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Abstrakt

N-methyl-D-aspartatové (NMDA) receptory fadime mezi ionotropni glutamatoveé
receptory ovliviiujici excitaéni synapticky pfenos a synaptickou plasticitu v centralnim
nervovém systému (CNS) savct. Aktivace NMDA receptorti hraje klicovou roli ve vyvoji
mozku a pfi formovani paméti. Abnormalni regulace NMDA receptoril je jednou z hlavnich
pfi¢in vzniku riznych neurologickych a psychiatrickych onemocnéni. NMDA receptory
vytvareji heterotetramerni komplexy slozené¢ z GluN1, GluN2(A-D) a/nebo GIuN3(A a B)
podjednotek. Povrchova exprese NMDA receptort je regulovanid na mnoha urovnich, vcetné
zpracovani a kontroly v endoplazmatickém retikulu (ER), intraceluldrniho transportu pftes
Golgiho aparat (GA), internalizace, recyklace a nasledné degradace. NMDA receptory jsou na
urovni Casného transportu regulovany: volnou dostupnosti GluN podjednotek v ER,
pfitomnosti ER reten¢niho a exportniho signdlu a posttranslaénimi modifikacemi, vcetné
fosforylace a palmitoylace. AvSak role N-glykosylace v regulaci transportu NMDA receptorti
nebyla dosud pln¢ objasnéna. Cilem této prace tedy bylo objasnit mechanismy regulace
povrchové exprese a funkcnich vlastnosti NMDA receptorti. V piedlozené praci jsme pouzili
kombinaci nejmodernéjSich metod z oblasti molekularni biologie, mikroskopie, biochemie a
elektrofyziologie. Pouzili jsme také né€kolik heterolognich i nativnich expresnich systémi,
véetné COS-7 a HEK293 bungk a kultur hipokampélnich a granularnich mozeckovych (CGC)
neuront, coz nam umoznilo celistvy pohled na danou problematiku. Z vysledkli nasi prace
vyplyva, ze transport GluN1-1a/GluN2C receptori je regulovan tfemi specifickymi oblastmi v
ramci GluN2C podjednotky: 1) oblasti A2 segmentu v N-terminalni doméné (NTD), ii)) M3
doménou a iii) proximalni ¢asti C-terminalni domény (CTD) obsahujici sekvenci péti
aminokyselin, tvoficich SLPSP motiv. Dale jsme zjistili, ze: iv) pro regulaci transportu
NMDA receptorti z ER na bunéény povrch je klicova pritomnost dvou N-glykosylacnich mist,
N203 a N368; v) po odstranéni N-glykani z nativnich NMDA receptorti dojde ke zméné
afinity téchto receptort ke glutamatu; vi) mozeckové NMDA receptory asociuji s 23 riznymi
typy lektind, které maji unikatni specificitu pro glykanové struktury a jsou schopné ménit
biofyzikalni vlastnosti t€chto receptorii a vii) vétSina predikovanych N-glykosyla¢nich mist na
GluN1 a GIluN2B podjednotkach skute¢né¢ obsahuje glykanové struktury. Tyto poznatky
mohou pomoci k pfipadnému porozuméni vzniku raznych neurologickych a psychiatrickych
onemocnéni, spojenych s abnormalni regulaci NMDA receptorti, jakymi jsou naptiklad

Alzheimerova a Parkinsonova demence, Huntingtonova nemoc ¢i epilepsie.



1 Uvod

Mezi hlavni iontropni glutamatové receptory patii N-methyl-D-aspartatové (NMDA)
a o-amino-3-hydroxy-5-methyl-4-isoxazolpropiondtové (AMPA) receptory. Oba typy
receptorti jsou exprimovany prakticky ve vSech neuronech v savéi CNS. Vyskytuji se
priméarné na postsynaptické membrané u vétSiny excitacnich synapsi (Lau and Zukin, 2007;
Sanz-Clemente et al., 2013; Traynelis et al., 2010). Nedavné studie ukézaly, Ze abnormalni
regulace NMDA receptori hraje klicovou roli ve vyvoji mnoha neurologickych a
psychiatrickych onemocnéni, véetné¢ Alzheimerovy a Parkinsonovy choroby, epilepsie, nebo
schizofrenie (Lau and Zukin, 2007; Petralia et al., 2009). Objasnéni mechanismu regulace
povrchové exprese a funkce NMDA receptori je proto klicové pro budouci vyvoj novych
1écebnych postupti.

NMDA receptory se skladdaji z GluN1, GIluN2A-D a GIluN3A-B podjednotek.
Jednotlivé podjednotky maji stejnou membranovou topologii: extraceluldrni N-terminalni
doménu (NTD), ligand-vazajici doménu (LBD), tfi transmembranové domény (M1, M3,
M4) a M2, jez tvoii vratnou smycku mezi M1 a M3 doménami, a intracelularni C-terminalni
doménu (CTD) (Traynelis et al., 2010).

V pribéhu ontogenetického vyvoje je lokalizace i podjednotkové slozeni NMDA
receptori v savci CNS specificky regulovano. Jednotlivé podjednotky se v CNS exprimuji
v zavislosti na vyvojovém stadiu jedince a na oblasti mozku, kde k expresi dochazi (Paoletti,
2011). V neonatalnim obdobi jsou prevazné exprimovany GluN2B a GluN2D podjednotky.
Béhem starnuti CNS dochazi k poklesu exprese téchto podjednotek a piednostné se
exprimuji GluN2A podjednotky (Akazawa et al., 1994; Monyer et al., 1994). V hipokampu
se v detekovatelném mnozstvi vyskytuje mRNA kodujici GluN2C podjednotku, avSak jeji
nejvyssi exprese byla zjisténa v mozecku (Pollard et al., 1993). NMDA receptory obsahujici
GIuN2C podjednotku maji odliné funkéni vlastnosti, véetné snizené afinity vici Mg?* a
nizsi vodivosti, coz je pfi¢inou poklesu synaptickych proudd (Lu et al., 2006; Paoletti,
2011). Je zajimaveé, ze GRIN2C gen kodujici GluN2C podjednotku mé nékolik sestiithovych
variant (Rafiki et al., 2000) a naruSeni jeho exprese muze vést ke vzniku zavaznych
neurologickych onemocnéni (Kadotani et al., 1998; Marianowski et al., 1995).

Povrchova exprese NMDA receptori je regulovand na mnoha urovnich, vcetné
zpracovani a kontroly v endoplazmatickém retikulu (ER), intracelularniho transportu ptes
Golgiho aparat (GA), internalizace, recyklace a nasledné degradace (Lau and Zukin, 2007;
Petralia et al., 2009; Sanz-Clemente et al., 2013; Traynelis et al., 2010).



Ptedchozi studie ukéazaly, ze funkcni heterotetramery NMDA receptorti jsou
formovany v ER, kde z monomerti GluN1 a GluN2 podjednotek vznikaji komplexy GluN1-
GluN1 a/nebo GIuNI1-GluN2 dimerti (Atlason et al., 2007; Schuler et al., 2008). Tyto
komplexy obsahuji rizné ER retencni motivy, které reguluji uvolnéni spravné zformovanych
heterotetrameri na bunéfny povrch. Vyjimku tvoii rlzné sestfihové varianty GluNI
podjednotky, které ER retencni motiv postradaji (Fukaya et al., 2003; Mcllhinney et al.,
1998; Okabe et al., 1999). Ackoli rizné oblasti GIuN1, GIuN2A a GluN2B podjednotek
reguluji uvolnéni funkénich NMDA receptortt z ER (Hawkins et al., 2004; Horak and
Wenthold, 2009; Horak et al., 2008; Kenny et al., 2009; Meddows et al., 2001; Mu et al.,
2003; Qiu et al.,, 2009; Standley et al., 2000), podjednotkové-vazané rozdily v Casném
transportu GIuN1/GluN2A-D receptorii zatim nebyly zcela objasnény.

Glykosylace se podili na regulaci celé fady biologickych procesti vyznamnych
pro spravnou funkci CNS, vcetné vyvoje, synaptogeneze a synaptického pienosu (Freeze,
2006; Freeze et al, 2012). VéEtSina membranovych proteini v savéim mozku je
N-glykosylovana. Tyto tzv. glykoproteiny obsahuji velky pocet N-glykosyla¢nich mist, ktera
jsou tkanove specifickd (Zielinska et al.,, 2010). N-glykosylace u membranoveé-vazanych
proteini zacind v lumen ER a nasledné¢ jsou N-glykany upravovany v GA (Freeze, 2006;
Moremen et al., 2012). Je zajimavé, ze v savéim CNS existuje nékolik tisic rtznych
N-glykanovych struktur. Tato rozmanitost mize byt mimo jiné zpusobena piitomnosti
raznych typli enzymu regulujicich N-glykosylaci, jako napt. glykosyltransferaz (Vagin et al.,
2009).

Vsechny ionotropni glutamatové receptory, véetn¢ NMDA receptori, obsahuji
nekolik konven¢nich N-glykosyla¢nich mist (N-X-S/T; X#P) (Everts et al., 1997; Traynelis
et al., 2010). AvSak ptfedchozi studie na heterolognim expesnim systému Xenopus laevis
ukdzala, Ze N-glykosylace neni nezbytna pro spravné fungovani glutamatovych receptorti
(Everts et al., 1997).

V ptedchozich studiich bylo dale ukazano, ze endogenni i rekombinantni GluN
podjednotky jsou rozsahle N-glykosylovany (Clark et al., 1998; Huh and Wenthold, 1999;
Kaniakova et al., 2012a; Kenny et al., 2009; Qiu et al.,, 2009) a ptitomnost N-glykant
reguluje v heterolognim expresnim systému transport i funkci NMDA receptorti (Chazot et
al., 1995; Everts et al.,, 1997). AvSak, role specifickych N-glykosylacnich mist v GluN
podjednotkach ve zprostfedkovani intracelularniho transportu a regulaci funkcénich vlastnosti

NMDA receptoril neni stale pln€ objasnéna. Glykosylacni aparat je u savch tvoren bezmala



700 proteiny, které vytvaii vice nez 7000 raznych N-glykanovych struktur. N-glykosylace je
tedy nezbytna pro spravné fungovani nativnich NMDA receptori (Moremen et al., 2012).
N¢ékolik predchozich studii ukdzalo, ze na NMDA receptory se vaze n¢kolik typt
rostlinnych lektinti, véetné¢ konkanavalinu A. Lektiny jsou proteiny rostlinného ptivodu
schopné vazat se na N-glykany v glykoproteinech (Everts et al., 1997; Mayer and Vyklicky,
1989; Traynelis et al., 2010). Doposud vSak zadna ze studii nezkoumala sloZzeni N-glykana
na nativnich NMDA receptorech za pouziti tak rozsdhlého souboru deglykosyla¢nich enzymii

a lektinu.

2 Cile disertacni prace

. Objasnit mechanismy regulace transportu GIluN1/GluN2C receptori na bunécny

povrch.

o Charakterizovat N-glykosyla¢ni motivy v GluN1 a GIuN2 podjednotkach, nezbytné
pro Casny transport NMDA receptort.

. Identifikovat specifick¢ N-glykanové struktury dulezité pro povrchovou expresi

NMDA receptortl.

3 Material a metody
3.1 Molekularni biologie

V naSich experimentech jsme pouzivali nemutované a mutované potkani varianty
podjednotek NMDA receptort, extracelularné¢ znacené pomoci zlutého fluorescen¢niho
proteinu (YFP) v piipadé GluN1 podjednotky, nebo zeleného fluorescencniho proteinu (GFP)
v ptipadé¢ GIuN2A, GluN2B a GluN2C podjednotek (Chen and Roche, 2009; Horak et al.,
2008; Luo et al., 2002). V naSich experimentech jsme rovnéz pouzivali neznacCené
podjednotky NMDA receptort (Horak et al., 2006). Konkrétni aminokyselinové zamény v
jednotlivych podjednotkdch NMDA receptorti jsme piipravili pomoci polymerazové fetézové
reakce (PCR) za pouziti Quick-Change site-directed mutagenesis kitu (Agilent Technologies,
CA, USA). PCR jsme provadeli dle postupu doporu¢eného vyrobcem. Aminokyselinové
zbytky jsme cislovali podle (Ishii et al., 1993). Pfitomnost mutaci byla kontrolovina DNA

sekvenaci.



3.2 Priprava a transfekce bunéénych kultur

Sav¢i bunécéné kultury

Heterologni kultury opi¢ich ledvinnych fibroblastii (COS-7) a lidskych embryondlnich
ledvinnych bun¢k (HEK293) jsme kultivovali v médiu, slozeném z Opti-MEM 1 (Life
technologies, CA, USA) a 5% fetalniho teleciho séra (FTS; v/v). Jednotlivé cDNA kddujici
podjednotky NMDA receptortit jsme vnaseli do bunék pomoci transfekéniho cinidla
Lipofectamine 2000 (Life Technologies) dle protokolu vyrobce (Kaniakova et al., 2012b).

Pro elektrofyziologické experimenty jsme HEK293 buiniky po transfekci inkubovali
s trypsinem a resuspendovali v médiu slozeném z Opti-MEM 1, 1% FTS, 20mM MgClz, ImM
APV a 3mM kyseliny kynurenové (jako prevence proti bunééné smrti zptisobené nadmérnou
aktivaci NMDA receptoril). Pot¢ jsme bunky nasadili na kryci sklicka potazend poly-L-
lysinem. Pokusy jsme provadéli 24-48 h po transfekci.

Primarni kultury hipokampalnich a granularnich mozeckovych

neurond.

Primarni kultury hipokampalnich neuronli jsme pfipravovali z 18ti dennich embryi
potkani kmene Sprague-Dawley. Fetdlni potkani hipokampy jsme izolovali
ve vychlazeném disekénim médiu, slozeném z HBSS média a 10mM roztoku HEPES (pH
7.4), obohaceném o kombinaci antibiotik penicilin-streptomycin (Life Technologies).
Odebranou tkan jsme inkubovali v roztoku slozeném z disekéniho média, DNAdzy I
(0,1 mg/ml; New England Biolabs) a 0,05% trypsinu (v/v; Sigma Aldrich). Neurony jsme
opatrn¢ rozdisociovali, zcentrifugovali a vzniklou peletu nasledné resuspendovali
v kultivacnim médiu, obsahujicim neurobazalni médium bez séra, suplement B-27 a L-
glutamin (Life Technologies). Poté jsme neurony v koncentraci pfiblizné 2-10* bunék/cm?
nasadili na misky potazené poly-D-lysinem. Kultivaéni médium jsme neurontim kazdé 2-3
dny vymeénili za Cerstvé.

Primarni kultury granuldrnich mozeckovych neuroni (CGC) jsme ptipravovali z 6-8
dennich embryi potkana dle protokolu (Prybylowski et al., 2005). CGC jsme kultivovali
v neurobazalnim médiu (Life Technologies), obsahujicim 10% FTS (v/v), 2mM glutamin a
25mM KCIl. Neurony jsme 5. den transfekovali pomoci kalcium-fosfaitové metody
(Prybylowski et al., 2005). Mikroskopické pokusy jsme provadeli 48-72 h po transfekei,
elektrofyziologické pokusy 6-8 dni po transfekci.



3.3 Imunofluorescen¢ni mikroskopie

Povrchové NMDA receptory jsme znacili dle protokolu (Horak et al., 2008). Buiiky jsme
omyli v PBS a inkubovali ve vychlazeném blokovacim roztoku 10% BSA (w/v) v PBS. Poté
jsme bunky inkubovali s primdrni a ndsledné fluorescenéné znacenou sekundérni protilatkou.
Znacené buiiky jsme omyli v PBS, fixovali v 4% PFA v PBS (w/v) a ponofili do zalévaciho
média ProLong Antifade (Life Technologies).

Intracelularné umisténé podjednotky NMDA receptorti jsme znacili za pokojové teploty
(Horak et al., 2008). Buiiky jsme fixovali v roztoku 4% PFA a ndsledné¢ permeabilizovali
membranu pomoci 0,25% TX-100 v PBS. Poté jsme buiiky blokovali v roztoku obsahujicim
0,1% TX100 a inkubovali s primarni a sekundérni protilatkou. Mikroskopické snimky jsme
ziskavali za pouziti konfokdlniho mikroskopu Leica TCS SPE a analyzovali pomoci ImageJ
software (NIH). V ptipad¢ hipokampalnich neuront jsme celkovy a povrchovy YFP signal
odecditali ze segmenti sekundarnich a tercidrnich dendritii, kde jsme analyzovali pocet

PSD-95 a YFP pozitivnich bodi z oblasti o velikosti 10 pm?.

3.4 Biochemie

Deglykosyla¢ni a lektinova analyza

Pro deglykosyla¢ni analyzu NMDA receptori jsme pouzili mozeckové lyzaty,
pripravené z mladych (5-8 dni starych) a dospélych potkanti. Piitéchto pokusech jsme
v denatura¢nim roztoku (New England Biolabs) pfi 100°C denaturovali celkem 10 pg
proteinu. Do Stépici reakce s endoglykosiddzou H (endo H) jsme ptidali 10krat
koncentrovany G5 reakéni pufr a 1000 jednotek enzymu. Do S$tépici reakce s peptid-N-
glykosydazou F (PNGazou F) jsme ptidali 10krat koncentrovany G7 pufr, 10% Nonidet P-
40 (v/v) a 500 jednotek enzymu. Vzorky jsme inkubovali 2 h pti 37°C. Jako negativni

kontrolu jsme pouzili vzorky inkubované bez ptitomnosti konkrétniho enzymu.

Pro experimenty s biotinylovanymi lektiny jsme pouzili mozeckové lyzaty z 5-8 dni
starych potkant. Tyto lyzaty jsme solubilizovali v roztoku s 1% deoxycholatem sodnym
(w/v), 50mM Tris-HCI, ImM EDTA (pH 7.3) a inhibitory proteaz (Roche). Poté jsme
mozeckovy lyzat (celkem 800 pg proteinu) zcentrifugovali a pfes noc za soucasné rotace
pii 4°C inkubovali s biotinylovanymi lektiny (v celkovém objemu 40 pl). Vzorky jsme
poté inkubovali s 40 pl agar6zovych kulicek s navazanym streptavidinem. Jako negativni

kontrolu jsme pouzili vzorek, ktery byl inkubovan s agardésovymi kulickami bez ptidaného

6



lektinu. Vzorky jsme nasledné oplachli promyvacim pufrem (0,1% TX-100 (w/v) v TBS
(pH 7.4) s inhibitory protedz) a povafili pii 80°C v 2krat koncentrovaném SDS pufru
(25 pl/vzorek). Proteiny jsme separovali v 7 % rozdélovacim gelu, pfenesli
na polyvinylidendifluoridovou membranu (PVDF) a inkubovali s nasledujicimi primarnimi
protilatkami: mysi anti-GluN1 (1:1000; klon 54.2; z kolekce Dr. Wentholda, NIDCD/NIH),
mysi anti-GluN2B (1:500; Neuromab) a krali¢i anti-GFP (1:1000; Merck Millipore). PVDF
membrany jsme inkubovali s ptislusSnou mysi (1:10 000) a/nebo kralici (1:5000) kienovou
peroxiddzou (Amersham). Signdl jsme detekovali z rentgenovych snimkii BioMax MR

(Estman Kodak) pomoci chemiluminiscence.

4 Vysledky

4.1 Strukturni  determinanty GIluN2C podjednotky
regulujici ¢asny transport NMDA receptoru
V piedchozich studiich byly identifikovany nékteré oblasti v podjednotkach NMDA

receptorti, véetn¢ NTD, membranovych domén a CTD, odpovédné za regulaci povrchové
exprese NMDA receptort (Anne Stephenson et al., 2008; Traynelis et al., 2010). Navic, NTD
u GluN2A podjednotky, na rozdil od GluN2B podjednotky, obsahuje také ER retencni signél
(Horak et al., 2008; Qiu et al., 2009).

Ptedchozi studie ukézaly, Ze delece A2 segmentu v NTD u GluN2A podjednotky,
snizuje povrchovou expresi GluN1/GluN2A receptorti (Qiu et al., 2009). Proto jsme tuto
oblast odstranili i v GluN2C podjednotce (GFP-GluN2C-A159-292). Imunofluorescencni
mikroskopickd analyza v COS-7 bunkach ukazala signifikantni snizeni povrchové exprese v
pfipad¢ GIluN1-1a/GFP-GluN2C-A159-292 receptorit (viz Obr. 1A, B). Nasledné jsme
exprimovali nemutované GFP-GIuN2C a mutované¢ GFP-GIluN2C-A159-292 podjednotky
v CGC kulturach a porovnali jejich povrchovou expresi v nativnim systému pomoci
konfokalni mikroskopie. Zjistili jsme, Ze povrchova exprese mutované GFP-GluN2C-A159-
292 podjednotky byla signifikantn€ sniZend v porovnani s nemutovanou GFP-GIuN2C
podjednotkou (viz Obr. 1C, D). Ve vsSech ptipadech se celkova exprese mutované GFP-
GluN2C-A159-292 podjednotky signifikantné neliSila od nemutované GFP-GluN2C
podjednotky. Na zaklad¢ jiz publikovanych vysledk pro GluN1/GluN2A receptory (Qiu et
al., 2009) jsme predpokladali, ze ackoliv strukturni rozdily v NTD u GluN2 podjednotek

nejsou schopny dostate¢né vysvétlit zjisténé rozdily v povrchové expresi mezi jednotlivymi



GluN1/GIuN2 receptory, NTD bezpochyby hraje dilezitou roli v regulaci povrchové exprese
u GluN1/GluN2C receptord.

V neddvné studii jsme v M3 doméné u GluN2A a GluN2B podjednotek objevili
specifické aminokyselinové zbytky nezbytné pro transport funkénich NMDA receptora
na bunécny povrch (Kaniakova et al.,, 2012b). V nésledujicich pokusech jsme testovali
hypotézu, zda se M3 doména u GIuN2C podjednotky také podili na regulaci povrchové
exprese NMDA receptorii. V oblasti M3 domény GFP-GIuN2C podjednotky jsme provedli
tfi aminokyselinové zdmeény za alanin v pozicich 645, 656 a 657 (GFP-GIuN2C-W645A,
GFP-GIuN2C-Y656A a GFP-GIuN2C-T657A), které odpovidaji identifikovanym
aminokyselinovym zbytkiim v GluN2A a GluN2B podjednotkach (Kaniakova et al., 2012b).
Mutované varianty GFP-GIuN2C podjednotky jsme koexprimovali s GluNl1-la
podjednotkou v COS-7 buitkdch a imunofluorescencné oznacili celkovou a povrchovou
populaci NMDA receptorti. Tyto pokusy ukézaly, ze povrchova exprese mutovanych
GluN1/GFP-GluN2C receptort je v porovnani s nemutovanymi receptory vyznamné snizena
(viz Obr. 1A, B). Podobny vysledek jako u COS-7 bun€k jsme pozorovali 1 v piipadé¢ CGC
transfekovanych pomoci GFP-GluN2C-W645A, GFP-GluN2C-Y656A, nebo GFP-GluN2C-
T657A podjednotky (viz Obr. 1C, D). Nase vysledky potvrdily, ze M3 doména GluN2C
podjednotky je pro povrchovou expresi NMDA receptorti nezbytna.

Ptedchozi studie ukazaly, ze CTD u GluN2 podjednotek je dualezitd pro transport
NMDA receptori na bunéény povrch (Sanz-Clemente et al., 2013; Traynelis et al., 2010).
V nasich pokusech jsme zjistili, Ze delece celé CTD u GIuN2C podjednotky vedla v COS-7
bunikach k vyznamnému sniZeni po¢tu funkénich GIuN1/GluN2C receptorli na bunécném
povrchu (viz Obr. 1A, B). Naproti tomu, delece CTD u GIuN2A a GIluN2B podjednotek nema
na pocet povrchovych GIluN1/GluN2A a GIuN1/GluN2B receptort zasadni vliv (Horak et al.,
2008; Vissel et al.,, 2001). Pomoci série raznych deleci a mutaci v CTD u GluN2C
podjednotky jsme zjisStovali, které strukturni determinanty jsou zodpovédné za regulaci
povrchové exprese GluN1/GIuN2C receptort. Vytvoftili jsme sérii GFP-GluN2C konstrukta
s ruzn¢ zkracenou CTD a provedli imunofluorescencni znaceni v COS-7 bunkach. Tyto
pokusy ukazaly, ze oblast CTD v okoli aminokyselinového zbytku v pozici 889 u GIuN2C
podjednotky je dualezita pro regulaci povrchové exprese GluN1/GluN2C receptorti (viz Obr.
1A, B).

Pro potvrzeni této hypotézy jsme v GFP-GluN2C podjednotce zameénili 5
aminokyselinovych zbytkli (v pozicich 885-889) za alanin (GFP-GluN2C-SLPSP/AAAAA)

a tento konstrukt jsme koexprimovali s GluN1-1a podjednotkou v COS-7 bunkach. Pomoci
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immunofluorescenéni mikroskopie jsme zjistili, ze povrchova exprese GIluN1-1a/GFP-
GluN2C-SLPSP/AAAAA receptorit je signifikantné¢ snizend v porovnani s nemutovanymi
receptory. Tyto vysledky jsme ovéfili také pomoci konfokalni mikroskopie na CGC
transfekovanych pomoci GFP-GIuN2C podjednotek (viz Obr. 1C, D). Nase pokusy ukazaly,
ze proximalni ¢ast CTD u GluN2C podjednotky, konkrétné¢ motiv SLPSP, reguluje transport
GluN1/GluN2C receptori na bunéény povrch. Je pravdépodobné, ze CTD u GluN2C
podjednotky je zodpovédna za nizSi povrchovou expresi GluN1/GluN2C receptord,

v porovnani s GluN1/GluN2A a GluN1/GluN2B receptory.
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Obrazek 1. Rizné strukturni determinanty GIluN2C podjednotky reguluji casny
transport NMDA receptorii. (A) Reprezentativni snimky celkového (leva c¢ast) a
povrchového (prava ¢ast) signalu NMDA receptorti exprimovanych v COS-7 bunkach. (B)
Graf zobrazuje normalizované hodnoty intenzity povrchového/celkového signali z NMDA
receptorti exprimovanych v COS-7 bunikach a vizualizovanych pomoci imunofluorescence.
ANOVA; *p<0.05 vici kontrole (GluNI1-1a/GFP-GIuN2C). (C) Reprezentativni snimky
celkového (leva ¢ast) a povrchového (prava ¢ast) signalu NMDA receptori exprimovanych
v CGC. (D) Shrnuti hodnot povrchové/celkové exprese NMDA receptori vizualizovanych
pomoci konfokalni mikroskopie. ANOVA; *p <0.05 vuci kontrole (GluNI-1a/GFP-
GluN2C).
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4.2 Vyznam N-glykosyla¢nich mist na pozicich N203 a
N368 v GluN1-1a podjednotce pro uvolnéni NMDA
receptorii z ER

Jednotlivé podjednotky NMDA receptori obsahuji ve svych extraceluldrnich
doménach rizny pocet konzervovanych N-glykosyla¢nich mist (N-X-S/T). U potkani
varianty GluN1-1a podjednotky je pfitomno 12 N-glykosylacnich mist, v ptipadé GIuN2A a
GluN2B podjednotek pouze 7 N-glykosylacnich mist (viz Obr. 2A). V dalsi fazi dizertacni
prace jsme testovali hypotézu, zda jsou specifickd N-glykosylacni mista v GluN1-1a a/nebo
GluN2A-B podjednotkach klicova pro €asny transport NMDA receptorti. Za timto tcelem
jsme vytvofili sérii bodovych mutaci v GluNI-la a GluN2A-B podjednotkach, kde byly
jednotlivé asparaginové zbytky (N), tvofici N-glykosylacni mista, nahrazeny za glutamin
(Q), ktery brani vazbé N-glykanl. Tyto mutované receptory jsme exprimovali v COS-7
bunikach a za pouziti kolorimetrické metody (Kaniakova et al., 2012b) kvantitativné stanovili
jejich povrchovou expresi. Tyto pokusy ukézaly, ze v GluN1-1a podjednotce se nachazi dvé
vyznamna N-glykosylaéni mista, jejichz mutace vede k vyraznému sniZzeni povrchové
exprese GluN1-1a/GluN2A receptort, a sice GluN1-1a-N203 a GluNI1-1a-N368 (viz Obr.
2B). Mutace N-glykosyla¢nich mist v ptipadé¢ GluN2A a GluN2B podjednotek nezptsobily
statisticky vyznamné snizeni povrchové exprese GluN1/GluN2A-B receptorti (viz Obr. 2C,

D).
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Obrazek 2. Specificka N-glykosylaéni mista na GluN1-1a podjednotce reguluji
povrchovou expresi NMDA receptorii. (A) Schematicky nakres GluN1-la, GIuN2A a
GluN2B podjednotek. PIné Sipky vyznacuji predikovanad N-glykosyla¢ni mista (N-X-S/T),
lokalizovana extracelularné. Celkovy pocet N-glykosylacnich mist je zobrazen vpravo. Svislé
&ary spojuji mista, kterd jsou mezi uvedenymi podjednotkami konzervovana. Cerné &tverce
oznacuji transmembranové domény (TMD - M1, M3, M4). M2 je znazornéna jako vratna
smytka mezi M3 a M4 doménou. Srafované obdélniky oznaduji jednotlivé sestiihové
varianty GluN1 podjednotky (Everts et al., 1997). (B-D) Imunofluorescencni mikroskopie na
COS-7 bunkach; nemutované nebo mutované formy YFP-GluNl1-la podjednotky (B),
exprimované samostatné, nebo spolu s GluN2A podjednotkou; nemutované nebo mutované
formy GFP-GIuN2A (C) a GFP-GIluN2B (D) podjednotek, exprimované samostatné, ¢i spolu
s GluN1-1a podjednotkou.  Grafy ukazuji ptehled normalizovanych hodnot relativni
povrchové/celkové exprese uvedenych variant NMDA receptori. Kvantifikace ukézala
statisticky vyznamny rozdil mezi kontrolnimi (GluN1-1a/GluN2A nebo GluN1-1a/GluN2B)
a mutovanymi receptory (ANOVA; *p<0,05).

V dalsi fazi jsme zkoumali, zda jsou N-glykosyla¢ni mista na pozicich N203 a N368
v GluN1-1a podjednotce nezbytna pro povrchovou expresi NMDA receptorti i v neuronech,
veetné excitaCnich synapsi. Pro zodpovézeni této otazky jsme vytvorili GluNl1-1la
podjednotku s dvojbodovou mutaci N203Q/N368Q (GluN1-1a-N203Q-N368Q) a GluN1-1a
podjednotku se zaménami zbylych 10 asparaginovych zbytkli na predikovanych N-
glykosylaénich mistech (GluN1-1a-10N—10Q). Jelikoz je znamo, ze GluN1 podjednotka je
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v neuronech exprimovana v nadbytku (Prybylowski et al., 2002), pouzili jsme lentivirovy
expresni systém, pomoci n¢jz dochazi ke snizeni exprese endogenni GluN1-1a podjednotky
prostiednictvim specifické shRNA (GluN1-1a-KD) a zaroven k expresi shRNA-rezistentni
formy GluN1-1a podjednotky (rGluN1-1a). Nasledné jsme vyrobili lentivirové konstrukty,
které exprimuji GluN1-1a podjednotky se zdménami v pozicich N203Q a N368Q (rGIluN1-
1a-N203Q-N368Q) a se zaménami 10 asparaginovych zbytkli na zbylych N-glykosyla¢nich
mistech (rGluNI1-1a-10N—10Q) (Zheng et al., 2015). U infikovanych hipokampalnich
neurond jsme pomoci konfokdlni mikroskopie potvrdili, ze rGluN1-1a-N203Q-N368Q
podjednotka vykazuje snizenou povrchovou expresi, v porovnani s nemutovanou formou
rGluN1-1a podjednotky, ¢i rGluN1-1a-10N—10Q podjednotkou (viz Obr. 3A, B). Tyto
vysledky prokazaly, ze i1 u nativniho systému hipokampalnich neuront je pfitomnost
asparaginovych zbytkll na pozicich N203 a N368 nezbytna pro transport NMDA receptorti
na bunécny povrch. Tato zjisténi se nam podafilo potvrdit i v piipadé CGC kultur (viz Obr.
3C, D). Nasledné¢ jsme pomoci konfokalni mikroskopie zjistovali, ve kterém bunéném
kompartmentu jsou rGluN1-1a-N203Q-N368Q podjednotky lokalizovany. Abychom zjistili,
zda je rGluN1-1a-N203Q-N368Q podjednotka pfitomna i na excita¢nich synapsich, pouzili
jsme anti-PSD-95 protilatku, kterd na excita¢nich synapsich zna¢i postsynaptickou densitu
(viz Obr. 3E, F). Zjistili jsme, ze zatimco rGluN1-1a a rGluN1-1a-10N—10Q podjednotky
vyrazné kolokalizovaly s PSD-95 znacenim, rGluNI-la -N203Q-N368Q podjednotka
byla lokalizovdana do jinych bunéénych kompartmentd neuronu, a to jak na téle, tak i

na dendritech.
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Obrazek 3. GluN1-1a-N203Q-N368Q podjednotka sniZuje povrchovou expresi NMDA
receptori v neuronech. (A, C) Reprezentativni snimky celkového (leva ¢ast) a povrchového
(prava cast) signalu zuvedenych rGluNl1-la podjednotek v kulturdch hipokampéalnich
neuronti (A) a v CGC kulturach (C). Pod kazdym snimkem je vybrana reprezentativni oblast
ukdzana zvétSené. (B, D) graf zobrazuje hodnoty intenzity povrchové/celkové exprese
uvedenych rGluN1-1a podjednotek exprimovanych v hipokampélnich neuronech (B) i CGC
kulturach (D). Vysledné hodnoty byly ziskidny ze segmentli primarnich dendritd,
z jednotlivych oblasti o velikosti 10 um?. ANOVA; *p<0.05 viéi kontrole (rGluN1-1a). (E)
Reprezentativni snimky hipokampalnich neuronii: YFP signal (leva cast), PSD-95 signal
(stredni cast) a kolokalizace signalii (prava c¢ast). Pod kazdym snimkem je vybrana
reprezentativni oblast ukdzana zvétSené. (F) Graf zndzoriuje kvantifikaci pozitivni PSD-95
frakce, kolokalizujici s vybranymi rGluN1-1a podjednotkami. Vysledné hodnoty byly ziskany
ze segmentl sekundarnich a terciarnich dendritli, z jednotlivych oblasti o velikosti 10 pm?2.
ANOVA; *p<0.05 vuci kontrole (rGluN1-1a).
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Dale jsme pomoci elektrofyziologickych méfeni na HEK293 bunikach zjistovali, zda
N-glykosylace ovliviiuje také funkéni vlastnosti NMDA receptort. Zjistili jsme, ze
receptory obsahujici mutovanou rGluN1-1a-N203Q-N368Q podjednotku maji vyznamné
snizenou velikost proudovych odpovédi, v porovnani s GluN1-1a/GluN2A a GluNI1-1a-
10N—10Q/GluN2A receptory (viz Obr. 4A, B).
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Obrazek 4. N-glykosylace reguluje funk¢ni vlastnosti NMDA receptori. (A)
Reprezentativni  zdznamy proudovych odpovédi z HEK293 bunék exprimujicich
nemutované a mutované GluNI1-1a/GluN2A receptory. Proudy byly vyvolany 5s aplikaci
ImM glutamatu (Cerny obdélnik) za ptitomnosti SOuM glycinu. (B) Graf znazornuje prehled
hodnot proudovych odpovédi pro nemutované a mutované GluN1-1a/GluN2A receptory.
ANOVA; *p<0.05 viici kontrole (GIuN1-1a/GluN2A).

4.3 Charakterizace = N-glykanového slozeni NMDA
receptoru

Podle mista jejich vzniku mizeme N-glykany rozdélit do dvou skupin: i) manézovy
typ, zodpovédny za spravné zformovani a rozd€leni proteinit v ER, a i1) komplexni a
hybridni typy N-glykani, které vznikaji v GA (Moremen et al., 2012; Vagin et al., 2009). Je
znamo, ze GIuN1 a GluN2 podjednotky jsou citlivé jak vii¢i PNGéaze F (odstépuje vSechny
typy N-glykanti), tak endo H (odStépuje mandzovy a hybridni, ale ne komplexni typ N-
glykanti) (Clark et al., 1998; Huh and Wenthold, 1999; Kaniakova et al., 2012a). Pro
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charakterizaci N-glykanovych struktur na nativhich NMDA receptorech jsme pouZili
mozecCkovy lyzat, pripraveny z 5-8 dennich potkanti. Stafi potkanti bylo vybrano s ohledem
na naslednd elektrofyziologickd méfeni (limitace velikosti proudil). Mozeckové lyzaty jsme
inkubovali s PNGazou F, nebo endo H, a nasledné pomoci SDS-elektroforézy a Western
blotu detekovali pohyblivost GluN1 a GIuN2B podjednotek v gelu. Nativni GIluN1
podjednotky, S$tépené¢ PNGazou F, mély podobnou pohyblivost v gelu jako GIluN1
podjednotky, st€épené endo H (viz Obr. 5A). Z toho vyplyva, Ze endo H kompletné odstépila
vSechny dostupné N-glykany na nativni GluN1 podjednotce. Deglykosyla¢ni analyzou jsme
obdrzeli podobné vysledky také v pfipadé GIluN1 podjednotek ziskanych z mozecki
dospélych jedincii (viz Obr. 5B). U GluN2B podjednotky jsme piekvapiveé zjistili, ze jeji
mobilita je po inkubaci s endo H zna¢né snizena, v porovnani s mobilitou po inkubaci
s PNGéazou F (viz Obr. 5A). Na zéklad¢ téchto vysledkli predpoklddame, ze GluN1 a
GIuN2B podjednotky v mozeckovych neuronech obsahuji rozdilné typy N-glykanovych

struktur.
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Obriazek 5. Deglykosyla¢ni analyza NMDA receptori. Mozeckové lyzaty, ziskané z: 5-8
dennich potkani (A) a z dospélych jedinct (B), byly inkubovany s PNGézou F nebo s endo
H. Vzorky s GluN1 a GluN2B podjednotkami byly analyzovany pomoci SDS elektroforézy a
detekovany anti-GluN1 a anti-GluN2B protilatkami. Exprese GIluN2B podjednotky
udospélych jedinci nebyla na imunoblotech detekovana, v dusledku vyskytu této
podjednotky pievazné prenatalné a po narozeni. (A, B) Reprezentativni snimky imunoblotii
zobrazuji relativni pohyblivost vybranych GluN podjednotek §t€penych pomoci PNGézy F,
nebo endo H. Relativni pohyblivost v gelu pro GluN podjednotky S$tépené endo H
(hodnoceno jako pomér mezi vzorky inkubovanymi v endo H a v PNGaze) byla nasledujici:
GluN1 (5-8 denni potkani): 1 +0; GluN2B (5-8 denni potkani): 0,6 £ 0,05; GluN1 (dosp¢li
jedinci): 1 £0; n=3.
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V dal8i fazi jsme prostfednictvim Siroké Skaly lektind charakterizovali glykanové
struktury na NMDA receptorech. Pomoci biochemickych metod jsme zkoumali, které
lektiny (konjugované s agar6zou) maji schopnost asociovat s konkrétnimi N-glykanovymi
strukturami na nativnich NMDA receptorech. Lektinovou esej jsme provadéli
na mozeckovych lyzatech. Pomoci biochemické analyzy jsme zjistili, Ze s GIuN1 1 GIuN2B
podjednotkami asociovalo 23 druhil lektinid z 37 testovanych. Mezi pozitivnimi lektiny byli
zastupci, rozpoznavajici N-glykanové struktury obsahujici a-mandzu (ConA, PSA, LCA,
GNL, HHL, NPL) a N-acetylglukosamin (WGA, sWGA), jenz se nachazeji ve vSech typech
N-glykant (viz Obr. 6A, B).
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Obriazek 6. Biochemicka lektinova analyza nativnich NMDA receptori. (A) Mozeckové
lyzaty, ziskané z 5-8 dennich potkand, byly inkubovény s jednotlivymi biotinylovanymi
lektiny. Vzorky s biotinylovanymi GIluN1 a GIuN2B podjednotkami jsme analyzovali
prostiednicvim SDS elektroforézy a detekovali pomoci anti-GluN1 a anti-GluN2B protilatek.
(B) Graf zobrazuje hodnoty relativni intenzity bandd, jez byly kvantifikovany na zakladé
vazby uvedenych lektinii na GluN1 a GluN2B podjednotky. Hodnoty intenzity bandi jsme
normalizovali  vici negativnimu  kontrolnimu signalu  z odpovidajiciho imunoblotu.
PferuSovana ¢ara vyznacuje hodnotu negativni kontroly.
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Mezi pozitivni patii také lektiny, které rozpozndvaji struktury hybridnich a/nebo

komplexnich typti N-glykanii (viz Tabulka 1). Dand zjisténi ukazala, ze N-glykanové slozeni

NMDA receptort je s nejvétsi pravdépodobnosti modifikovano v GA, kde vznika vétSina

hybridnich a/nebo komplexnich N-glykanovych struktur.

Tabulka 1: Specificita lektini pro glykany vazané na podjednotky NMDA receptorii.

POZITIVNI LEKTINY

PREFFEROVANY TYP GLYKANU
(N/O-GLYCOSYLACE)

Concanavalin A (Con A), Pisum sativum (PSA),
Lens culinaris (LCA), Galanthus nivalis (GNL),
hybrid (HHL),

Hippeastrum Narcissus

pseudonarcissus (NPL)

aMan - M, H, C (N)

Wheat Germ (WGA), sukcinylovany Wheat Germ
(sWGA)

GIcNAc— M, H, C (N)

Ricinus communis I (RCA 1)

Gal-H,C (N)

Phaseolus vulgaris Leucoagglutinin (PHA-L)

GalB4GIcNAcB6(GlcNAcB2Mana3)Mano3 — H, C (N)

Phaseolus vulgaris Erythroagglutinin (PHA-E)

GalB4GIlcNAcB2Mana6(GleNAcB4)(GleNAcf4Mana3)M
anf4 - H, C(N)

Datura  stramonium  (DSL),

esculentum (LEL), Solanum tuberosum (STL)

Lycopersicon

(GleNAc),4— H, C (N)

Erythrina crystagalli (ECL)

Galp4GlcNAc — H, C (N)

Aleuria aurantia (AAL)

Fuca6GIcNAc — H, C (N)

Sambucus nigra (SNA)

Neu5Aca6Gal/GalNAc — H, C (N) a C (O)

Lotus tetragonolobus (LTL)

aFuc—H,C(N)aC (O)

Jacalin (Jac), Amaranthus caudatus (ACL)

Galp3GalNAc — C (0)

Dolichos biflorus (DBA)

aGalNAc - C (O)

Euonymus europaeus (EEL)

Gala3Gal - H, C (N)

Griffonia simplicifolia I Isolektin B4 (GSL I-By)

aGal-H, C (N)

NEGATIVNI LEKTINY

Griffonia simplicifolia II (GSL II)

@/BGIcNAc — M, H, C (N)

Maackia amurensis [ (MAL )

Galp4GIcNAc — H, C (N)

Griffonia simplicifolia I (GSL I)

aGal/aGalNAc — H, C (N) a C (O)

Psophocarpus  tetragonolobus I (PTL 1),

Psophocarpus tetragonolobus II (PTL 1I)

Gal, GalNAc — H, C (N) a C (O)

Maackia amurensis II (MAL II)

Neu5Aca3Galp4GalNAc — C (O)

Maclura pomifera (MPL), Bauhinia purpurea
(BPL), Peanut (PNA)

Galp3GalNAc - C (0)

Sophora japonica (SJA)

BGalNAc - C (0)
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Soybean (SBA), Vicia villosa (VVA), Wistera | a/pGalNAc— C (O)
floribunda (WFL)

Ulex europaues I (UEA 1) aFuc—H, C (N)a C (O)

Vtabulce jsou uvedeny typy glykani, preferované jednotlivymi lektiny (Man, manoza;
GlcNAc, N-acetylglukosamin, Gal, galaktoza;, GalNAc, N-acetylgalaktosamin, Fuc, fukoza,
Neu5Ac, N-acetylneuraminova kyselina) a formy rozpoznavanych glykanu (M, manozovy, H,
hybridni; C, komplexni; N, N-glykan,; O, O-glykan). Prevzato z manuadlu Vector Laboratories
a Varki et al., 2009.

Ptfedchozi studie z nasi i1 ze zahrani¢nich laboratofi ukazaly, ze NMDA receptory
jsou N-glykosylovany (Everts et al., 1997; Huh and Wenthold, 1999; Kenny et al., 2009).
Predpoklada se, ze pouze néktera z predikovanych N-glykosyla¢nich mist jsou obsazena
N-glykany (Freeze, 2006; Moremen et al., 2012), AvSak to, zda jsou predikovana
N-glykosyla¢ni mista na GluN podjednotkach skute¢né obsazena N-glykany, neni doposud
znamo. Za timto u¢elem jsme pouZzili mutované GluN1-1a a GluN2B podjednotky s N—Q
zéménou v jednotlivych predikovanych N-glykosyla¢nich motivech (N-X-S/T), které jsme
exprimovali v heterolognich HEK293 buinikach a nasledné zkoumali jejich pohyblivost
v polyakrylamidovém gelu. Na zakladé pohybu mutovanych GluN1-1a podjednotek v gelu
jsme zjistili, ze 11 ze 12 predikovanych N-glykosylacnich mist je skute¢né obsazeno
glykany (na pozicich: N61, N203, N239, N276, N300, N350, N368, N440, N471, N491 a
N771). N-glykosylaéni misto na pozici N674 obsahuje v ramci motivu prolin, coz
znemoziuje navazani N-glykanu, a zfejm¢ z toho diivodu neni misto obsazeno (viz Obr.
7A). Piitomnost N-glykant na asparaginovych zbytcich v pozicich N203 a N368 na GluN1
podjednotce potvrdila nase pfedchozi vysledky, a sice Ze tyto zbytky jsou dualezité
pro transport NMDA receptori na bunéény povrch. Pohyblivost mutovanych GluN2B
podjednotek v polyakrylamidovém gelu wukazala, Ze vSech 7 predikovanych
N-glykosylac¢nich mist (N74, N341, N348, N444, N491, N542, N688), je obsazeno
N-glykany (viz Obr. 7B). NaSe vysledky ukazaly, Ze vétSina predikovanych N-
glykosyla¢nich mist skute¢né obsahuje glykanové struktury, které reguluji povrchovou

expresi 1 funkéni vlastnosti NMDA receptort.

18



80— “r
115—- TEmmpgpae

cO0QgQgog0Qg m ogoggoocoom
T ©O9C Y NFeRT N0~
S0 MR = ZonyITOIR 1 Z
ZZA0 NOO = gzmmvvmwzg
Sg<2<2Z£2Z25 OMmE<€ZLZEE2E0
O TS @O O T TG NOO@mOm o
-7 T YT Zagoagy
e sZ2z2zz2zzz9
222252 023233335
n==2=2=2=2 (DO(D(D(D(D@
OO 000
+GIluN2B +GluN1-1a

Obrazek 7. Obsazenost N-glykosyla¢nich mist na GluN1-1a a GluN2B podjednotkach
prostiednictvim N-glykani. (A) a (B) HEK293 buiiky byly kotransfekovany nemutovanou,
¢1 mutovanou variantou (A) YFP-GluNI-la (GluN1) a (B) GFP-GIuN2B (GIuN2B)
podjednotky. GIluN podjednotky byly 24 h po transfekci analyzovany pomoci SDS
elektroforézy a detekovany specifickymi protilatkami. Mobilita mutovanych GluN
podjednotek byla v mnoha ptipadech zménéna, v porovnani s nemutovanymi podjednotkami.

5 Diskuze

5.1 Strukturni  determinanty GIluN2C podjednotky
reguluji ¢asny transport NMDA receptorii.

Casny transport NMDA receptorti je regulovan specifickymi mechanizmy, které
zajist'uji, ze pouze spravné zformované receptory jsou uvoliiovany z ER na bunéény povrch.
V této dizertaCni préaci jsme zkoumali mechanizmus, jakym GIuN2C podjednotka reguluje
povrchovou expresi NMDA receptorti. Podatilo se ndm identifikovat tfi specifické oblasti v
GIuN2C podjednotce nezbytné pro transport GluN1/GluN2C receptorti na bunéény povrch. Z
nasich pokust vyplyva, ze zkraceni GluN2C podjednotky za M1 doménou zplisobuje jeji
zadrZeni v intracelularnich kompartmentech. Nase vysledky déle ukazaly, ze delece A2
segmentu v NTD umozZnuje expresi zkracené formy GluN2C podjednotky na bunécny
povrch. Je zajimavé, ze delece A2 segmentu v nezkracen¢ formé GIluN2C podjednotky
naopak povrchovou expresi GIuN1/GIuN2C receptorti snizuje. Podobny fenomén muizeme
pozorovat u GluN2A, ale nikoliv u GluN2B podjednotky (Qiu et al., 2009). I ptesto, Ze oblast
A2 segmentu je mezi jednotlivymi GIluN2 podjednotkami vysoce konzervovand, neni
doposud znamo, pro¢ tato oblast reguluje transport u GluN1/GluN2A a GIluN1/GluN2C
receptorii odlisSnym zplsobem, nez u GluN1/GluN2B receptorti. Pfi¢inu mizeme hledat napf.
v ruznych proteinovych vazebnych partnerech, specifickych pro A2 segment u jednotlivych
GluN2 podjednotek, nebo také, ze A2 segment je u GIuN1/GIluN2A a GIuN1/GluN2C
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receptorii nezbytny pro spravné zformovani heterotetramerti a pro jejich uvolnéni z ER.
Druhou moznost podporuje i1 skuteCnost, ze prospravné zformovani GluN1/GluN2
heterotetrameru je zapotiebi rozpojeni homodimerd GIuN1 podjednotky (Farina et al., 2011).

Nase experimenty ukazaly, ze pro transport GluN1/GluN2C receptorii na bunécny
povrch jsou nezbytné také tfi aminokyselinové zbytky (W645, Y656 a T657) v M3 doméné
u GluN2C podjednotky. Vysledky naSi predchozi studie ukéazaly, ze odpovidajici
aminokyselinové zbytky v GluN1, GluN2A a GluN2B podjednotkach jsou rovnéz nezbytné
pro transport NMDA receptorti na bunéény povrch (Kaniakova et al., 2012b). Na rozdil od
GIluN2A a GluN2B podjednotek, mély receptory osahujici GluN2C podjednotku s mutacemi
vM3 doméné vyrazné¢ snizené proudové odpovédi, v porovnani s nemutovanymi
GIuN1/GluN2C receptory. To muze byt zpasobeno snizenou povrchovou expresi
mutovanych GIuN1/GluN2C receptort. K tomuto snizeni dochazi pravdépodobné stejnym
mechanizmem jako v ptipadé GluN1/GluN2A a GluN1/GluN2B receptorti. Rozdily v mife
exprese lze vysvétlit také tim, Ze regulace povrchové exprese v piipadé GluN1/GluN2C
receptorti je mnohem tésnéji spojena s integritou membranovych domén, nez je tomu u
jinych podtypt NMDA receptori. TMD u GIluN podjednotek jsou pro regulaci NMDA
receptorti nezbytné (Ren et al., 2007; Salous et al., 2009). Nedavno bylo navic ukazano, ze
M4 doména u GIuN1 a GluN2 podjednotek je nezbytnd pro spravné zformovani funkénich
receptorti (Schorge and Colquhoun, 2003). Z naSich a ptedchozich pozorovani tedy vyplyva,
ze interakce mezi jednotlivymi TMD jsou klicové pro regulaci transportu NMDA receptorii
na bunéény povrch. Zatim vSak neni zcela jasné, zda k vzajemnym interakcim mezi
podjednotkami dochazi ve specifickych kompartmentech ER, nebo pozd¢ji v pribéhu
transportu na bunéény povrch (Cao et al., 2011; Greger et al., 2003; Kaniakova et al., 2012a;
Salussolia et al., 2011).

V naSich pokusech pro uréeni strukturnich determinant jsme déle zjistili, Ze delece
celée CTD u GIluN2C podjednotky vede kvyznamnému snizeni poctu funkcnich
GluN1/GIuN2C receptorii na bunééném povrchu. Naproti tomu, delece CTD u GluN2A a
GluN2B podjednotek nema na pocet povrchovych GIuN1/GluN2A a GluN1/GluN2B
receptortl zasadni vliv (Horak et al., 2008; Vissel et al., 2001). Pomoci série riznych deleci a
mutaci jsme odhalili kriticky strukturni motiv SLPSP v proximalni ¢asti CTD u GluN2C
podjednotky, ktery je zodpovédny za regulaci povrchové exprese GluN1/GluN2C receptort.
Zatim neni zndmo, zda s timto motivem interaguje néktery ze specifickych vazebnych
partnert, ktery ovliviiuje transport GluN1/GluN2C receptori na bunécny povrch. Nelze také
vylouc¢it moznost, ze CTD u GluN2C podjednotky obsahuje kromé SLPSP motivu jesté dalsi
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strukturni determinanty, regulujici transport GIuN1/GluN2C receptori na bunéény povrch.
Tuto variantu podporuje také studie, zaméfend na CTD u GluN2C podjednotky, v niz byl
identifikovan strukturni motiv RHASLP, na né&jz se pravdépodobné vaze jako vazebny
partner protein 14-3-3-e¢ (Chen and Roche, 2009). Dale jsme zjistili, Ze delece PDZ-vazebné
domény na CTD u GluN2C podjednotky (GluN2C-1241stop) nema na povrchovou expresi
GluN1/GIuN2C receptorii vliv. Toto pozorovani je v souladu s ptredchozimi vysledky, kdy
fosforylace serinovych zbytki v blizkosti PDZ-vazebné domény na GluN2C podjednotce
nema na regulaci transportu GluN1/GIuN2C receptorii na bunéény povrch vliv (Chen et al.,
2006). Na zaklad¢ téchto pozorovani jsme dospéli k zavéru, ze CTD, vcetn¢ motivu SLPSP,
hraje specifickou roli v regulaci transportu GluN1/GIuN2C receptori na bunéény povrch. Z
naSich vysledkli vSak nelze wurcit, zda strukturni motiv. SLPSP ma vyznam
pro regulaci intraceluldrniho transportu GIluN1/GluN2C receptorii a/nebo pro jejich
zpracovani na urovni ER. Aminokyselinova sekvence CTD u GluN2C podjednotky vykazuje
nizkou homologii v porovnani s CTD u GluN2A a GluN2B podjednotek (Ishii et al., 1993).
Vzhledem k tomu, ze se strukturni motiv SLPSP nachazi pouze v aminokyselinové sekvenci
CTD u GIuN2C podjednotky, ptredpokladame, Zze reguluje transport GIluNI1/GluN2C

receptorti unikatnim, podjednotkové-specifickym mechanizmem.

5.2 Vyznam N-glykosylacnich mist na pozicich N203 a
N368 v GluN1 podjednotce pro uvolnéni NMDA
receptoru z ER.

V dané ¢asti dizertani prace jsme se pokousSeli objasnit vyznam predikovanych N-
glykosyla¢nich mist na GluN1, GluN2A a GluN2B podjednotkach pro regulaci transportu a
funkci NMDA receptorti. Nase vysledky ukézaly, Zze N-glykosyla¢ni mista hraji zasadni
ulohu nejen vuvolilovani NMDA receptort z ER, ale ovliviiuji také funk¢ni vlastnosti
rekombinantnich i nativnich NMDA receptort.

Otazkou zUstava, zda se tento mechanizmus vyvinul v pribéhu evoluce NMDA
receptortl, anebo se jedna o nove objeveny mechanizmus v sav¢ich buiikdch. Bioinformacni
analyza ukazala, ze ob& N-glykosyla¢ni mista na pozicich N203 a N368 jsou v GluNl1

podjednotce vysoce konzervovana, coZ podporuje jejich funkéni vyznam (viz Obr. 8A).
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Rattus 198 -DPGTKNVTALLME-210 Rattus 363-QVGIYNGTHVIPN-375
Human 198-DPGTKNVTALLME-210 Human 363-QVGIYNGTHVIPN-375
Mouse 198-DPGTKNVTALLME-210 Mouse 363-QVGIYNGTHVIPN-375
Gallus 219-DPGTKNVTSLLLE-231 Gallus 384-QVGIYNGSNVLTN-396
Xenopus 219-EPGTKNLTALLLE-231 Xenopus 384-QVGIFNGSYIIQN-396

Obrazek 8. N-glykosyla¢ni mista na pozicich N203 a N368 v GluN1 podjednotce jsou
konzervovana po celou dobu evoluce. (A) Aminokyselinova sekvence GluN1 podjednotky
vybranych zvifecich druhii. Set sekvenci vlevo a vpravo obsahuje N-glykosylaéni mista
N203 a N368, které v potkanich GluN1 podjednotkach vyznamné ovliviiuji transport NMDA
receptord na bunéény povrch. Konvenéni N-glykosyla¢ni mista jsou zvyraznéna podtrzenim.

Ptedchozi biochemickd analyza ukazala, Ze NMDA receptory jsou N-glykosylovany
(Clark et al., 1998; Huh and Wenthold, 1999; Kaniakova et al., 2012a; Kenny et al., 2009).
Nase vysledky ukazuji, Ze NMDA receptory maji na riznych N-glykosyla¢nich mistech
pravdépodobné navazané N-glykany, v€etné pozic N203 a N368 v GluN1 podjednotce.
Dosud vSak neni zndmo, na které dal$i asparaginové zbytky v nativni GluN1 podjednotce se
N-glykany vazi, nebot ve skutenosti jsou obsazeny pouze 2/3 z predikovanych N-
glykosyla¢nich mist (Moremen et al., 2012; Vagin et al., 2009). Zajimavosti je, Ze v mozku u
schizofrennich pacientti byly objeveny odlisné N-glykanové struktury na AMPA receptorech
(Tucholski et al., 2013). Funkce ionotropnich glutamatovych receptori muize byt rovnéz
ovlivilovana galektiny (Copits et al., 2014) a O-glykosylace u GluA2 podjednotek je
spojovana se synaptickou plasticitou v hipokampalnich neuronech (Taylor et al., 2014).
Predlozené vysledky maji tedy vyznam nejen pro porozumeéni zakladnim mechanizmim
regulace NMDA receptori v savéim CNS, ale také pro objasnéni pfiCin v pfipad¢ tfady
onemocnéni zplisobenych abnormdlni regulaci glutamatergniho systému, vcetné poruch

funkce CNS u tzv. kongenitalnich poruch glykosylace (Freeze, 2006; Moremen et al., 2012).

5.3 Charakterizace = N-glykanového slozeni NMDA
receptorii.

V zavérecné casti této dizertaCni prace jsme charakterizovali N-glykanové struktury
na NMDA receptorech pomoci Siroké Skaly dostupnych lektint. Piekvapiveé, vétSina
z testovanych lektintt (viz Tabulka 1) asociovala s GluN1 1 GIluN2B podjednotkami,
ziskanymi z mozeckového lyzatu. Zjistili jsme naptiklad, Ze testované podjednotky NMDA
receptorti siln¢ interaguji s lektiny, jez rozeznavaji mandézovy typ N-glykanid. To muze
souviset se skuteCnosti, Ze podstatna ¢ast NMDA receptort je lokalizovana v ER, kde tento

typ N-glykani vznika (Prybylowski et al., 2002). Dale jsme identifikovali n€kolik lektini,
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které rozpoznavaji pouze hybridni a/nebo komplexni typy N-glykant, vznikajici v GA. Z toho
vyplyva, Ze slozeni N-glykani je pravdépodobné upravovano na zaklad¢ aktualni potteby
v pribéhu transportu NMDA receptorit z ER, pfes GA, az na bunéénou membranu. Dosud
neni zcela objasnéné, zda je N-glykanové slozeni NMDA receptori upravovano
ve strukturach GA (Mikhaylova et al., 2016). Dle zna¢né diskutované studie (Jeyifous et al.,
2009) jsou NMDA receptory, na rozdil od AMPA receptoril, schopny obejit somaticky GA. Je
mozné, ze pro modifikaci N-glykanového slozeni NMDA receptort je zapotiebi pouze GA
v dendritech, nebot’ N-glykosylacni aparat se nachdzi také v dendritech hipokampalnich
neurontl (Mikhaylova et al., 2016; Torre and Steward, 1996). Na zaklad¢ citlivosti AMPA a
kainatovych receptorti vii¢i enzymu endo H bylo ukazano, ze u téchto receptort 1ze snadno
rozliSit zralé a nezralé formy N-glykant (Coleman et al., 2006; Greger et al., 2003; Mah et al.,
2005; Standley et al., 1998). Dosud se vSak nepodafilo rozli§it zralé a nezralé¢ formy
N-glykant v piipadé NMDA receptorit (Huh and Wenthold, 1999; Kaniakova et al., 2012a).
Z toho vyplyva, ze proces zpracovani N-glykanti u NMDA receptord je odliSny od AMPA a
kainatovych receptort. Z toho divodu je potieba pro detekci zralosti N-glykanit u NMDA
receptort vyuzit jesté jinych, pokrocilejSich metod.

V piedchozich pokusech jsme zjistili, ze inkubace CGC s tunikamycinem
(inhibitorem N-glykosylace v ER) snizuje pocet NMDA receptorii na buné¢ném povrchu.
Dosud vsak neni jasné, zda nasledné zpracovani N-glykani v GA rovnéz reguluje
povrchovou expresi GluN1/GIuN2 receptort. V této dizertacni praci se ndm podatilo objevit
silnou interakci mezi podjednotkami NMDA receptort a AAL lektinem, ktery rozeznava
fukézu, ptitomnou v hybridnich a komplexnich typech N-glykanovych struktur. Bylo
ukédzano, ze N-glykany obsahujici fukozu jsou soucasti fady jinych glykoproteini v mozku,
jez plni rizné specifické funkce, véetné regulace formovani axond (Gu et al., 2013). Neni
vSak znamo, zda zmény ve sloZzeni N-glykanti mohou hrat roli v regulaci funkce NMDA
receptorti na bunécném povrchu. Stabilita NMDA receptori na bunécném povrchu a/nebo v
synapsi muze byt ovlivnéna pfitomnosti specifickych N-glykanovych struktur, ¢i vazbou
endogennich lektin, napf. galektinu-1, ktery specificky ovliviiuje funkéni vlastnosti
nékterych typt glutamatovych receptorit (Copits et al., 2014). Je znamo, Ze mnoho
regulac¢nich proteinti interaguje s NMDA receptory, véetné SALM proteint, které jsou
rovnéz silné N-glykosylovany (Horak et al., 2014; Lussier et al., 2015; Seabold et al., 2008).
V tuto chvili proto nelze vyloucit, Ze nckteré objevené ucinky lektint mohou byt
zprostfedkovany nepifimou interakci mezi lektinem a proteiny, asociovanymi s NMDA

receptory.
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6 Souhrn

4 Podatilo se ndm ukazat, ze GluN1/GluN2A, GluN1/GluN2B a GluN1/GluN2C
receptory vykazuji rozdilnou miru povrchové exprese v heterolognich bunéénych liniich i
v neuronech. Predpoklddame, ze GIluN2 podjednotky maji kliCovy vyznam pro regulaci

transportu NMDA receptort na bunécny povrch.

v Objasnili jsme vyznam delece aminokyselin na pozicich 159-292 v NTD
u GluN2C podjednotky, které jsou klicové pro regulaci povrchové exprese GIuN1/GluN2C
receptorti. Nepfitomnost téchto aminokyselin v GluN2C podjednotce nebo nepiitomnost
komplementarni oblasti v GluN1 podjednotce ma za nasledek nedostatecné maskovani ER
retencniho motivu v GluN2C podjednotce, coz ma piimy vliv na regulaci transportu

GluN1/GIuN2C receptort na bunécny povrch.

v Pomoci bodovych mutaci tfi aminokyselin (W645A, Y656A a T657A) v M3
doméné€ u GluN2C podjednotky jsme prokazali, ze naruSeni integrity M3 domény v GIuN2C
podjednotce ma pro regulaci transportu GluN1/GluN2C receptorii zasadni vyznam, nebot

mutované receptory nejsou na bunééném povrchu pfitomny.

v Delece témét celé CTD u GluN2C podjednotky prokazala, ze CTD obsahuje
motivy dualezit¢ pro regulaci transportu GIuN1/GluN2C receptorii na bunécny povrch.
Podafilo se nam identifikovat specifické misto (SLPSP motiv), dtlezité pro regulaci
transportu GIuN1/GIuN2C receptorti na bunécny povrch. Tento motiv se v aminokyselinové
sekvenci CTD u GIuN2A a GIuN2B podjednotek nevyskytuje, coz muze vysvétlit

podjednotkoveé-vazany rozdil v povrchové expresi u jednotlivych typtt NMDA receptort.

v Pomoci pokrocilych molekularnich, mikroskopickych, biochemickych a
elektrofyziologickych technik se nam podafilo identifikovat dva N-glykosylované
asparaginové zbytky (N203 a N368) v GluN1 podjednotce, zodpovédné za uvolnéni NMDA

receptorti z ER na bunécny povrch.

v Ukazali jsme, ze GIluN2A a GluN2B podjednotky jsou rovnéz N-glykosylovany,
jejich N-glykosyla¢ni mista vSak nejsou nezbytna pro transport NMDA receptort na bunéény

povrch.

v Odstranéni N-glykanovych struktur z nativnich NMDA receptori vedlo ke

zméné afinity receptorti vici glutamatu.

v Pomoci lektinové analyzy se ndm podafilo ur€it, Ze na nativni GIluN1
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podjednotce se nachazi mandzovy typ N-glykanil, zatimco GluN2B podjednotky obsahuji také
komplexni a hybridni typy N-glykand.

v Elektrofyziologické experimenty ukazaly, Ze po inkubaci CGC s AAL lektinem
(rozpoznavajici fukoézu v komplexnich a hybridnich typech N-glykanti) dochazi ke zméné
funkénich vlastnosti nativnich NMDA receptorti. To ukazuje na pfitomnost komplexnich a

hybridnich typt N-glykanovych struktur u nativnich NMDA receptort.

v Ukazali jsme, Ze zatimco GluN2B podjednotka ma vSech 7 predikovanych N-
glykosyla¢nich mist obsazenych pomoci N-glykanovych struktur (N74, N341, N348, N444,
N491, N542, N688), GluN1 podjednotka ma obsazenych pouze 11 z 12 predikovanych N-
glykosylacnich mist (N61, N203, N239, N276, N300, N350, N368, N440, N471, N491,
N771). N-glykosylacni misto na pozici N674 v GluN1 podjednotce obsahuje ve svém motivu
prolin (N-X-S/T; X+#P), ktery navazani N-glykanové struktury pravdépodobné brani.
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Abstract

N-methyl-d-aspartate (NMDA) receptors are a subclass of glutamate receptors that
play an essential role in mediating excitatory neurotransmission and synaptic plasticity in the
mammalian central nervous system (CNS). NMDA receptors form a heterotetrameric
complex composed of GluN1, GluN2(A-D) and GluN3(A, B) subunits. The activation of
NMDA receptors plays a key role in brain development and memory formation. Abnormal
regulation of NMDA receptors plays a critical role in the etiology of many neuropsychiatric
disorders. The NMDA receptors surface expression is regulated at multiple levels including
early processing (synthesis, subunit assembly, endoplasmic reticulum (ER) processing,
intracellular trafficking to the cell surface), internalization, recycling and degradation. NMDA
receptors are regulated by the availability of GIuN subunits within the ER, the presence of ER
retention and export signals, and posttranslational modifications including phosphorylation
and palmitoylation. However, the role of N-glycosylation in regulating NMDA receptor
processing has not been studied in detail. The aim of this study was to clarify the mechanisms
of regulation of surface expression and functional properties of NMDA receptors. We used a
combination of molecular biology, microscopy, biochemical methods and electrophysiology
in heterologous (COS-7 and HEK293 cells) and native (cerebellar granule cells (CGC) and
hippocampal cultures) expression systems, which allow us the holistic view of the issue. Our
results show that surface delivery of GluN1/GluN2C receptors is regulated by three distinct
regions within the i) A2 segment of amino-terminal domain, ii) M3 transmembrane domain
and ii1) proximal part of C-terminal domain, including SLPSP motif. iv) We also found that
NMDA receptors are released from the ER only when two asparagine residues in the GIluN1
subunit (Asn-203 and Asn-368) are N-glycosylated. v) Furthemore, we found that removing
N-glycans from native NMDA receptors altered the receptor affinity for glutamate. vi) Our
experiments also identified 23 lectins that pulled down both GluN1 and GluN2B NMDA
receptor subunits and altered their biophysical properties. vii) Finally we found, that 11 out of
12 predicted N-glycosylation sites in GluN1 and 7 out of 7 N-glycosylation sites in GIuN2B
are occupied by N-glycans. These findings are important also for understanding the various
neurological and psychiatric disorders associated with abnormal regulation of NMDA

receptors, such as Alzheimer's and Parkinson's dementia, Huntington's disease, or epilepsy.



1 Introduction

The main ionotropic glutamate receptors are the o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors and the NMDA receptors, both of which are
present usually together at the postsynaptic membrane of most excitatory synapses in the
mammalian brain (Lau and Zukin, 2007; Sanz-Clemente et al., 2013; Traynelis et al., 2010).
Recent studies suggest that abnormal regulation of NMDA receptors play a fundamental role
in the development of many neurological and psychiatric disorders, including Alzheimer's
disease, Parkinson’s disease, epilepsy, and schizophrenia (Lau and Zukin, 2007; Petralia et
al., 2009). Thus, understanding the mechanisms that regulate both the trafficking and
function of NMDA receptors is essential for developing novel treatments for these disorders.
NMDA receptors contain a combination of seven principal subunits (GluN1, GluN2A
through GluN2D, and GIuN3A through GIuN3B), all of which share a common membrane
topology that includes four membrane domains (called M1 through M4), an extracellular N-
terminus, an extracellular loop connecting the M1 and M3 domains, and an intracellular C-
terminus (Traynelis et al., 2010).

The GIuN2A through GluN2D subunits have expression patterns that vary widely
both in time (i.e., during development) and in space (i.e., among various brain regions)
(Paoletti, 2011). For example, in cerebellar granule cells (CGCs), GluN2B subunits are
expressed early in development but disappear almost entirely by postnatal day 21; in contrast,
GluN2A and GluN2C subunits are expressed later in development (Akazawa et al., 1994;
Monyer et al., 1994). In addition to its expression in the cerebellum, low levels of GIuN2C
mRNA have also been found in the hippocampus (Pollard et al., 1993). GluN2C-containing
NMDA receptors have distinct functional properties, including reduced magnesium affinity
and reduced conductance, and these properties are conferred upon the receptor’s synaptic
currents (Lu et al., 2006; Paoletti, 2011). Interestingly, the GRIN2C gene, which encodes the
GluN2C subunit, has several splice variants (Rafiki et al., 2000), and its expression is
perturbed in some neurological disorders (Kadotani et al., 1998; Marianowski et al., 1995).

Both the number and type of NMDA receptors at the cell surface are regulated at
multiple levels, including protein synthesis, subunit assembly, processing in the endoplasmic
reticulum (ER), intracellular trafficking via the Golgi apparatus (GA), internalization,
recycling, and degradation (Lau and Zukin, 2007; Petralia et al., 2009; Sanz-Clemente et al.,
2013; Traynelis et al., 2010). Studies have shown that before a functional NMDA receptor
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heterotetramer is formed in the ER, GluN1 and GluN2 monomers form an intermediate
complex, for example GluN1-GluN1 and/or GluNI1-GluN2 dimers (Atlason et al., 2007;
Schuler et al., 2008). These intermediate complexes likely employ specific ER retention
mechanisms, as they are not trafficked from the ER (with the exception of certain GluN1
splice variants) (Fukaya et al., 2003; Mcllhinney et al., 1998; Okabe et al., 1999). Although
distinct regions within the GluN1, GluN2A, and GluN2B subunits regulate ER processing
and the trafficking of functional NMDA receptors (Hawkins et al., 2004; Horak and
Wenthold, 2009; Horak et al., 2008; Kenny et al., 2009; Meddows et al., 2001; Mu et al.,
2003; Qiu et al., 2009; Standley et al., 2000), subunit-dependent differences in early NMDA
receptor processing (e.g., between GluN1/GluN2A-B and GIluN1/GluN2C-D receptors) have
not yet been studied in detail.

Glycosylation of proteins regulates a wide range of biological processes in the
mammalian central nervous system (CNS), including development, synaptogenesis, and
synaptic transmission (Freeze, 2006; Freeze et al., 2012). The majority of glycoproteins in
the brain are N-glycosylated, and it has been estimated that proteins expressed in the brain
contain the highest number of tissue-specific N-glycosylated sites, reflecting the importance
of N-glycosylation in CNS function (Zielinska et al., 2010). In general, N-glycosylation of
membrane-bound proteins is initiated in the lumen of the endoplasmic reticulum (ER); the
glycans are then trimmed and replaced by more complex and variable glycan structures in the
Golgi apparatus (GA) (Freeze, 2006; Moremen et al., 2012). Interestingly, an estimated
several thousand distinct glycan structures are present in the mammalian CNS; this diversity
arises from several factors, including the availability of glycosyltransferases (Vagin et al,,
2009).

All ionotropic glutamate receptors including NMDA receptors contain several
conventional N-glycosylation sites (N-X-S/T; X#P) (Everts et al., 1997; Traynelis et al.,
2010). However, previous studies using Xenopus oocytes found that N-glycosylation may not
be a prerequisite for the proper function of glutamate receptors (Everts et al., 1997).

Other previous studies also showed that both endogenous and recombinant GluN
subunits are extensively N-glycosylated (Clark et al, 1998; Huh and Wenthold, 1999;
Kaniakova et al., 2012a; Kenny et al., 2009; Qiu et al., 2009), and the presence of N-glycans
regulates the trafficking and function of NMDA receptors in heterologous expression
systems (Chazot et al., 1995; Everts et al., 1997). However, the precise role of specific N-

glycosylation sites on GluN subunits is not clearly understood with respect to regulating ER
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processing, intracellular trafficking, and/or gating of functional NMDA receptors. Given the
wide diversity of glycan structures present in mammalian cells (>7,000 structures have been
identified to date), N-glycosylation likely provides an additional level of regulation with
respect to the molecular mechanisms that regulate NMDA receptors (Moremen et al., 2012).
Although several studies found that glutamate receptors are the target of several plant-
derived lectins, including concanavalin A (Everts et al.,, 1997; Mayer and Vyklicky, 1989;
Traynelis et al., 2010), to the best of our knowledge, no study has examined the glycan
composition of native NMDA receptors using a comprehensive panel of deglycosylating

enzymes and lectins.

2 Aims of the study

o Elucidate the mechanism of regulation of GluN1/GIuN2C receptors transport to the

cell surface.

. Characterize N-glycosylation motifs essential for early trafficking of NMDA
receptors.

o Determine the specific N-glycans structures important for NMDA receptors surface
expression.

3 Materials and methods
3.1 Molecular biology

The following cDNAs encoding full-length or truncated NMDA receptor subunits were
used: extracellular-tagged yellow fluorescent protein (YFP)-GluN1 and extracellular-tagged
green fluorescent protein (GFP)-GluN2A, GFP-GluN2B, and GFP-GluN2C (Chen and Roche,
2009; Horak et al., 2008; Luo et al., 2002). Untagged versions of the GluNI1, GluN2A,
GIuN2B and GIuN2C subunits were also used (Horak et al., 2006). Point mutations were

generated using the Quick-Change site-directed mutagenesis kit (Agilent Technologies, Santa
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numbered as published (Ishii et al., 1993). All constructs were verified by DNA sequencing.

3.2 Preparation and transfection of cell cultures

Mammalian cell cultures

Heterologous African green monkey kidney fibroblast (COS-7) and human embryonic
kidney 293 (HEK293) cells were maintained in Opti-MEM 1 media containing 5% fetal
bovine serum (FBS; v/v) and transfected with the cDNA constructs using Lipofectamine 2000
(Life Technologies) as described previously (Kaniakova et al., 2012b). To obtain individual
HEK293 cells suitable for electrophysiology, cells were trypsinized after transfection and
resuspended in Opti-MEM 1 containing 1% FBS, 20 mM MgCl2, 1 mM D,L-2-amino-5-
phosphonopentanoic acid, and 3 mM kynurenic acid (to prevent cell death caused by
activation of NMDA receptors); the cells were then plated on poly-L-lysine-coated glass

coverslips. The experiments were performed within 24—48 h of transfection.

Primary hippocampal neurons and cerebellar granule cells

All animal experiments were performed in accordance with relevant institutional ethical
guidelines and regulations protecting animal welfare.

Primary cultures of hippocampal neurons were prepared from embryonic day 18 (E18)
Sprague-Dawley rats. In brief, fetal rat hippocampi were isolated in cold dissection solution
consisting of Hank's Balanced Salt Solution supplemented with 10 mM HEPES (pH 7.4) and
penicillin-streptomycin (Life Technologies). The tissue was then incubated for 12 min at
37 °C in chopping solution, which consisted of dissection solution supplemented with 0.1
mg/ml deoxyribonuclease I and 0.05% trypsin (Sigma). Neurons were washed three times
with chopping solution and dissociated by triturating 10—15 times through a fire-polished
glass pipette. The dissociated neurons were pelleted by centrifugation at 900xg for 3 min at
4 °C and resuspended in plating medium, which consisted of serum-free Neurobasal media
with B-27 supplement and L-glutamine (Life Technologies). Neurons were plated on poly-D-
lysine (Sigma)-coated dishes at a density of approximately 2x104 cells per cm2. Neurons
were fed every 2-3 days with plating media. The neurons were infected at DIV5-7 and used

for experiments 10 days after infection.



Primary cultures of rat cerebellar granule cells (CGCs) were prepared from P6-8 rat
cerebella as described previously (Prybylowski et al., 2005). In brief, cells were cultured the
entire period in Basal Eagle’s Medium (Life Technologies) supplemented with 10% FBS
(v/v), 2 mM glutamine, and 25 mM KCI; where appropriate, the neurons were transfected on
DIVS5 using a modified calcium phosphate method (Prybylowski et al., 2005). Microscopy
experiments were performed within 48—72 h of transfection; electrophysiology experiments

were performed on cultures at DIV6-8.

3.3 Immunofluorescence microscopy

Surface NMDA receptors were labeled as described previously (Horak et al., 2008). In
brief, the cells were washed in PBS, then incubated on ice for 10 min in blocking solution
containing PBS and 10% NGS (v/v). Next, the cells were incubated in the primary antibody
(in blocking solution) for 30 min. After the cells were washed in PBS, they were incubated in
the secondary antibody (conjugated with fluorescent dye and diluted in blocking solution) for
30 min. The cells were washed twice in PBS, fixed in 4% PFA in PBS (w/v) for 20 min, and
mounted using ProLong Antifade reagent (Life Technologies). Intracellular NMDA receptor
subunits and the various cellular compartments were labeled at room temperature (Horak et
al., 2008). First, cells were fixed with 4% PFA for 30 min, and then permeabilized in 0.1%
TX-100 in PBS for 5 min. The cells were then blocked with blocking solution containing
0.1% TX-100 for 1 h, incubated in primary antibody for 1 h, then incubated in secondary
antibody for 1 h. Images were acquired at room temperature using a confocal scanning
microscope (Leica TCS SPE) fitted with solid-state lasers and a 63x/1.30 oil immersion
apochromat objective. The images were analyzed using Imagel] software (NIH). For
hippocampal neurons, the intensity of the surface and total YFP signals was analyzed in an
area of 10 um? in segments of secondary and tertiary dendrites; the numbers of PSD-95 and
YFP puncta were counted in 10-pm long segments of secondary and tertiary dendrites, as

indicated in the figures.



3.4 Biochemistry

Deglycosylation assay and lectin-binding assay

Deglycosylation of NMDA receptors was performed on cerebellar lysates prepared from
young (i.e., P5-P8) or adult rats. For these experiments, 10 pg of total protein was denatured
in Denaturing Buffer (New England Biolabs) at 100°C for 10 min in accordance with the
manufacturer's protocol. For endoglycosidase H (Endo H) digestion, 10x G5 reaction buffer
and 1000 units of enzyme were added. For Peptide-N-Glycosidase F (PNGase F) digestion,
10x G7 reaction buffer, 10% Nonidet P-40 (v/v), and 500 units of enzyme were added. The
samples were incubated for 2 h at 37°C. As a negative control, separate protein samples were

incubated for 2 h at 37°C in the absence of the respective enzyme.

For the lectin-binding experiments, the cerebella of P5-P8 rats were solubilized in 1%
sodium deoxycholate (w/v) in 50 mM Tris-HCI containing 1 mM EDTA (pH 7.3) and
protease inhibitors (Roche) for 30 min at 37°C, followed by centrifugation at 30,000xg for 30
min at 4°C. The cerebellar lysate (800 pg of total protein) was incubated with biotinylated
lectins (in a total volume of 40 pl) with rotation at 4°C overnight. The samples were then
incubated with 40 ul of streptavidin-coated agarose beads for 2 h at room temperature. As a
negative control, separate samples were incubated with agarose beads only. The samples were
washed three times with wash buffer containing 0.1% Triton X-100 (w/v) in Tris-buffered
saline (pH 7.4) with protease inhibitors; after washing, the samples were heated in 2% SDS
loading buffer (25 pl) for 3 min at 80°C. The proteins were separated in a 7% SDS-PAGE gel,
transferred to a polyvinylidene difluoride (PVDF) membrane, then incubated with the
following primary antibodies: mouse anti-GluN1 (clone 54.2; 1:1000; from Dr. Wenthold's
collection, NIDCD/NIH), mouse anti-GluN2B (1:500; Neuromab), and rabbit anti-GFP
(1:1000; Merck Millipore). The membranes were then incubated with the respective
horseradish peroxidase—conjugated donkey anti-mouse and/or anti-rabbit antibodies (1:1000;
Amersham). The signal was detected using enhanced chemiluminescence with BioMax MR
X-ray film (Eastman Kodak). The intensity of the protein bands was quantified using ImagelJ
software (NIH, Bethesda, MD) and normalized to the values obtained from the respective

negative controls.



4 Results

4.1 Distinct regions within the GluN2C subunit regulate
the surface delivery of NMDA receptors

Previous studies identified several regions within NMDA receptor subunits including
the N-terminus, membrane domains, and C-terminus as key elements for controling the
delivery of NMDA receptors to the cell surface (Anne Stephenson et al., 2008; Traynelis et
al., 2010). Moreover, the N-terminal domain of the GIuN2A subunit but not the GluN2B
subunit contains an ER retention signal (Horak et al., 2008; Qiu et al., 2009).

A previous study also found that deleting the A2 segment reduces the surface
expression of GIuN1/GluN2A receptors (Qiu et al., 2009). Therefore, we deleted the A2
segment from the GIuN2C subunit (GFP-GIuN2C-A159-292). Expressing this construct
together with the GluN1-la subunit in COS-7 cells significantly reduced the surface
expression of the receptors (Fig. 1A, B). Finally, we overexpressed the GFP-GIuN2C and
GFP-GIuN2C-A159-292 subunits in cultured CGCs and compared their surface delivery
using confocal microscopy. We found that the GFP-GIuN2C-A159-292 subunit was
significantly reduced at the cell surface (Fig. 1C, D). In all cases, the total expression of the
mutant GIuN2C subunit did not differ significantly from the corresponding control (i.e., full-
length) GIluN2C subunit. Based on previously published results obtained from
GIuN1/GluN2A receptors (Qiu et al., 2009), we hypothesized that although the structural
differences within the N-terminal regions do not likely account for the observed differences
in surface expression between the various GluN2-containing receptors, the N-terminus
clearly plays an important role in delivering GluN1/GIuN2C receptors to the cell surface.

We recently reported that specific residues within the M3 domains of both the
GluN2A and GluN2B subunits are essential for delivering functional NMDA receptors to the
cell surface (Kaniakova et al., 2012b). Based on this finding, we asked whether the M3
domain in GIuN2C plays a similar role in the delivery of NMDA receptors to the cell surface.
We therefore generated three constructs in which the amino acid residue at position 645, 656,
or 657 (within the M3 domain) was replaced with an alanine residue (yielding constructs
GFP-GIuN2C-W645A, GFP-GIuN2C-Y656A, and GFP-GluN2C-T657A, respectively);
these residues are homologous to previously identified key residues in the GluN2A and

GIuN2B receptors (Kaniakova et al., 2012b). When co-expressed with the GluN1-1a subunit



in COS-7 cells, each mutant GluN2C subunit had reduced surface expression compared to
wild-type GluN2C (Fig. 1A, B). Similar results were obtained using cultured CGCs
transfected with GFP-GIuUN2C-W645A, GFP-GIuN2C-Y656A or GFP-GIuN2C-T657A
subunits (Fig. 1C, D). Together, these results support our conclusion that the M3 domain in
GluN2C i1s essential for delivering the receptor to the cell surface. Lastly, co-localization
experiments revealed that GluN1-1a/GFP-GluN2C-W645A and GluN1-1a/GFP-GIuN2C-
T657A receptors are present mostly in the ER.

The C-terminal region of GIuN subunits was previously implicated in regulating the
delivery of NMDA receptors to the cell surface (Sanz-Clemente et al., 2013; Traynelis et al.,
2010). To determine whether the C-terminus of the GluN2C subunit regulates the surface
delivery of GIuN2C-containing NMDA receptors, we first generated a GIuN2C subunit that
lacks the C-terminal domain (GFP-GIuN2C-855stop); the protein was truncated at a similar
position as the truncated versions of GluN2A and GluN2B in previous studies (Horak et al.,
2008; Vissel et al., 2001). Interestingly, when co-expressed in COS-7 cells with the GluN1-
la subunit, receptors containing the truncated GluN2C failed to traffic to the cell surface
(Fig. 1A, B). Therefore, we generated a series of C-terminal truncated GluN2C subunits in
order to determine whether a specific structural element is essential for the forward
trafficking of GluN2C-containing NMDA receptors. We found that the region adjacent to
residue 889 is critically involved in regulating the surface expression of GluN2C-containing
receptors. To test this idea, we generated a full-length pentamutant GFP-GIluN2C subunit in
which the SLPSP sequence (amino acid residues 885-889) was replaced with alanines,
yielding GFP-GluN2C-SLPSP/AAAAA (Fig. 1A, B). We then co-expressed this construct
together with GluN1-1a in CGCs and used confocal microscopy to measure surface NMDA
receptors. The GIuN1-1a/GFP-GluN2C-SLPSP/AAAAA receptors were delivered to the cell
surface at significantly lower levels than control receptors (Fig. 1C, D). Finally, we propose
that the proximal C-terminus of the GluN2C subunit and the SLPSP motif in particular is a
critical structural element that regulates the surface delivery of GluN1/GIuN2C receptors. We
also suggest that the C-terminus of GIuN2C is the most likely structural element underlying
the decreased surface expression of GluN1/GluN2C receptors compared to GIuN1/GluN2A
and GluN1/GluN2B receptors.
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Figure 1: A specific regions within the GluN2C is essential for the surface delivery of NMDA
receptors. (A) Representative images of total (left panel) and surface (right panel) NMDA receptor
pools in transfected COS-7 cells. (B) Summary of the normalized ratios of surface and total expression
of the indicated NMDA receptor subunits measured using fluorescence microscopy. *, p < 0.05
(relative to GluN1-1a/GFP-GIuN2C); ANOVA. (C) Representative images of total (left panel) and
surface (right panel) GIuN2 pools in CGCs. (D) Summary of the normalized ratios of surface and total
expression of NMDA receptor subunits measured using confocal microscopy. *, p < 0.05 (relative to
GFP-GIuN2C); ANOVA.

4.2 Two N-glycosylation sites in the GluN1 subunit are
essential for releasing NMDA receptors from the
endoplasmic reticulum

The GluN1, GluN2A, and GIuN2B subunits contain 12, 7, and 7 N-glycosylation
consensus sites (N-X-S/T; see Fig. 2A), respectively. We hypothesized the specific N-
glycosylation sites in GluN1 and/or GIuN2 subunits are essential for early trafficking of
NMDA receptors. We first tested this hypothesis in COS-7 cells expressing GluN1/GluN2
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receptors in which single N-glycosylation consensus sites were mutated (by replacing the N
residue with a Q residue, which is not glycosylated) using a quantitative colorimetric surface
expression assay (Kaniakova et al., 2012b). We found that there are two essential N-
glycosylation sites in GluN1 (N203Q and N368Q; Fig. 2B); however, mutating any one N-
glycosylation site in GIuN2A or GluN2B did not reduce surface delivery of the
GluN1/GIuN2 receptors (Fig. 2C-D).
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Figure 2: Specific N-glycosylation sites within the GIluN1 subunit regulate the surface
expression of NMDA receptors in mammalian cell lines. (A), Schematic of the GIuN1, GIuN2A,
and GluN2B subunits. Arrowheads indicate the location of extracellular N-glycosylation consensus
sites (N-X-S/T), and the total number of sites is shown at the right. The vertical lines indicate the sites
that are conserved at homologous positions among the subunits. The black squares indicate the
transmembrane domains (M1, M3, and M4), and the hairpin loop that forms the channel pore is
indicated between M1 and M3. The hatched rectangles indicate alternatively spliced domains in the
GIuN1 subunit. Adapted from (Everts et al., 1997). (B, C, D) COS-7 cells expressing the indicated
wild-type or mutant YFP-GluN1-1a subunits (GluN1; B)) with or without the GluN2A subunit or
wild-type or mutant GFP-GIuUN2A (GIuN2A; C) and GFP-GIuN2B subunits (GluN2B; D) with or
without the GluN1-1a subunit were stained using anti-GFP antibodies under non-permeabilizing
(surface labeling) or permeabilizing (to measure total receptor levels) conditions and measured using
a quantitative colorimetric assay. The bar graphs show the relative surface expression (surface/total
expression signals) of the indicated NMDA receptor subunit combinations measured in triplicate from
three independent experiments (n = 9). *p<0.05 versus control (wild-type GIluN1/GluN2A or
GIuN1/GluN2B), analyzed by one-way ANOVA.
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Next, we generated a GluN1-1a subunit lacking both critical N-glycosylation sites
(GluN1-N203Q-N368Q) and to complement this mutant a GluN1-1a subunit lacking the
other ten N-glycosylation sites (but retaining the N203 and N368 residues; GIuNI1-
10N—10Q) or lacking all twelve N-glycosylation sites (GIuN1-12N—12Q) to examined
whether N203 and N368 in GluN1 are essential for the delivery of NMDA receptors in
neurons, including the cell surface and excitatory synapses. Because the GluN1 subunit is
expressed in excess levels in neurons (Prybylowski et al., 2002), we used a lentivirus-based
molecular replacement system in which the endogenous GIluNI1 subunit was reduced by
specific ShRNA knockdown (GluN1-KD) and replaced with an shRNA-resistant YFP-tagged
wild-type or mutant recombinant GluN1-la subunit (rGluN1, rGluN1-N203Q-N368Q,
rGIuN1-10N—10Q) (Zheng et al., 2015). Next, we used confocal microscopy to determine in
which subcellular compartment the mutant GluN1 subunits are retained. First, we labeled the
surface pool of recombinant GluN1 subunits expressed in hippocampal neurons (Fig. 3A, B).
These experiments yielded similar results as our biotinylation assays; specifically, wild-type
rGluN1 and rGluN1-10N—10Q subunits were present at the cell surface, whereas rGluN1-
N203Q-N368Q subunits were not. We found similar results using cultured CGCs transfected
with GluN1 subunits (Fig. 3C, D). Interestingly, when expressed in hippocampal neurons, the
rGluN1-N203Q-N368Q subunit showed a different pattern in terms of total expression
compared to wild-type rGluN1 and rGluN1-10N—10Q subunits; specifically, no clusters
were observed (Fig. 5A). This finding suggests that the rGIuN1-N203Q-N368Q subunit may
not reach excitatory synapses. To test this possibility, we stained infected hippocampal
neurons using anti-PSD-95 antibody to label the postsynaptic compartment (Fig. 3E, F). We
found that wild-type rGluN1 and rGluN1-10N—10Q subunits were present in PSD-95-
positive clusters, whereas the rGluN1-N203Q-N368Q subunit was clearly retained in other

somatic compartments and dendritic structures.
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Figure 3: Confocal analysis of fixed neurons expressing recombinant GluN1 subunits. (A) Dense
cultures of hippocampal neurons were immunostained for surface and total YFP under non-
permeabilizing and permeabilizing conditions, respectively. Representative images of total (left
column) and surface (right column) immunoreactivity are shown. Below each image is a higher
magnification image of the region indicated. (B) Summary of the fluorescence intensity per unit area
of surface and total YFP expression for the indicated rGluN1 subunits expressed in hippocampal
neurons obtained from a 10pm? region of interest in segments of secondary and tertiary dendrites (n >
25 segments from > 5 different cells); *p<0.05, analyzed by one-way ANOVA. (C) Dense cultures of
CGCs were immunostained for surface and total YFP under non-permeabilizing and permeabilizing
conditions, respectively. Representative images of total (left column) and surface (right column)
immunoreactivity are shown. Below each image is a higher magnification image of the region
indicated. (D) Summary of the fluorescence intensity per unit area of surface and total YFP
expression for the indicated rGIuN1 subunits expressed in CGCs obtained from a 10 pm? region of
interest in segments of primary dendrites (n > 10 different cells); *p<0.05, analyzed by one-way
ANOVA. (20). (E) Hippocampal neurons were immunostained for YFP (GluN1) and PSD-95 under
permeabilizing conditions. Representative images of the YFP channel (left column), the PSD-95
channel (middle column), and merged channels (right column) are shown. Below each image is a
higher magnification image of the region indicated. (F) Summary of the fraction of PSD-95 puncta
that co-localized with the indicated rGluN1 subunits measured in 10 pm segments of secondary and
tertiary dendrites (n > 30 segments from > 20 different hippocampal neurons); *p<0.05, analyzed by
one-way ANOVA.
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Next, we performed electrophysiology experiments in HEK293 cells. In the agreement
with our previous data, receptors containing the GluN1-N203Q-N368Q mutant subunits had
markedly reduced peak current amplitudes compared to both wild-type GluN1/GluN2A and
GluN1-10N—10Q/GIuN2A receptors (Fig. 4A, B).
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Figure 4: N-glycosylation regulates the functional properties of NMDA receptors. (A) and (B),
Whole-cell patch-clamp recordings were performed in HEK293 cells expressing the indicated wild-
type or mutant YFP-GluN1-1a subunits (GluN1) together with the GIuN2A subunit. Currents were
elicited in the continuous presence of 50 uM glycine with a 5-s pulse of 1 mM glutamate (indicated
by the horizontal bar; the cells were held at a membrane potential of -60 mV. The graph in (B)
summarizes the peak current amplitude measured for each combination of NMDA receptors (n > 12
cells). *p<0.05 versus wild-type GIuN1/GluN2A, analyzed by one-way ANOVA.

4.3 Characterization of N-glycans on NMDA receptor
subunits

Two main categories of N-glycans have been identified based on processing and
maturation: 1) high-mannose N-glycans, which affect the folding and sorting of proteins in
the ER, and ii) hybrid and complex N-glycans, which are generated by glycan remodeling in
the GA (Moremen et al., 2012; Vagin et al., 2009). Several groups reported that GIuN1 and
GluN2 subunits are sensitive to PNGase F, which cleaves the high-mannose, hybrid, and
complex forms of N-glycans, and Endo H, which cleaves the high-mannose and hybrid but

not the complex forms of N-glycans (Clark et al., 1998; Huh and Wenthold, 1999; Kaniakova
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et al., 2012a). To identify the categories of N-glycans present in the rat cerebellum, we first
treated cerebellar lysates obtained from P5-P8 rats with PNGase F or Endo H, then measured
GluN1 and GluN2B subunits using a gel mobility shift assay (Fig. 5A). Interestingly, we
found that the mobility of native GluN1 subunit treated with Endo H was similar to the
mobility of native GluN1 subunit treated with PNGase F, indicating that Endo H removes all
accessible N-glycans that are present on the native GluN1 subunit. In addition, we observed
similar results with respect to deglycosylation of cerebellar GluN1 subunits obtained from
adult animals (Fig. 5B). In contrast, the shift in mobility of the GluN2B subunit treated with
Endo H was markedly reduced compared with the mobility of the GluN2B subunit treated
with PNGase F (Fig. 5A). Together with previously published data, these results show that
cerebellar NMDA receptor subunits are extensively N-glycosylated.
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Figure 5: Deglycosylation analysis of NMDA receptors. Cerebellar lysates were obtained from P5-
P8 (A) or adult (B) rats and incubated in Peptide-N-Glycosidase F (PNGase F) or endoglycosidase H
(Endo H). The samples were then separated by SDS-PAGE, transferred to a PVDF membrane, and
probed with the indicated antibodies against GluN1 and GluN2B. Representative immunoblots are
shown. Expression of the GIuN2B subunit in the adult cerebellum was negligible (data not shown);
therefore, deglycosylation was not measured in these samples. The relative mobility of the Endo H-
treated GIuN bands (calculated as the ratio between the Endo H-treated and PNGase F-treated
samples) was as follows: GIuN1 (P5-8): 1+0; GluN2B (P5-8): 0.6+0.05; and GluN1 (adult): 1+0; n =
3.

Next, we determined which glycans are attached to native NMDA receptors in the
cerebellum of P5-P8§ rats using a complete panel of biotin-conjugated lectins. After pulling
down specific lectin-bound proteins from the cerebellar lysates, we measured the major
NMDA receptor subunits present in the lysate (i.e., GluN1 and GluN2B) using western blot
analysis (Fig. 6A, B). Interestingly, 23 of the 37 lectins in our panel pulled down both GluN1
and GIluN2B subunits. Specifically, the NMDA receptor subunits were associated with
lectins recognizing N-glycans containing a-mannose (ConA, PSA, LCA, GNL, HHL, and
NPL) and N-acetylglucosamine (WGA and sWGA), which are present in high-mannose,
hybrid, and complex forms of N-glycans.
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Figure 6: Lectins associated with native NMDA receptors. (A) Cerebellar lysates were obtained
from P5-P8 rats and precipitated using a panel of biotinylated lectins. The samples were then separated
by SDS-PAGE, transferred to a PVDF membrane, and probed with the indicated antibodies against
GIuN1 and GIuN2B. Representative immunoblots are shown. (B) Relative band intensity was
measured for the indicated GluN subunits precipitated using the indicated lectins. The bands were first
quantified, then normalized to the negative control from each corresponding immunoblot. The vertical
dotted line indicates the 2-fold threshold (relative to the negative control). The summary data in b are
presented as the mean £ SEM; n = 3 for each lectin.
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Interestingly, we also found that NMDA receptor subunits were associated with
lectins that recognize structures found only in hybrid and/or complex forms of N-glycans
(Table 1). These findings show that the N-glycans that are attached to NMDA receptor
subunits are likely modified in the GA, thereby giving rise to a wide variety of N-glycan

structures.
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POSITIVE LECTINS

PREFFERED GLYCAN SPECIFICITY — TYPE of
GLYCAN (N/O-GLYCOSYLATION)

Concanavalin A (ConA), Pisum
sativum (PSA), Lens culinaris (LCA),
Galanthus nivalis (GNL), Hippeastrum

aMan - M, H, C (N)

hybrid (HHL), Narcissus
pseudonarcissus (NPL)
Wheat Germ (WGA), succinylated | GIeNAc - M, H, C (N)

Wheat Germ (sWGA)

Ricinus communis I (RCA I)

Gal— H, C (N)

Phaseolus
(PHA-L)

vulgaris Leucoagglutinin

GalB4GlcNACcB6(GIcNAcB2Mana3)Mana3 — H, C (N)

Phaseolus vulgaris Erythroagglutinin
(PHA-E)

Galp4GlcNAcB2Mana6(GlcNAcp4)(GleNAcpB4Mana3)

Manp4 — H, C (N)

Datura stramonium
Lycopersicon

Solanum tuberosum (STL)

(DSL),

esculentum  (LEL),

(GleNAc),4 — H, C (N)

Erythrina crystagalli (ECL)

GalB4GlcNAc — H, C (N)

Aleuria aurantia (AAL)

Fuca6GIcNAc — H, C (N)

Sambucus nigra (SNA)

Neu5Aca6Gal/GalNAc — H, C (N) and C (O)

Lotus tetragonolobus (LTL)

aFuc — H, C (N) and C (O)

Jacalin (Jac), Amaranthus caudatus
(ACL)

Galp3GalNAc — C (O)

Dolichos biflorus (DBA)

aGalNAc — C (0)

Euonymus europacus (EEL)

Galo3Gal - H, C (N)

Griffonia simplicifolia 1 Isolectin B4
(GSL I-By)

aGal —H, C (N)

NEGATIVE LECTINS

Griffonia simplicifolia I (GSL II)

w/BGIcNAc— M, H, C (N)

Maackia amurensis I (MAL I)

GalB4GlcNAc — H, C (N)

Griffonia simplicifolia I (GSL I)

aGal/aGalNAc — H, C (N) and C (O)
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Psophocarpus tetragonolobus I (PTL | Gal, GaINAc — H, C (N) and C (O)
I), Psophocarpus tetragonolobus II
(PTL 1D

Maackia amurensis II (MAL II) Neu5Aca3Galp4GalNAc — C (O)

Maclura pomifera (MPL), Bauhinia | Galp3GalNAc — C (O)
purpurea (BPL), Peanut (PNA)

Sophora japonica (SJA) BGalNAc — C (O)

Soybean (SBA), Vicia villosa (VVA), | a/BGalNAc — C (O)
Wistera floribunda (WFL)

Ulex europaues [ (UEA I) aFuc — H, C (N) and C (O)

Table 1: Glycan specificity of the used lectins (see Fig. 2). The preferred glycan specificity of the
lectins (Man, mannose; GIcNAc, N-acetylglucosamine; Gal, galactose; GalNAc, N-
acetylgalactosamine; Fuc, fucose; NeuS5Ac, N-acetylneuraminic acid) and the type of recognized
glycans (M, mannose; H, hybrid; C, complex; N, N-glycan; O, O-glycan) are shown. Adapted from the
Vector Laboratories manual and from Varki et al., 2009.

Studies by our group and others found that NMDA receptor subunits are N-
glycosylated (Everts et al., 1997; Huh and Wenthold, 1999; Kenny et al., 2009). However,
although only some of the consensus N-glycosylation sites in the receptors are believed to be
actually occupied by glycans (Freeze, 2006; Moremen et al., 2012), only limited information
is available regarding the occupancy of GIluN subunits by N-glycans at specific N-
glycosylation sites. Therefore, to address this issue, we employed GluN1 and GluN2B
subunits in which individual consensus sites (N-X-S/T) have been mutated (N—Q) to
prevent N-glycosylation; we then expressed the mutant receptor subunits in HEK293 cells
and performed a gel mobility shift assay. Our results show that eleven N-glycosylation sites
within GluN1 (N61, N203, N239, N276, N300, N350, N368, N440, N471, N491, and N771)
are modified by glycans, whereas the site at N674 is not glycosylated (Fig. 7A). Our results
with respect to N-glycosylation at N203 and N368 in the GluN1 subunit are consistent with
our recent results. In addition, we found that all seven putative N-glycosylation sites in the
GIuN2B subunit (N74, N341, N348, N444, N491, N542, and N688) are occupied by glycans
(Fig. 7B). Taken together, these results confirm that NMDA receptors are occupied by a wide

range of N-glycans, which regulate their function at the neuronal cell surface.
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Figure 7: The occupation of putative N-glycosylation sites in GluN1 and GluN2B NMDA
receptor subunits by N-glycans. (A) HEK293 cells were co-transfected with GIuN2B and either
wild-type or mutant YFP-tagged GluN1-1a. (B) HEK293 cells were co-transfected with GluN1-1a and
either wild-type or mutant GFP-tagged GluN2B. Twenty-four hours after transfection, the cells were
lysed, and the indicated YFP/GFP-tagged GIuN subunits were analyzed by western blot. Note that in
most cases the mutant GluN subunits ran at a different size than the corresponding wild-type subunits.
The GluN2B-7N—7Q subunit lacks all seven predicted extracellular N-glycosylation sites.

5 Discussion

5.1 Distinct regions within the GluN2C subunit regulate
the surface delivery of NMDA receptors

The early processing and intracellular transport of NMDA receptors to the cell
surface is regulated by specific mechanisms that ensure that only properly assembled
receptors containing the appropriate subunits are released from the ER and delivered to the
cell surface. Here, we investigated the mechanism by which the GluN2C subunit regulates
the surface delivery of NMDA receptors. We identified three distinct regions within the
GluN2C subunit that are essential for driving the surface delivery of GluNI1/GluN2C
receptors. First, truncating the GluN2C subunit immediately downstream of the M1 domain
caused the protein to be retained in the intracellular compartment, and this retention was
released by deleting the N-terminal A2 segment. However, deleting the N-terminal A2
segment from the full-length (i.e., non-truncated) GluN2C subunit reduced the surface
expression of GluN1/GluN2C receptors. Interestingly, a similar phenomenon was reported
previously for GluN2A, but not GluN2B (Qiu et al., 2009). Given that the A2 segment is
relatively well conserved among GIuN2 subunits, it is currently unclear why the A2 segment
regulates GIuN2A and GIuN2C differently than GluN2B. It is possible that the A2 segment

of some GIluN2 subunits can interact with specific binding partner(s); alternatively, the
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presence of a specific A2 segment is required to enable the GluN1/GIuN2 heterotetramer to
pass the intracellular quality control checkpoints (with the ER serving as the most likely
checkpoint). The latter possibility may be supported by the finding that the GIuN1
homodimer dimer must dissociated in order to form the GluN1/GluN2 heterotetramer (Farina
etal., 2011).

Second, our experiments revealed the identity of three amino acid residues within the
M3 domain of GIuN2C specifically, W645, Y656, and T657 that are important for delivering
GluN2C-containing NMDA receptors to the cell surface. We previously reported that the
presence of identical residues within the GIuN1, GluN2A, and GluN2B subunits is essential
for surface delivery of the NMDA receptors; therefore, a shared mechanism likely underlies
the M3 domain’s ability to regulate the surface expression of NMDA receptors (Kaniakova et
al., 2012b). In contrast to previous data with GluN1, GluN2A, and GIuN2B subunits with
mutations in the M3 domain, we observed extremely small currents in GluN1/GluN2C
receptors with a mutation in the GluN2C subunit’s M3 domain. One explanation may be that
the reduced surface expression of wild-type GluN2C-containing receptors compared to
GluN1/GluN2A and GluN1/GIuN2B receptors is further reduced by the same mechanisms,
as in the case of GIuNI/GluN2A and GIluN1/GluN2B receptors. Alternatively, the
GluN1/GIuN2C receptors may be regulated via their membrane domains more tightly than
other receptor types, and this may be reflected in their reduced surface localization. The
membrane domains of GluN subunits were found to be essential for regulating NMDA
receptors (Ren et al., 2007; Salous et al., 2009). Moreover, the presence of the M4 domain in
GluN1 and GIuN2 was found to be essential for forming functional receptors (Schorge and
Colquhoun, 2003). Thus, based on these previous data and our observations, specific inter-
membrane domain interactions are clearly essential for mediating the delivery of NMDA
receptors to the cell surface; however, it is currently not clear whether their effect is mediated
during ER processing and/or downstream intracellular transport (Cao et al., 2011; Greger et
al., 2003; Kaniakova et al., 2012a; Salussolia et al., 2011).

Finally, we found that deleting the entire C-terminus of GluN2C significantly reduces
the number of functional NMDA receptors at the cell surface. Interestingly, deleting the C-
terminus of GIuN2A or GluN2B does not have such a profound effect (Horak et al., 2008;
Vissel et al., 2001). Our series of deletions and mutations revealed a critical structural
element within the proximal C-terminal region of the GIuN2C subunit; this 5-residue motif

(SLPSP) regulates the surface expression of GluN1/GluN2C receptors. Whether the SLPSP
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motif interacts with a specific binding partner remains unclear. Indeed, we cannot exclude
the possibility that additional structural elements within the C-terminus of GIuN2C aside
from the SLPSP motif also regulate the transport of GluN1/GluN2C receptors. This view is
supported by a compelling study that identified the RHASLP motif in the C-terminus of
GluN2C as a 14-3-3 binding motif (Chen and Roche, 2009). Moreover, we found that
deleting the PDZ-binding motif in the GIuUN2C subunit (i.e., our GIuUN2C-1241stop
construct) did not affect the surface expression of NMDA receptors, which is consistent with
a previous study that found that phosphorylation of the serine residues adjacent to the PDZ-
binding motif does not regulate the trafficking of GluN1/GluN2C receptors (Chen et al.,
2006). Based on this large body of data, we propose that the C-terminus of GluN2C subunits
including the SLPSP motif plays a unique and specific role in regulating the delivery of
GluN1/GIuN2C receptors to the cell surface. At this time, our data cannot be used to
determine whether the GluN2C C-terminus including the SLPSP motif plays a role in ER
processing and/or intracellular transport of NMDA receptors. Nevertheless, the C-terminus of
GluN2C has relatively low homology with the C-termini of GIuN2A and GIuN2B (Ishii et
al., 1993); therefore, the SLPSP motif within the C-terminus of GluN2C does not have a
corresponding motif (i.e., located the same distance from the M4 domain) in the GluN2A and

GIluN2B subunits.

5.2 Two N-glycosylation sites in the GluN1 subunit are
essential for releasing NMDA receptors from the
endoplasmic reticulum

Here, we examined the role of conventional N-glycosylation sites in the GIluN1,
GIuN2A, and GIluN2B NMDA receptor subunits with respect to receptor trafficking and
function using a combination of biochemistry, microscopy, and electrophysiology in
heterologous expression systems and neurons. Our findings show that N-glycosylation plays
an essential role in the release of NMDA receptors from the ER.

Did this mechanism develop early in the evolution of NMDA receptors, or is it a
newly emerged mechanism in mammalian cells? A bioinformatics analysis revealed that the
N-glycosylation sites at N203 and N368 have been conserved within GluN1 subunits

throughout evolution (Fig. 8A), thus underscoring the high importance of these two sites.
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Rattus 198-DPGTKNVTALLME-210 Rattus 363-QVGIYNGTHVIPN-375
Human 198 -DPGTKNVTALLME-210 Human 363-QVGIYNGTHVIPN-375
Mouse 198 -DPGTKNVTALLME-210 Mouse 363-QVGIYNGTHVIPN-375
Gallus 219-DPGTKNVTSLLLE-231 Gallus 384-QVGIYNGSNVLTN-396
Xenopus 219-EPGTKNLTALLLE-231 Xenopus 384-QVGIFNGSYIIQN-396

Figure 8: The N-glycosylation sites at N203 and N368 have been conserved within GluN1
subunits throughout evolution. (A) Sequences of GluN1 homologs from the indicated species. The
upper and lower sets of sequences contain the N203 and N368 residues, respectively, which were
identified in rat GIuN1 as essential for trafficking of NMDA receptors; the conventional N-
glycosylation consensus sites are underlined.

Previous biochemical data showed that NMDA receptors are heavily N-glycosylated
(Clark et al., 1998; Huh and Wenthold, 1999; Kaniakova et al., 2012a; Kenny et al., 2009).
However, we currently do not know which asparagine residues aside from N203 and N368 in
the GIuN1 subunit are N-glycosylated in native subunits, as only two-thirds of the
conventional N-glycosylation consensus sites are occupied by glycans (Moremen et al., 2012;
Vagin et al., 2009). Interestingly, recent studies reported that the N-glycosylation pattern of
AMPA receptors in the cortex is altered in schizophrenia (Tucholski et al., 2013), the
ionotropic glutamate receptor function is modulated by vertebrate galectins (Copits et al.,
2014), and O-GlcNAcylation of the GluA2 subunit is associated with long-term depression in
hippocampal synapses (Taylor et al., 2014); thus, it is likely that future studies will reveal
more information regarding the precise roles that specific glycosylation of NMDA receptors
play in regulating neuronal function. Finally, because patients with congenital disorders of
glycosylation (CDG) often exhibit neuropsychiatric symptoms, including mental retardation,
seizures, and epilepsy (Freeze, 2006; Moremen et al., 2012), understanding the role that N-

glycosylation plays in the mammalian brain is highly relevant from a clinical perspective.

5.3 Characterization of N-glycans on NMDA receptor
subunits

Here, we report that a large range of lectins pull down both GIluN1 and GluN2B
NMDA receptor subunits in cerebellar lysates. Specifically, we observed a relatively strong
association between these NMDA receptor subunits and lectins that recognize high-mannose
N-glycans; this is likely because the ER contains a substantial pool of NMDA receptors
(Prybylowski et al., 2002). Given that we also identified many lectins that recognize only the
hybrid or complex forms of N-glycans (which are produced in the GA), we suggest that the
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N-glycans are modified extensively as the NMDA receptor travels from the ER toward the
cell surface. It is currently not clear whether the glycan composition of NMDA receptors is
modified in the somatic GA, at dendritic Golgi outposts, and/or at Golgi satellite structures
(Mikhaylova et al., 2016). Nevertheless, it has been suggested that unlike AMPA receptors,
NMDA receptors may bypass the somatic GA during their journey to the synapse (Jeyifous et
al., 2009). Consistent with this notion, the necessary glycosylation machinery is also present
in dendrites of hippocampal neurons (Mikhaylova et al., 2016; Torre and Steward, 1996);
thus, it is conceivable that all Golgi systems can be used for processing N-glycans on NMDA
receptors. Based on their sensitivity to Endo H, AMPA receptors and kainate receptors have
clearly distinguishable pools of immature and mature forms (Coleman et al., 2006; Greger et
al., 2003; Mah et al., 2005; Standley et al., 1998). Data from our group and others were
largely unable to identify clearly distinguishable pools of immature and mature NMDA
receptors based on Endo H treatment (Huh and Wenthold, 1999; Kaniakova et al., 2012a);
but see (Kenny et al. 2009). Therefore, we suggest that N-glycan processing differs between
NMDA receptors and AMPA receptors/kainate receptors; moreover, we suggest that using
Endo H deglycosylation is not sufficient to detect immature versus mature NMDA receptors.
We reported that tunicamycin (an inhibitor of N-linked glycosylation) significantly
reduces the number of NMDA receptors at the cell surface. However, it is currently unclear
whether additional processing of N-glycans in the GA is required for delivering
GluN1/GIuN2 receptors to the cell surface. Interestingly, we found a robust association
between NMDA receptors and fucose-interacting lectins such as AAL. Fucose-containing N-
glycans are common in brain glycoproteins, where they regulate several functions, including
neurite formation (Gu et al., 2013). Thus, we suggest that changes in N-glycan composition
may play subtle yet currently unidentified roles in the function of NMDA receptors at the cell
surface. For example, receptor stability at the surface and/or synaptic membrane may be
altered by the presence of specific glycan structures; alternatively, endogenous vertebrate
lectins (e.g., brain-specific galectin-1) may modulate specific functional properties of NMDA
receptors (Copits et al., 2014). Indeed, many regulatory proteins that interact with NMDA
receptors (for example, synaptic adhesion-like molecules) are also N-glycosylated (Horak et
al., 2014; Lussier et al., 2015; Seabold et al., 2008). Therefore, we cannot exclude the
possibility that at least some of the effects of lectins observed here may be mediated by these

indirect interactions, rather than by direct lectin-GluN subunit interactions.
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6 Conclusions

4 GIuN1/GluN2A, GluN1/GluN2B and GluN1/GluN2C receptors are differentially
expressed at the cell surface. This difference indicates that the GluN2C subunit contains

critical structural elements that control the trafficking of GluN1/GluN2C receptors.

v Truncating the GIuN2C subunit immediately downstream of the M1 domain
caused the protein to be retained in the intracellular compartement, and this retention was

released by deleting the N-terminal A2 segment (159-292).

4 Three amino acid residues within the M3 domain of GluN2C, specifically W645,
Y656 and T657, are important for delivering GluN1/GIuN2C receptors to the cell surface. The
integrity of the M3 domain of GIuN2C subunit plays a key role in the regulation of transport
of GIuN1/GIuN2C receptors, because mutated GluN2C-containing receptors are not present at

the cell surface.

v Deleting the entire C-terminus of GluN2C subunit significantly reduces the
number of functional GIuN1/GluN2C receptors at the cell surface. Series of deletions and
mutations revealed a critical structural element within the proximal C-terminal region of the
GluN2C subunit. This 5-residue motif (SLPSP) regulates the surface expression of
GIuN1/GluN2C receptors. The C-terminus of GIuN2C subunit has relatively low homology
with the C-termini of GluN2A and GIluN2B subunits, which can explain the subunit-
dependent differences between GluN1/GIluN2 receptors.

v Using a combination of biochemistry, microscopy and electrophysiology in
heterologous expression systems and neurons, we identified two conventional N-glycosylation
sites within the GluN1 subunit (N203 and N368) which regulate functional properties and
trafficking of native NMDA receptors.

v However, mutating N-glycosylation site in GluN2A or GIuN2B did not reduce
surface delivery of the GluN1/GIuN2 receptors.

v Native NMDA receptors were associated with lectins recognizing N-glycans
containing a-mannose (ConA, PSA, LCA, GNL, HHL and NPL) and N-acetylglucosamine
(WGA and sWGA), which are present in high-mannose, hybrid and complex forms of N-
glycans. NMDA receptors were also associated with lectins that recognize structures found

only in hybrid and/or complex forms of N-glycans.
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v Using lectin-based analysis we determined that the GIuN1 subunit contains only
the high-manose type of N-glycans, whereas the GluN2B contains also complex and/or hybrid
types of N-glycans.

v AAL lectin recognizing fucose containing glycans, altered functional properties
of native NMDA receptors. Fucose-containing glycans are common in brain glycoproteins,

where they regulate several functions, including neurite formation.

v Both GluN1 and GIuN2B subunits in the cerebellum are occupied by a wide
diversity of N-glycans which alter the biophysical properties of NMDA receptors.

v Gel mobility shift assay showed that 7 N-glycosylation sites within the GluN2B
subunit (N74, N341, N348, N444, N491, N542 and N688) are occupied by N-glycans and 11
out of 12 N-glycosylation sites within the GIuN1 subunit (N61, N203, N239, N276, N300,
N350, N368, N440, N471, N491 and N771) whereas the site at N674 is not glycosylated. This
N-glycosylation site contains prolin, which likely inhibit the glycosylation of this site.
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