients with breast cancer (for
review see [16, 25]), it is questionable whether this vac-
cine-driven elicitation represents a broadly acceptable
approach as such antibodies likely react also with MUCI1
on normal cells. Therefore, parallel efforts were focused on
elicitation of antibodies targeting cancer-specific MUCI1
glycans or glycoproteins. For example, immunization of
colorectal cancer patients with partially desialylated ovine
submaxillary mucin (with about equal amounts of Tn and
STn) resulted in production of Tn- and STn-specific [gM
and IgG antibodies [86]. Immunization of patients with
various preparation of STn-KLH with or without adjuvant
induced production of STn-specific IgG and IgM or only
IgG [87, 88]. In general, STn- or Tn-specific immune
responses elicited by natural antigens expressing STn epi-
topes, such as ovine submaxillary mucin, were much lower
than those elicited by synthetic immunogens, suggesting a
significant contribution of non-sugar epitope moieties.
Synthetic vaccine based on STn-KLH (Theratope) was
tested in combination with adjuvant Detox in more
than 1,200 patients with breast cancer, with or without
concurrent use of cyclophosphamide to inhibit CD4"
CD25*-regulatory T cells [88-90]. Although IgM and IgG
antibodies, including complement-dependent cytotoxic iso-
types, were induced, there were no statistically significant
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clinical benefits [91]. Similarly, attempts to use vaccines
mimicking clustered glycan patterns typical for MUCI in
cancer pattern have failed to provide a significant clinical
impact [92]. One of the reasons for these disappointing
results may be related to the fact that [gM antibodies were
predominantly induced by these vaccines without signifi-
cant IgG responses. Moreover, the induced antibodies
showed minimal reactivity with MUC1 on cancer cells [93,
94]. These observations suggest that the immune responses
occurred probably mostly through activation of natural
antibody producing B1 cells without substantial affinity
maturation and class switching and likely in T cell-inde-
pendent fashion. Bl cells are naturally resistant to
induction of somatic hypermutation and therefore to the
development of high-affinity isotype switched glycans-
specific IgG or IgA. Genetic models associated with
autoimmune diseases revealed that autoantibodies can be
stimulated by excessive antigenic drive from antigens
associated with fragments of dead cells, as well as by
enhanced responses associated with intrinsic abnormalities
in B or T lymphocytes [95]. In contrast, classical B2 cells,
which easily undergo somatic hypermutation and isotype
switch, do not respond to glycan antigen probably because
of their “self-nature” leading to tolerance. This mechanism
may be related to negative selection of specifically reacting
B2 cells, because the naturally weak interactions of B-cell
receptor with glycans may not be strong enough to reach
the necessary threshold. Therefore, alternative efforts cur-
rently tested in experimental animals are focused on the
development of peptide glycoconjugates, i.e., glycopep-
tides, instead of clustered glycans conjugated to a protein
carrier, to elicit glycan- or glycoprotein-specific high-
affinity IgG antibodies. These efforts are based on the
considerations that formerly used carrier proteins are
highly immunogenic in themselves and could inevitably
elicit strong B cell responses associated with carrier-
induced carbohydrate epitope suppression [96], which in
particular is a problem when “self-antigens”, such as
tumor-associated glycans, are used. Several fully synthetic
vaccines were tested. For example: (a) MUC-1 derived
glycopeptide carrying a single STn moiety linked to a
ovalbumin-derived CD4" T cell epitope coupled together
by polar non-immunogenic linker [97]; (b) nonglyco-
sylated, Tn-, and TF-modified MUC-1 as a B cell epitope
linked to universal PADRE peptide helper T-epitope [98];
(c) CD4* peptide Th epitopes derived from Polio virus or
the PADRE linked each to trimeric Tn as B cell epitope
coupled on four-arm lysine core [99]; and (d) linear
polypeptide consisting of MUC1-derived single Tn glyco-
peptide as a B cell epitope, T cell epitope derived from
Polio virus and Pam,CysSK, or Pam3;CysSK, as built-in
TLR ligand as an adjuvant [100]. All these constructs
induced specific IgG recognizing glycosylated MUCI1 or

@ Springer

Tn. In case of construct (b), antibodies recognized selec-
tively the native tumor epitopes expressed by human
mammary adenocarcinoma cells. These experiments thus
provide a promising strategy to develop well-defined vac-
cines capable of eliciting tumor glycan-specific IgG
antibodies that could potentially control especially minimal
residual disease.

Characterization of antibodies specific for IgAl- or
MUCI-associated antigens in diseases such as IgAN or
breast cancer revealed their distinct heterogeneity, speci-
ficity, and clinical and pathophysiological significance.
Suppression of such antibodies may be of therapeutic
significance in IgAN, whereas induction of antibodies
specific to cancer-associated aberrantly glycosylated
MUCI is a therapeutic approach being tested for the
treatment of various MUCI-expressing cancers. These
examples illustrate that the same simple glycan structure
(i.e., Tn antigen) expressed in different pathophysiological
conditions on different glycoproteins through different
molecular mechanisms may have diverse biological and
immunological responses. Recent progress in our under-
standing of the glycobiology and immunology of IgAN
and breast cancer provides justification for a guarded
optimism that effective and specific therapies for these
diseases may be indeed developed and introduced in the
clinical practice.

Future directions

e Explore the relative roles of natural carbohydrate
antibodies to Tn, STn, and T and IgG and IgAl
antibodies with glycopeptide specificity that target
specific aberrantly glycosylated molecules, such as
IgAl in IgAN and MUCI in breast cancer;

e Explore the mechanism for induction and clinical
significance of the glycopeptide-specific autoantibodies;

e Further explore the biochemical, genetic, and epige-
netic mechanisms leading to aberrant O-glycosylation
in IgAN and cancer;

e Develop potential diagnostic, prognostic, and therapeutic
applications based on the understanding of mechanisms
of aberrant O-glycosylation and functions of autoantibod-
ies recognizing the aberrant glycoproteins in different
diseases.
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The human UDP-N-acetyl-a-p-galactosamine:polypeptide N-acetylgalactosaminyl-transferase 2 (Gal-
NAc-T2) is one of the key enzymes that initiate synthesis of hinge-region O-linked glycans of human
immunoglobulin A1 (IgA1). We designed secreted soluble form of human GalNAc-T2 as a fusion protein
containing mouse immunoglobulin light chain kappa secretory signal and expressed it using baculovirus
and mammalian expression vectors. The recombinant protein was secreted by insect cells Sf9 and human
HEK 293T cells in the culture medium. The protein was purified from the media using affinity Ni-NTA
chromatography followed by stabilization of purified protein in 50 mM Tris-HCI buffer at pH 7.4.
Although the purity of recombinant GalNAc-T2 was comparable in both expression systems, the yield
was higher in Sf9 insect expression system (2.5 mg of GalNAc-T2 protein per 1 L culture medium). The
purified soluble recombinant GalNAc-T2 had an estimated molecular mass of 65.8 kDa and its amino-acid
sequence was confirmed by mass-spectrometric analysis. The enzymatic activity of Sf9-produced recom-
binant GalNAc-T2 was determined by the quantification of enzyme-mediated attachment of GalNAc to
synthetic I[gA1 hinge-region peptide as the acceptor and UDP-GalNAc as the donor. In conclusion, murine
immunoglobulin kappa secretory signal was used for production of secreted enzymatically active Gal-

NAc-T2 in insect baculovirus expression system.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Alterations in glycan moieties of cell-surface or secreted glyco-
proteins are now recognized as factors that can cause, or contrib-
ute to, defects in organs or cell development and function,
autoimmune diseases as well as some types of cancer [1-5]. Hu-
man UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase
2 (GalNAc-T2) is member of the large GalNAc-transferases family
of at least 20 different enzymes that initiate O-glycosylation. Each
member differs in the tissue expression, transcriptional regulation,
and substrate specificity, especially amino-acid motifs surrounding
the Ser/Thr, protein folding, and the sensitivity to the already gly-
cosylated neighboring sites. Human GalNAc-T2 was initially puri-
fied from human placenta [6]. The full-length GalNAc-T2 ¢cDNA
encodes a 571 amino-acid long protein with estimated molecular
mass of 64.7 kDa. GalNAc-T2 is a type Il transmembrane protein
with a hydrophobic, transmembrane domain (amino acids 7-24)
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Medicine and Dentistry, Palacky University, Hnévotinska 3, Olomouc 77515, Czech
Republic (M. Raska), Department of Microbiology, 845 19th St. S., BBRB 734, UAB,
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[6]. GalNAc-T2 initiates the first step of mucin-type O-glycan bio-
synthesis by attaching the N-acetylgalactosamine (GalNAc) to the
hydroxyl groups of target Ser/Thr residues in glycoproteins such
as mucins and immunoglobulin A1 (IgA1) [7].

Here, we report purification and analysis of recombinant Gal-
NAc-T2 fused with mouse immunoglobulin kappa secretory signal
that mediates efficient secretion of enzymatically active soluble
human GalNAc-T2 by the insect Sf9 cells.

Materials and methods

All chemicals, unless otherwise specified, were from Sigma
(St. Louis, MO, USA); tissue culture media and reagents were from
Gibco (Invitrogen, Carlsbad, CA, USA).

Sf9 cells

The Sf9 insect cell line is a clonal isolate derived from the paren-
tal Spodoptera frugiperda cell line. Sf9 cells were grown as adherent
cells or in suspension in serum-free Sf-900 I SFM at 28 °C + 0.5 °C
in non-humidified, ambient-air incubator.



176 M. Horynovd et al./Protein Expression and Purification 81 (2012) 175-180

Preparation of recombinant baculovirus Igk-T2

Recombinant bacmid coding for secreted form of human Gal-
NAc-T2 was cloned in two steps. First, the synthetic oligonucleo-
tide coding for murine Ig kappa secretory signal (derived from
first 21 amino acids METDTLLLWVLLLWVPGSTGDAA) was cloned
into pFastBacHT A vector (Invitrogen, Carlsbad, CA) in front of
His tag-encoding sequence using Rsrll restriction site. Next, human
GalNAc-T2 cDNA without the transmembrane domain-encoding
sequence (corresponding to amino acids 52-571, NCBI Acc. No.
NP_004472) was isolated from human monocyte cell line U937
by PCR (downstream primer 5'-AAAAAGAAAGACCTTCATCAC-3’
and upstream primer 5'-CTACTGCTGCAGGTTGAGC-3’) and further
PCR modified by adding EcoRI and Xhol sites on 5 and 3’ ends,
respectively. Furthermore, the modified GalNAc-T2 c¢DNA was
cloned in frame behind the His tag and Tobacco Etch Virus protease
(TEV) recognition sites of pFastBacHT A using EcoRI and Xhol
restriction enzymes and the recombinant vector was designed
plgk-T2-FastBac (Fig. 1). Then, the construct was transformed into
DH10Bac E. coli (Invitrogen) where the Igk-T2 insert was spontane-
ously transposed into bacmid. The resultant recombinant bacmid
designated Baclgk-T2 was purified by Large-Construct Kit (Qiagen,
Hilden, Germany) and transfected into Sf9 cells using Cellfectin re-
agents (Invitrogen). Infectious recombinant baculoviruses desig-
nated Baculolgk-T2 driving expression of secreted soluble
GalNAc-T2 designated kGalNAc-T2 were amplified to reach at least
1 x 108 plaque-forming units (PFU)/ml of the viral stock and sub-
sequently used for production and isolation of kGalNAc-T2 using
Sf9 cells.

Production of recombinant xGalNAc-T2 in Sf9 cells

After optimizing the growth conditions, recombinant kGalNAc-
T2 was produced in 2-L culture with 2 x 10° Sf9 cell/ml infected
with recombinant Baculolgk-T2 at the multiplicity of infection
(MOI) 2-5 PFU per one Sf9 cell using SF-900 serum-free culture
medium (Invitrogen). The cells were grown at 27 °C on the orbital
shaker (130 RPM) for 72 h.

Production of recombinant xGalNAc-T2 in HEK 293T cells

The cDNA coding for kGalNAc-T2 was PCR cloned from plgk-T2-
FastBac into mammalian expression plasmid pcDNA3.1D/V5-His-
TOPO (Invitrogen) and designated pcDNAIgk-T2. The recombinant
KGalNAc-T2 protein was produced in 293T cells transfected with

GalNAc-T2
™ GalNAc-T2
kGalNAc-T2
—
Igk T GalNAc-T2 without TM

HIS-TEV

Fig. 1. Structure of inserts in vectors encoding native and secreted GalNAc-T2
proteins. Human GalNAc-T2 ¢cDNA (NCBI Acc. No. NP_004472) isolated by RT-PCR
from monocyte cell line U937 was cloned into pCRII-Blunt TOPO cloning vector and
subcloned into expression vectors together with Igk secretory signal. The compar-
ison of full length GaINAc-T2 and recombinant secreted form of kGalNAc-T2 is
shown. Igk secretory signal, GalNAc-T2 transmembrane domain, GalNAc-T2, His tag
and Tobacco Etch Virus protease (HIC-TEV) recognition sites are marked.

pcDNAIgKk-T2 plasmid using Superfect transfection reagent
(Qiagen). The cells were grown in RPMI 1640 with L-glutamine,
10% fetal bovine serum, penicillin, streptomycin [8].

Purification of recombinant kGalNAc-T2 on Ni-NTA agarose column

The recombinant kGalNAc-T2 was purified by Ni-NTA affinity
chromatography under native conditions. All purification steps
were performed on ice or at 4 °C. The Sf9 culture-medium (SF-
900 SFM) supernatant was depleted of cells and debris by centrifu-
gation at 5000 rpm for 10 min. The supernatant was mixed with
binding buffer (1:9 v:v; 50 mM NaH,PO, pH 8, 300 mM Nadl,
10 mM imidazole, and 0.05% Tween 20) and the pH was adjusted
to 6.8 using 500 mM NaH,PO4 pH 8.0. Next, 1 ml of 50% Ni-NTA
agarose (Qiagen) was added per 250 ml of culture-medium super-
natant and gently mixed on a roller mixer overnight at 4 °C. The Ni-
NTA agarose was transferred to a glass chromatographic column
and washed with 10 volumes of washing buffer (50 mM NaH,PO4
pH 6.8, 300 mM NaCl, 2 mM imidazole, and 0.05% Tween 20).
The recombinant kGalNAc-T2 was eluted with the six column vol-
umes of elution buffer (50 mM NaH,PO, pH 7.4, 300 mM NaCl,
200 mM imidazole, and 0.05% Tween 20). Elution fraction was
transferred to 50 mM Tris-HCl pH 7.4 and concentrated using Ami-
con Ultracell 10 K (Millipore, Billerica, MA) to reach the kGalNAc-
T2 protein concentration >1 mg/ml, as determined by BCA assay
(Pierce, Rockford, IL).

The concentration of the protein was determined by BCA meth-
od and by densitometry of bands after SDS-PAGE separation of var-
ious loads of the KGalNAc-T2 and BSA (BSA served as the standard)
followed by staining with Coomassie Blue R-250. Densitometric
analysis was performed using the Image ] 1.41a software and
BSA standard curve was used to calculate kGalNAc-T2 protein
concentrations.

To assess the purity of the kGalNAc-T2, the protein preparation
was separated by 10% SDS-PAGE and stained with Silver Stain Kit
(Pierce), or blotted on PVDF membrane (BioRad, Hercules, CA),
developed with anti-His tag HRP-conjugated antibody (Qiagen),
and detected with SuperSignal West Pico reagents (Pierce) fol-
lowed by visualization using a cooled CCD camera (Roche, India-
napolis, IN).

Identification of isolated kGalNAc-T2 preparation by high-resolution
tandem mass spectrometry (MS)

The identity of purified protein was confirmed by use of LC cou-
pled to a high-resolution linear quadrupole ion trap Fourier trans-
form ion cyclotron resonance mass spectrometer (LTQ FT, Thermo
Fisher Scientific, San Jose, CA) using BioWorks 3.2 software (Ther-
mo Fisher Scientific) with the NCBI database (Acc. No. NP_004472).
Protein bands from Coomassie-stained SDS-PAGE gels were ex-
cised, cut into small pieces and in-gel digested with trypsin at
37 °C for 12 h [9]. On-line LC was performed by use of an Eksigent
MicroAS autosampler and 2D LC nanopump (Eksigent, Dublin, CA).
In-gel digested sample was loaded onto a 100-pum-diameter, 11-
cm-long column pulled tip packed with Jupiter 5-pum C18 reversed
phase beads (Phenomenex, Torrance, CA). The digests were then
eluted with an acetonitrile gradient from 5% to 30% in 0.1% formic
acid over 50 min at 650 nl min~'. LTQ FT parameters were set as
described previously [10]. The mass spectrometer alternated be-
tween a full FT MS scan (m/z 400-2000) and four subsequent tan-
dem MS scans of the four most abundant precursor ions.

Assessing the enzymatic activity of kGalNAc-T2

The activity of purified KGalNAc-T2 was determined based on
the addition of GalNAc to the acceptor synthetic peptide
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Val-Pro-Ser-Thr-Pro-Pro-Thr-Pro-Ser-Pro-Ser-Thr-Pro-Pro-
Thr-Pro-Ser-Pro-Ser-Cys-NH, (1931.934 Da), corresponding to
the IgA1 hinge-region amino-acid sequence, designated HR. The
peptide was synthesized by Bachem and covalently linked to
BSA, to facilitate subsequent analyses [11]. About 20 mol of HR
peptide was linked to 1 mol of BSA. UDP-GalNAc served as a Gal-
NAc donor. The attachment of GalNAc was determined by the reac-
tivity with biotin-labeled lectin from Helix aspersa (HAA, specific
for GalNAc) [12-13] in a dot-blot assay and in parallel by on-line
LC FT-ICR MS analysis. The reaction was performed for 24 h at
37 °Cwith 1 or 4 pg of recombinant KGalNAc-T2 and serial dilution
of the acceptor HR peptide (0.5, 0.25, 0.1, and 0.05 pg per reaction)
in the reaction buffer (250 pM uridine 5’-diphospho-N-acetylgalac-
tosamine, 25 mM Tris-HCl pH 7.4, 5 mM MnCl,) in total volume of
25 pl. As a positive control for HAA dot-blot assay, a glycosylated
HR synthesized by Bachem with three attached GalNAc residues
(asterisks mark the sites with GalNAc: Val-Pro-Ser-Thr-Pro-
Pro-"Thr-Pro-*Ser-Pro-*Ser-Thr-Pro-Pro-Thr-Pro-Ser-Pro-Ser-
Cys-NH,) and cross-linked to BSA was used [11]. About 20 mol of
HR glycopeptide was linked to 1 mol of BSA. The HR incubated
with recombinant kGalNAc-T2 without addition of UDP-GalNAc
served as a negative control. Mass spectra were analyzed by use
of the Xcalibur Qual Browser 2.0 software (Thermo Fisher Scien-
tific). The number of GalNAc residues was assigned manually based
on the masses of the HR (1931.934 Da) and GalNAc (203.079 Da),
as described previously for IgA1 [10,14-15]. The minimal threshold
for HR glycopeptide identification was a signal to noise ratio of at
least 5:1 with >3 isotopic peaks. The mass tolerance of peak assign-
ment is within 10 ppm.

One unit of the enzyme was defined as the amount of kGalNAc-
T2 protein that catalyzed transfer of 1 nmol of GalNAc to HR pep-
tide in 15 min in the standard reaction using 250 M UDP-GalNAc
as donor and 15 puM HR peptide as acceptor. The reactions were
performed with serial dilutions of enzyme and the amounts of gly-
copeptides were determined by high-resolution mass spectrome-
try as described above.

Results
Construction of vectors for production of recombinant GalNAc-T2

Recombinant baculovirus and mammalian expression plasmids
coding for secreted soluble form of GalNAc-T2 protein (devoid of
transmembrane domain, amino acids 1-51) N-terminally fused
with immunoglobulin kappa chain secretory signal (amino acids
1-21) were constructed by cloning GalNAc-T2 cDNA without the
transmembrane domain-coding sequence behind the synthetic
mouse immunoglobulin K secretory signal cDNA and His tag-cod-
ing sequence and designated kGalNAc-T2. The identity of cDNA
constructs was confirmed by sequencing (the GalNAc-T2 moiety
is identical to NCBI Acc. No. NM_004481). Expected molecular
mass of the fusion recombinant protein KGalNAc-T2 was calcu-
lated by ProtParam tool to be 65.8 kDa, whereas the native
GalNAc-T2 has 64.7 kDa (http://www.expasy.ch/tools/protparam.
html).

Production of recombinant xGalNAc-T2 by Sf9 and 293 cells

Transfection of both the mammalian cell line HEK 293T with
pcDNAIgK-T2 and insect cells Sf9 with Baculolgk-T2 lead to effi-
cient secretion of recombinant kGalNAc-T2 into culture medium,
with only weak accumulation of the recombinant protein in cells.
This was evident from comparison of protein-band densities on
western blot of supernatant and cellular pellet from centrifuged
aliquots of the suspension of Sf9 or trypsinized 293T cultures.

Recombinant KGalNAc-T2 was detected using anti-His tag HRP-
conjugated antibody (Fig. 2). The full length GalNAc-T2 cDNA
was cloned in parallel into pcDNA3.1D/V5-His-TOPO plasmid and
the protein GalNAc-T2 was expressed in 293T cells for comparison.
In contrast to the secreted kGalNAc-T2 form, the native GalNAc-T2
protein remained exclusively within the 293T cells, as expected
(Fig. 2).

After baculovirus-driven expression, the recombinant protein
was purified from Sf9 supernatant using affinity Ni-NTA agarose
column under various conditions. The recombinant KGalNAc-T2
binds the Ni-NTA column with relatively poor affinity, as was dem-
onstrated by the release of the kGalNAc-T2 when the imidazole
concentration in washing buffer exceeded 2 mM (Fig. 3). Similarly,
we tested effect of pH (pH 6.0-8.0) on the binding to Ni-NTA aga-
rose. We found that optimal pH value (6.8) was lower than ex-
pected and that pH values >6.8 resulted in less binding, based on
western blotting with anti-His tag antibody (data not shown).
Therefore, for large-scale purification of KGalNAc-T2 the washing
buffer was adjusted to 2 mM imidazole, pH 6.8, which ensured
maximum yield and purity of the protein preparation. The elution
buffer was adjusted to 200 mM imidazole, which resulted in quan-
titative protein elution with minimum four column volumes
(Fig. 3). Purity of the resultant preparation was assessed by SDS-
PAGE with silver staining (Fig. 3).

For further experiments, the baculovirus Sf9 expression system
was scaled up to 2 L of Sf9 culture (2 x 10° cells/ml) followed by
affinity purification, as described in Section 2. In total, 4 mg of
KGalNAc-T2 were isolated from 2 L of Sf9 culture, as determined
by the BCA method and confirmed by densitometry of kGalNAc-

Sf9 293T

kDa secr. secr. ™
250 —

72 —

38 —

28 —
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Fig. 2. Recombinant kGalNAc-T2 protein is secreted by Sf9 cells and 293T cells.
Recombinant protein kGalNAc-T2 was expressed in human HEK 293T cells and in
insect Sf9 cells. Cell-culture medium supernatants (S) and cell lysates (C) were
analyzed by SDS-PAGE followed by western blotting with anti-His tag HRP-
conjugated antibody. For comparison, native GalNAc-T2 (TM) containing trans-
membrane domain was expressed in 293T cells and analyzed in parallel. kGalNAc-
T2 was secreted by both cell types, whereas the full length, transmembrane
domain-containing form remained in 293T cells as expected. Predicted molecular
mass of kGalNAc-T2 is 65.8 kDa and that of GalNAc-T2 is 64.7 kDa. For analyses of
GalNAc-T2 from insect cells (Sf9), 50-pl aliquots of cell suspension were centrifuged
and the supernatant and cell pellet were separated and mixed with SDS-PAGE
sample buffer. For analysis of GalNAc-T2 from adherent cells, cell-culture super-
natant was removed, adherent cells were trypsinized and then resuspended in the
original volume of fresh culture medium. Equal aliquots of supernatant and
trypsinized cells were mixed with SDS-PAGE sample buffer and equal volumes were
used for western blot analysis.
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Fig. 3. Optimizing the conditions for kGalNAc-T2 isolation using Ni-NTA affinity
chromatography. Recombinant KGalNAc-T2 was expressed in Sf9 cells and purified
by Ni-NTA affinity chromatography under native conditions. Binding buffer (1/9, v/
v) was added to the cell-culture supernatant (S) and incubated with Ni-NTA agarose
(1 ml of 50% slurry per 250 ml) over night at 4 °C on roller. The suspension was
loaded in a glass column and the flow-through (FT) was collected. Ni-NTA column
was washed successively with 10-column volumes of washing buffer with
increasing imidazole concentrations (2, 5, 10, and 20 mM). Aliquots corresponding
to 5 pl from each fraction were analyzed by SDS-PAGE and western blotting with
anti-His tag HRP-conjugated antibody. Washing with buffers containing 5, 10, and
20 mM imidazole lead to significant losses of kGalNAc-T2 protein (A). To optimize
elution conditions, the purification was optimized, using 2 mM imidazole washing
buffer followed by elution with six-column volumes of 200 mM imidazole elution
buffer and two-column-volume samples were collected and aliquots corresponding
to 5 pl of each fraction were analyzed (E1, E2, and E3); the results showed that four-
column volumes (E2) of elution buffer released most kGalNAc-T2 protein (B).
Elution fractions E1-E3 were pooled and concentrated into 50 mM Tris-HCI pH 7.4
to >1 mg protein/ml. Purity of the final kGalNAc-T2 preparation under conditions
specified in (B) was assessed by SDS-PAGE analysis of sample corresponding to 1 pl
of final kGalNAc-T2 preparation followed by silver staining (C).

T2 and BSA bands in Coomassie Blue R-250 stained SDS-PAGE gels
(data not shown). Furthermore, the protein was identified by SDS-
PAGE separation followed by silver staining and by western blot-
ting with anti-His-tag HRP-conjugated antibody (Fig. 3). The iden-
tity of recombinant kGalNAc-T2 was confirmed by use of high-
resolution LTQ FT tandem mass spectrometry with a tryptic digest
of the excised SDS-PAGE band. Twenty-two unique peptides repre-
senting 41.9% of the amino-acid sequence of the human GalNAc-T2
(NCBI database Acc. No. NP_004472) were confirmed with the
mass error for all peptides <5 ppm.

KGalNAc-T2 was stored at —20 °C in 50 mM Tris-HCI buffer (pH
7.4) with 30% glycerol. The protein was stable without any evi-
dence of protein degradation or loss of enzyme activity. Also, no
signs of protein degradation were observed after storage on ice
or at +4 °C for up to a month in Tris-HCI buffer (7.4).

Assessment of kGalNAc-T2 enzyme activity

The activity of kGalNAc-T2 preparation was measured by dot-
blot assay based on binding of HAA, a GalNAc-specific lectin, to
HR peptide linked to BSA (HR-BSA) after the incubation with xGal-
NAc-T2 in the presence UDP-GalNAc. Synthetic HR glycopeptide
with three GalNAc residues was linked to BSA and served as a po-
sitive control for lectin dot-blot assay (PC). Lectin dot-blot assay
revealed that kGalNAc-T2 was enzymatically active (Fig. 4). To
confirm and extend these observations, a high-resolution mass
spectrometry analysis of the HR acceptor (substrate) was per-
formed. Five glycopeptides corresponding to HR peptide with
5-9 GalNAc residues were observed; the variant with seven
GalNAc residues was predominant ion species (Fig. 5). The number
of GalNAc residues was assigned based on the masses of the HR
peptide (1931.934 Da) and GalNAc (203.079 Da) and confirmed
the activity of the kGalNAc-T2.
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Fig. 4. Detection of kGalNAc-T2 enzyme activity. The enzymatic activity of
KGalNAc-T2 was determined using a synthetic IgA1 hinge-region peptide cova-
lently linked to BSA as acceptor (HR-BSA, 0.05, 0.10, 0.25 and 0.50 pig per reaction)
and UDP-GalNAc as the donor in the reaction performed for 24 h at 37 °C. Two
different amounts of kGalNAc-T2 (1 or 4 pg protein per reaction, i.e., 1.85 or
3.7 units of enzyme) were tested. Negative control had all components except
KGalNAc-T2 (0 pg). The IgA1 hinge-region glycopeptide with three attached GalNAc
residues and linked to BSA served as a positive control (PC) [11]. Addition of GalNAc
after the enzyme reaction was analyzed by dot blot with biotin-labeled HAA lectin
followed by neutravidine-HRP and chemiluminescence detection [11].

Discussion

Mechanisms involved in the formation of aberrant O-glycans in-
volve abnormal expression of glycosyltransferases, their abnormal
localization, or mutation of the respective genes [16]. In IgA
nephropathy, aberrant O-glycosylation in the hinge region of
IgA1 is directly involved in the pathogenesis of this autoimmune
disease [17-19]. This aberrant glycosylation consists of a trunca-
tion of mono- or di-sialylated Core 1 structure (GalNAc with a
B1,3-linked Gal) and formation of Tn antigen (GalNAc linked to
Ser or Thr) or its sialylated form (sialyl-Tn antigen) [14,18-19].
Mechanisms and pathways involved in the synthesis of Tn antigen
on IgA1 are not completely understood. Preparations of recombi-
nant, enzymatically active glycosyltransferases likely involved in
the formation of IgA1 hinge-region O-glycans could thus provide
an important tool for in vitro studies of the IgA1 O-glycan forma-
tion. GalNAc-T2 has been identified among the first twelve de-
scribed GalNAc-transferases (GalNAc-T1 to T12) as the enzyme
responsible for the initiation of O-glycosylation of IgA1 [7]. More
recently, it was shown that other GalNAc-transferases may also
participate in the IgA1 hinge-region glycosylation [20].

Human GalNAc-T2 has been produced previously using Pichia
expression system for structural studies [21]. This construct was
based on amino-acid residues 75-571 of GalNAc-T2 fused with
o-factor secretion signal sequence, His tag, and TEV protease cleav-
age site. Consequently, GalNAc-T2 was purified from culture med-
ium as a fusion protein and, after TEV protease cleavage, pure
GalNAc-T2 was isolated and crystallized. However, Pichia expres-
sion system requires selection of stable transfectans and, thus re-
quires experience with this time-consuming analysis and
screening of multiple clones. Here, we demonstrated that the N-
terminal fusion of soluble form of GalNAc-T2 (lacking the trans-
membrane N-terminal domain) with secretion signal peptide from
murine immunoglobulin « light chain leads to efficient secretion of
the recombinant KGalNAc-T2 in the culture medium both in insect
(Sf9) and mammalian (HEK 293T) cells. Notably, using our vector
in mammalian cells allowed transient transfection resulting in an
ample protein production in the medium. As GalNAc-T2 is not
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Fig. 5. FT-ICR MS spectrum of the products of GalNAc-T2 reaction after overnight incubation. Hinge-region peptide was used as acceptor with 1 pg protein, corresponding to
1.85 units of enzyme. The reaction products were purified from the mixture by LC coupled on-line with LTQ FT-ICR MS. Predominant ion species corresponded to hinge-region
glycopeptides with 6, 7, and 8 GalNAc residues. Minor species with five and nine residues are shown in the insets. The number next to square symbol indicates number of
GalNAc residues attached. All glycopeptides were detected at LC retention time of 31.5-34.0 min. All glycopeptides were detected as 3* charged ions. *Adducts with NH3 that
matched the theoretical mass values for the expected hinge-region glycopeptides within 2 ppm or less.

glycosylated, all three systems, i.e., Pichia, insect cells, and mam-
malian cells are suitable for the production of active enzyme.

Igk secretion signal-driven secretion of recombinant immuno-
globulins was demonstrated in baculovirus expression systems
more than 20 years ago. Since then, several secretory signals have
been used for secretion of recombinant proteins: N-terminal
sequence of the gene encoding the insulin-like peptide bombyxin
[22], baculovirus GP67 signal sequence [23], mouse V47 VH signal
sequence [24], and honeybee melittin (HBM) secretion signal [25].
Murine immunoglobulin ¥ and V47 VH signals were successfully
used for secretion of immunoglobulin molecules. An advantage of
this signal peptide is that this peptide is not recognized as a foreign
sequence by the mammalian hosts. The construction of secreted
KGalNAc-T2 protein confirmed applicability of such signals for
effective secretion of nonhomologous proteins from insect cells
for biotechnology application. It needs to be stressed that secretion
of such fusion proteins must be experimentally confirmed for each
construct because even strong insect secretory signals like HBM
are not efficiently mediating production and secretion of every
construct [26]. Expression of recombinant kGalNAc-T2 from insect
cells Sf9 followed by purification on NiNTA column we described
here provides an easy and fast approach for high-yield production
of active enzyme. After establishing optimal parameters for infec-
tion, cultivation, and purification conditions, yields can reach
2.5 mg protein from 1 L of the culture medium.
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