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1. Shrnuti

N-methyl-D-aspartdtové (NMDA) receptory jsou ionotropni glutamétové
receptory, které maji klicovou ulohu vsavéi centrdlni nervové soustaveé.
Za fyziologickych podminek jsou tyto receptory dulezité pro excitacni
synapticky prenos a tvorbu pamétovych stop. Za patologickych podminek maze
ovSem jejich abnormalni regulace ¢i aktivace vést k mnohym neurologickym
a psychiatrickym onemocnénim, jako je napriklad Alzheimerova choroba,
Parkinsonova choroba, Huntingtonova choroba, epilepsie, nebo schizofrenie.
Mnozstvi NMDA receptord na povrchové membrané bunék je regulovano
na nékolika turovnich, zahrnujicich jejich syntézu, skladani, internalizaci
¢idegradaci. Béhem transportu nabunéfnou membranu dochdzi rovnéz
ke kontrole vazby agonisti a spravné aktivaci NMDA receptori. Soucasné
dochazi uNMDA receptort kcelé radé posttranslacnich modifikaci, jako
je palmitoylace, fosforylace nebo N-glykosylace.

V této dizertacni praci jsme se zabyvali studiem molekuldrnich mechanismd,
které mohou ovlivnit transport a funkéni vlastnosti NMDA receptort v sav¢ich
bunécénych liniich a potkanich neuronech. Konkrétneé jsme se zabyvali otdzkou,
jak mohou zmény v extraceluldrni ¢asti NMDA receptoru ovlivnit jeho transport
na bunécnou membranu a modulovat jeho funkéni vlastnosti. Vénovali jsme
se zejména roli N-glykosylace NMDA receptort. U savci dochédzi k nejvice
orgéanové specifické N-glykosylaci pravé vmozku (Hanus et al.,, 2016). Jeji
funkéni vyznam v neuronech ¢i na NMDA receptorech nenf dosud plné objasnén.
Rovnéz jsme studovali podjednotkové specificky ucinek jednotlivych lektint.
Dalsim tématem, kterému jsme se v této dizertacni praci vénovali, byl vliv
integrity glycinovych vazebnych mist na GluN1 a GluN3A podjednotkach
na transport a funkci NMDA receptorti. Ke studiu téchto otazek jsme pouzili
celou radu metod, véetné imunohistochemie, Zivé mikroskopie, biochemie
a elektrofyziologie. Pouzili jsme nékolik buné¢nych modeld - sav¢ilinie HEK293
a COS-7 bunék, lidské fibroblasty odvozené z pacientl a potkani hipokampalni

a mozeckové neurony.



2. Uvod

NMDA receptory jsou podtridou glutamatovych receptord a hraji zdsadni roli
ve vyvoji synapsi, excitatnim prenosu a synaptické plasticité v centralnim
nervovém systému (CNS) savcli (Perez-Otano et al., 2016; Traynelis et al., 2010).
Bylo prokazano, ze dysregulace NMDA receptort hraje klicovou roli v etiologii
mnoha neuropsychiatrickych a neurologickych poruch a stavl, vcetné
Huntingtonovy choroby (Mahfooz et al., 2016; Marco et al., 2013), schizofrenie
(Mueller and Meador-Woodruff, 2004), z4vislosti na kokainu (Yuan et al., 2013)
a z4vislosti na nikotinu (Chen et al., 2019). Rostouci poéet studii naznacuje,
ze mnoho neuropsychiatrickych poruch je spojeno s mutacemi v genech, které
kéduji riizné podjednotky NMDA receptortl, véetné GluN1 (Chen et al., 2017;
Lemke et al., 2016) a GIuN3A (Shen et al., 2009; Takata et al., 2013) podjednotek.
Porozuméni molekuldrnim mechanismtm, které reguluji NMDA receptory,
je tedy nezbytnym krokem k navrhovani G¢innych terapii pro pacienty trpici
témito poruchami.

NMDA receptory jsou heterotetramery sloZené z GluNl1 (s osmi sestfihovymi
variantami), GluN2 (GluN2A a% GluN2D) a/nebo GluN3 (GIuN3A a GluN3B)
podjednotek. Vsechny GluN podjednotky sdileji stejnou topologii, vcetné
extraceluldrni amino-termindlni domény (ATD), ligand v4zajici domény (LBD)
tvofené segmenty Sl a S2, &¢tyf membranovych domén (M1 aZz Ma4)
a intraceluldrni C-terminélni domény (CTD) (Paoletti et al., 2013; Traynelis et al.,
2010). Konvenéni podtyp NMDA receptort GluN1/GluN2 je aktivovdn vazbou
agonisty do glutamatového vazebného mista na LBD GluN2 podjednotky
se soucasnou vazbou ko-agonisty do glycinového vazebného mista na LBD GluN1
podjednotky (Clements and Westbrook, 1991; Kleckner and Dingledine, 1988;
Patneau and Mayer, 1990; Traynelis et al., 2010). Je zajimavé, Ze nekonvenéni
podtypy NMDA receptord, jmenovité GluN1/GluN3A a GluN1/GluN3B receptory,
jsou aktivovany vazbou agonisty do glycinového vazebného mista na LBD GluN3
podjednotky, zatimco vazba agonisty do glycinového vazebného mista na LBD

GluN1 podjednotky tidi desenzitizaci glycinem indukovanych proudta



GluN1/GluN3 receptortt (Awobuluyi et al., 2007; Kehoe et al., 2013; Kvist et al.,
2013; Madry et al., 2007). To znamen4, Ze glycinovd vazebnd mista na LBD
riznych GluN podjednotek maji odlisny vliv na funkci NMDA receptorti.

Pocet i typ NMDA receptori pritomnych na neurondlnim povrchu
je regulovan na vice Urovnich (Hansen et al., 2017; Horak et al., 2014; Sanz-
Clemente et al., 2013), v¢etné jejich syntézy (Chazot and Stephenson, 1997; Huh
and Wenthold, 1999), sestaveni podjednotek (Atlason et al., 2007; Farina et al.,
2011; Meddows et al., 2001; Schuler et al., 2008), zpracovani v endoplasmickém
retikulu (ER) (Hawkins et al., 2004; Horak and Wenthold, 2009; Matsuda et al.,
2003; Mcllhinney et al., 1998; Okabe et al., 1999; Perez-Otano et al., 2001; Qiu et
al., 2009; Standley et al., 2000), transportu na bunéénou membranu (Jeyifous et
al., 2009; Washbourne et al., 2002; Washbourne et al., 2004), lateralni diftize
(Dupuis and Groc, 2019; Groc et al., 2004), internalizace/recyklace (Lavezzari et
al., 2004; Perez-Otano et al., 2006; Roche et al.,, 2001; Scott et al., 2004)
a degradace (Kato et al., 2005; Scott et al., 2004). Prestoze se mnoho praci
zabyvalo studiem molekuldrnich mechanismd, které reguluji povrchovou
expresi apovrchovou mobilitu NMDA receptorti, zamérovaly se prevazné
na NMDA receptory obsahujici GluN1/GluN2 podjednotky (Sanz-Clemente et al.,
2013; Traynelis et al., 2010). JiZ d¥ive bylo prok4zéno, Ze GluN1/GluN2 receptory
jsou rozséhle N-glykosylovdny (Sanz-Clemente et al., 2013; Traynelis et al.,
2010), a to jak v heterolognich butikdch (Chazot et al., 1995; Everts et al., 1997),
tak v nativnim systému (Huh and Wenthold, 1999; Kaniakova et al., 2016). V ER
nejprve vznikd N-glykanovy prekurzor, ktery je poté prenesen na protein
obsahujici konzenzus N-glykosyla¢ni sekvenci N-X-S/T. Z tohoto prekurzoru
poté na proteinu vznika vysoce-manézovy typ N-glykanu, ktery mutze byt dale
remodelovan v Golgiho apardtu (GA) na hybridni typ a ndsledné dal$imi
modifikacemi na komplexni typ N-glykanu. Jiz dfive jsme ukazali, Ze na GluN1
podjednotce se nachazeji dvé N-glykosyla¢ni mista, kterd jsou vyzadovana
pro uvolnéni GluN1/Glu2B receptorti z ER (Lichnerova et al., 2015). OvSem tloha
N-glykosylace v transportu a povrchové mobilité NMDA receptorti obsahujicich

nekonvenc¢ni GluN3A podjednotku nebyla doposud studovana.



Avsak nejen N-glykosylace NMDA receptori je dilezitd pro jejich spravny
transport a funkci. Modifikace v GluN podjednotkach, véetné LBD, jsou taktéz
kritické pro regulaci povrchové exprese NMDA receptorii (Kenny et al., 2009;
She et al., 2012). Konkrétné Kenny et al. uk4zali, Ze naruseni vazebného mista
proglycin vLBD naGluNl podjednotce mutaci D732A snizuje povrchovou
expresi GluN1/GluN2A receptort (Kenny et al., 2009). Podobné She et al. uvadi,
ze vazebné misto proglutamdt v LBD na GluN2B podjednotce reguluje
povrchovou expresi GluN1/GluN2B receptort (She et al., 2012). Toto pozorovani
bylo pozdéji potvrzeno neddvnou studii vyuzivajici lidské GluN1/GluN2B
receptory s objevenymi patogennimi mutacemi (Swanger et al., 2016). Nicméné
zda strukturalni zmény v glycinovém vazebném misté v GluN1 a/nebo GluN3A
podjednotkdch reguluji povrchové pocty funkénich NMDA receptort
obsahujicich GluN3A podjednotku dosud nebylo objasnéno.



3. Hypotézy a cile

vvvvvv

receptorti (Sanz-Clemente et al., 2013; Traynelis et al., 2010); v sou¢asné dobé
vSak chybi blizsi informace o tom, jak strukturni a funkéni determinanty
ovliviiuji NMDA receptory obsahujici GluN3A podjednotku v savcich
neuronech. VSechny ionotropni glutamitové receptory vcetné NMDA
receptort obsahujf nékolik N-glykosyla¢nich mist (N-X-S/T; X # P) (Everts et
al., 1997; Lichnerova et al., 2015; Traynelis et al., 2010). A pfestoze GIuN3A
podjednotka obsahuje 12 N-glykosylacnich mist, role N-glykosylace
v transportu a funkci NMDA receptord obsahujicich GluN3A podjednotku

nebyla doposud objasnéna.

Cil: Identifikovat strukturdlni a funkéni determinanty ¢asného transportu
NMDA receptort, které obsahuji GluN3A podjednotku se zamérenim na N-
glykosylace, aprostudovat, jak remodelace N-glykant reguluje casny

transport NMDA receptorti obsahujicich GluN3A podjednotku.

b) Vétsina studii naznacuje, %e intraceluldrni CTD riiznych podjednotek NMDA
receptortt hraje klicovou roli pfi regulaci mnozstvi NMDA receptord
na bunécné membrané, a to véetné receptort, které obsahuji GluN2A a/nebo
GluN2B podjednotky (Petralia et al., 2009; Sanz-Clemente et al., 2013).
Nicméné extracelularni doména savCich GluN podjednotek je pomeérné
rozsdhld a obsahuje vLBD vazebnd mista pro agonisty a antagonisty.
Predpokldaddme, ze specifické mutace v glycinovych vazebnych mistech
na GluN1 a GluN3A podjednotce vyvolaji strukturalni zmény, které budou
regulovat pocet NMDA receptord na povrchu buriky.

Cil: Charakterizovat zptisob, jakym vazba glycinu na GluNl a GluN3
podjednotky ovliviiuje mnozZstvi povrchovych receptort a funkéni vlastnosti

NMDA receptort v sav¢ich bunécnych liniich a v hipokampdalnich neuronech.



4. Materialy a metody

Priprava a transfekce primarnich hipokampalnich neuront

Vsechny pokusy na zvitratech byly provadény v souladu s pokyny a predpisy
pro zajisténi dobrych Zivotnich podminek zvifat. Primdrni kultury
hipokampalnich neuront byly pripraveny z18-ti dennich embryi potkand
Wistar (Lichnerova et al., 2015). Ve struénosti: hipokampy byly vloZeny
do studeného Hankova vyvazeného solného roztoku obsahujiciho 10 mM HEPES
(pH 7,4) a potom inkubovany po dobu 20 minut p¥i 37 °C v disekénim médiu
obsahujicim 0,1 mg/ml DN4zy I a 0,05% trypsinu (Merck). Bufiky pak byly
promyty, disociovany pomoci sklenéné pipety a resuspendovany v kultivacnim
médiu bez séra s B-27 dopliikem a L-glutaminem (Thermo Fisher Scientific).
Bunky byly péstovany v hustoté priblizné 2x10* bunék na cm? na miskach
potazenych poly-L-lysinem (Sigma). Neurontm bylo kaZdé 2-3 dny ménéno

kultiva¢ni médium a byly transfekovany s pouzitim Lipofectaminu 2000.

Sav¢i bunécéné kultury

COS-7 a HEK293 buiitky byly kultivovdny v Opti-MEM (Thermo Fisher
Scientific) obsahujicim 5% fetdlni bovinni sérum (Thermo Fisher Scientific)
(Kaniakova et al., 2012a; Lichnerova et al., 2015). Pro mikroskopii jsme pouZivali
COS-7burky a pro elektrofyziologii HEK293 buniky. HEK293 i COS-7 buniky byly
transfekovany 2 ul Lipofectaminu 2000 (Thermo Fisher Scientific) a celkovym
mnozstvim 900 pg cDNA, kterd kédovala prislusné GluN1a GluN3A podjednotky.
Pro elektrofyziologii byly transfekované builky trypsinoviny a péstovany
prinizké hustoté; bunky urcené pro mikroskopické pokusy byly péstovany

bez trypsinizace. Pokusy byly provadény 24 - 72 h po transfekci.

Imunofluorescenéni mikroskopie
Povrchové NMDA receptory byly oznaceny tak, jak bylo popsdno drive
(Kaniakova etal., 2012a; Lichnerova et al., 2015). Ve stru¢nosti: butiky byly omyty

ve fosfastem pufrovaném solném roztoku (PBS), pak inkubovany v blokujicim



roztoku obsahujicim PBS a 10% normdlni kozi sérum. Builky pak byly
inkubovany po dobu 30 minut s primérni protilatkou zfedénou v blokujicim
roztoku. Po omyti byly buiiky inkuboviny po dobu 30 minut se sekunddrni
protilatkou konjugovanou s fluorescenénim barvivem zredénou blokujicim
roztokem. Butiky byly omyty, fixovany ve 4% paraformaldehydu (PFA) v PBS
po dobu 20 minut a poté byly vloZzeny do zalévaciho média ProLong Antifade
(Thermo Fisher Scientific). Pro znaéeni intraceluldrnich GluN podjednotek byly
bunky omyty v PBS, fixovany 4% PFA v PBS po dobu 20 minut, permeabilizovany
po dobu 5 minut roztokem obsahujicim 0,25% Triton X-100 (TX-100) v PBS
a poté blokovany 1 h blokovacim roztokem obsahujicim 0,1% TX-100. Bunky pak
byly inkubovany s primarn{ protilatkou po dobu 1 hodiny, omyty a inkubovany
se sekundarni protilatkou po dobu 30 minut. Snimky byly ziskany pri pokojové
teploté za pouZiti fluorescenéniho mikroskopu (Olympus Scan) s objektivem
pro olejovou imerzi 60x/1,35, nebo konfokalniho skenovaciho mikroskopu (Leica
TCS SP8) vybaveného lasery v pevné fazi a apochromatickym objektivem
pro olejovou imerzi 63x/1,30. Ziskané snimky byly analyzovany pomoci softwaru
Image] (NIH). Intenzita povrchového (P) a celkového (C) fluorescenéniho signélu
v COS-7 bunkich afibroblastech byla analyzovdna na celych bunéénych
oblastech (Kaniakova et al., 2012b). U hipokampélnich neuront byla analyzovéna
intenzita povrchového a celkového fluorescen¢niho signdlu v 10 pm dlouhych
segmentech sekunddrnich a tercidrnich dendriti (Lichnerova et al., 2015).
Konkanavalin A (conA) a Phaseolus vulgaris Leucoagglutinin (PHA-L) znaené
rhodaminem (Vector Laboratories; 20 pg/ml) byly rozpustény v blokovacim
roztoku a inkubovany po dobu 5 minut s pfedem omytymi zivymi buiikami.
Bunky byly poté znovu omyty, fixovany 4% PFA v PBS po dobu 20 minut
a vlozeny do zalévaciho média ProLong Antifade.

Kolokalizace GluN podjednotek s protilatkou znac¢ici GM130 byla analyzovana
z jedné vrstvy pomoci automatizovaného makra vImage]. Maska celé oblasti
bunééného téla byla generovina z nativniho signalu zeleného fluorescen¢niho
proteinu (GFP, z ang. Green fluorescent protein). Pro lokalizaci oblasti GA byla
maska generovana ze signdlu GM130. GM130-negativni bunéénd oblast byla

vytvorena ode¢tenim masky GM130 od signalni masky GFP. GA kolokalizace byla
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poté vypoctena jako pomér primérné intenzity GFP signalu pres generovanou
masku GMI130 kprimeérné intenzité signalu GFP pres GMI130-negativni

bunéénou oblast.

Povrchova mobilita

Sledovani kvantové te¢ky (QD) GluN3A podjednotek bylo provedeno tak,
jak bylo popséno dfive (Ferreira et al., 2017; Mikasova et al., 2017). Zkracené,
kultivované hipokampélni neurony v 13. aZ 15. den in vitro (DIV13-15) exprimujici
GFP-GIuN3A podjednotku byly omyty v predehidtém neurobazilnim médiu
(Thermo Fisher Scientific) obsahujicim 1% albuminu hovéziho séra (BSA; Merck)
a poté byly inkubovany po dobu 10 minut s kréli¢{ anti-GFP protildtkou (Merck,
1:2000), nésledovala 10 minutovd inkubace s anti-kr4li¢im IgG konjugovanym
k QD605 (Thermo Fisher Scientific; 1:10 000); primé4rnf{ i sekundérni protildtky
byly zfedény v neurobazilnim médiu obsahujicim 1% BSA a byly inkubovany
sneurony pri 37 °C. Poznafeni QD byly neurony omyty predehiatym
neurobazilnim médiem a poté umistény do extracelularniho roztoku obsahujici
1 mM MgCl; a 1 mM CaCly; vSechny zadznamy byly ziskany pri 37 °C do 30 minut
od QD znaceni. QD-znacené GluN3A podjednotky byly detekovany s pouzitim
osvétlovactho modulu InsightSSI sobjektivem pro imerzni olej (60x/1,42,
PlanApo N) na $irokothlém fluorescenénim mikroskopu (DeltaVision OMX™),
Snimky (1200 po sobé jdoucich snimk) byly ziskdny s ¢asovym odstupem 50 ms.
Jako negativni kontrola laterdlni mobility byly pouzity COS-7 buiky
transfekované GluN1-4a/GFP-GluN3A receptory, které byly znaceny krali¢i anti-
GFP primarni protilaitkou a QD605-konjugovanym k anti-krali¢i IgG a poté
fixovdny v 4% PFA v PBS, jak je popsino vyse. Pohyby QD byly analyzoviny
v Image] pomoci programu Mosaic Particle Tracker 2D/3D. Pro kazdou QD
trajektorii byl ziskan difizni koeficient (D) s kratkym dosahem: MSD (t) =4 Dt +
b (Kusumi et al., 1993; Triller and Choquet, 2008). Kumulativni rozdéleni
pravdépodobnosti bylo vypocCteno jako relativni kumulativni frekvence D

ze vSech trajektorii v uvedeném experimentu.
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Elektrofyziologie

Zaznamy zterCikového zdmku zcelych bunék byly porizeny
na transfekovanych HEK293 burnikich exprimujicich GluN1/GluN3A receptory
pomoci zesilovale Axopatch 200B (Molecular Devices), jak bylo popséno d¥ive
(Kaniakova et al., 2018). Extraceluldrni roztok obsahoval (v mM): 160 NacCl, 2,5
KCl, 10 HEPES, 10 glukézy, 0,2 EDTA a 0,7 CaCl, (pH bylo upraveno na 7,3 pomoci
NaOH). Intraceluldrnf roztok obsahoval (v mM): 125 glukonovou kyselinu, 15
CsCl, 5 BAPTA, 10 HEPES, 3 MgCl,, 0,5 CaCl,a 2 ATP-Mg soli (pH upravené na 7,2
pomoci CsOH). Sklenéné pipety (odpor hrotu 3-6 MQ) byly pfipraveny za pouZiti
mikropipetového tahafe P-97 (Sutter Instrument Co.). Pro aplikaci
extraceluldrnich roztokl byl pouzit mikroprocesorem fizeny rychly perfuzni
systém (s ¢asovou konstantou pro vyménu roztoku kolem buiiky ~ 10 ms)
(Lichnerova et al., 2014). VSechny elektrofyziologické experimenty byly
provadény pri pokojové teploté. K zaznamu elektrofyziologickych odpovédi byl
pouZit pCLAMP 9 Software (Molecular Devices).

12



5. Vysledky

5.1. N-glykosylace reguluje transport a povrchovou mobilitu NMDA
receptori obsahujicich GluN3A podjednotku

Zjistovali jsme, zda remodelace N-glykand ovliviiuje transport NMDA
receptorti obsahujicich GluN3A podjednotku na bunécény povrch. Nejdfive jsme
exprimovali rekombinantni GluN1 podjednotky v lidskych fibroblastech
ziskanych od pacientt trpicich riznymi kongenitalnimi poruchami glykosylace
(CDG; viz tabulka 1) a v kontrolnich butikidch a analyzovali jsme povrchovou
expresi GluN1/GluN3A receptorti (obr. la). Tyto experimenty ukdazaly,
ze kontrolni fibroblasty a ¢tyri z péti CDG fibroblastovych linii maji silnou
povrchovou expresi GluN1/GluN3A receptort (obr. 1a, b; tabulka 1). Naproti
tomu linie ALG8-CDG, ktera redukuje tvorbu N-glykanti v ER, vyznamné snizila
povrchovou expresi GluN1/GluN3A receptorti. Tudiz nikoliv zmény v remodelaci

N-glykand, ale sniZeni N-glykosylace v ER redukuje mnozstvi GluN1/GluN3A

]

receptort na bunécném povrchu.
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Obrazek 1. Specifické lidské fibroblasty odvozené od pacient

SICUN:=S
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sriznymi CDG mohou snizit povrchovou expresi GluN1/GluN3A
receptorll. (a) Uvedené lidské fibroblasty byly transfekovdny GluN1
a GluN3A podjednotkami. Podrobné informace tykajici se zde
pouzitych fibroblastli jsou uvedeny v tabulce 1. Zndzornény jsou
reprezentativni snimky celkové (C) a povrchové (P) exprese znaéenych
podjednotek 24 hodin po transfekci. (b) Shrnuti normalizované

povrchové exprese GluN1/GluN3A receptort ziskané fluorescencni
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mikroskopii; n = 20 bunék ze dvou nezavislych experimentd. * p < 0,05
versus GluN1/GluN3A (ANOVA).

Typ Genova mutace Proteinova mutace Reference

SRD5A3-CDG homozygot c. [436G>A]  p.El46K Honzik et al, 2013

DPAGT1-CDG c. [85A > T]; [652C > T] p. [129F]; [R218W]  Honzik et al, 2013

PGMI-CDG  c.[1010C>T]; [1508G > A] T337M]; [R503Q] (Ondruskova etal., 2014)

o p. [
PMM2-CDG  c.[422G>A]; [691G>A]  p.[R141H]; [ V231M]
| p. [

ALG8-CDG  c.[139A > C]; [1090C > T] . [T47P]; [ R364X]  (Veselaetal.,2009)

Tabulka 1. Podrobnosti tykajici se fibroblast ziskanych od pacienti
s uvedenymi syndromy CDG. CDG, kongenitalni poruchy glykosylace;
SRD5A3, steroid 5-a-reduktidza 3; DPAGTI1, dolicholfosfit a-N-
acetylglukosaminyltransferdza; PGM1, fosfoglukomutdza 1; PMM2,

fosfomanomutdza 2; ALG8, a-1,3-glukosyltransferaza.

Déle jsme se zjistovali, zda inhibice N-glykosyla¢niho aparatu ovliviiuje
povrchovou expresi NMDA receptorit obsahujicich GluN3A podjednotku
v hipokampélnich neuronech. Nejprve jsme inkubovali kultivované
hipokampalni neurony po dobu 2 dnt v pritomnosti nebo nepritomnosti riznych
inhibitorti, véetné 0,5 pg/ml tunikamycinu (inhibitor dolicholfosf4t N-
acetylglukosamin fosfotransferazy 1) (Yavin et al, 1984), 200 pg/ml 1-
deoxynojirimycinu (DNJ, inhibitor a-glukosiddzy I-II) (Gross et al., 1986),
5 wg/ml kifunensinu (inhibitor ER a -mannosidézy I) (Herreman et al., 2003),
200 pg/ml 1-deoxymannojirimycinu (DMM, inhibitor ER a-mannosiddzy I-II)
(Tokhtaeva et al., 2009) nebo 100 ug/ml swainsoninu (inhibitor GA a-
mannosiddzy II) (Liu et al., 2000). S vyjimkou DNJ ostatn{ &ty¥i inhibitory
vyrazné snizily povrchové barveni fluorescentné znacenym lektinem PHA-L,
ktery rozpoznavd komplexni typy N-glykanii (obr. 2a). Na rozdil od toho,
s vjjimkou tunikamycinu, dalsi ¢tyri inhibitory zvySovaly povrchové barveni
fluorescen¢né znacenym conA, ktery rozpoznava vysoce mandzové formy N-

glykant (obr. 2a). Tyto vysledky ukazuji, Ze inkubace hipokampalnich neurontt
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s tunikamycinem, kifunensinem, DMM a swainsoninem inhibuje N-glykosyla¢ni
aparéat. V transfekovanych hipokampélnich neuronech jsme pozorovali snizeni
povrchové exprese receptorti obsahujicich GluN3A podjednotku v neuronech
inkubovanych s tunikamycinem; na rozdil od toho DNJ, kifunensin, DMM
a swainsonin nemély zadny ucinek na povrchovou expresi NMDA receptora
obsahujicich GluN3A podjednotku (obr. 2b, ¢). Tato data podporuji nasi
hypotézu, Ze k povrchové expresi receptorti obsahujicich GluN3A podjednotku
jenutné pocatecni pripojeni N-glykanG vER, ale nikoli jejich nasledna
remodelace. Celkové tato data naznacuji, Ze remodelace N-glykanti nehraje
zasadni roli v regulaci povrchové exprese NMDA receptort obsahujicich GluN3A

podjednotku.
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Hoechst
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Kontrola Tunikamycin DNJ Kifunensin DMM Swainsonin
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Kontrola Tunikamycin Kifunensin DMM Swainsonin
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Obrazek 2. Tunikamycin, na rozdil od inhibitord pozdéjsich krokd N-
glykosyla¢ni drahy, snizuje povrchovou expresi GluN3A podjednotek
v hipokampélnich neuronech. (a) Hipokampéilni neurony byly
inkubovéany po dobu 2 dnti s 0,5 pg/ml tunikamycinu, 200 pg /ml DNJ,
5 pg/ml kifunensinu, 200 pg/ml DMM nebo 100 pg/ml swainsoninu.
Neurony byly poté barveny fluorescen¢né zna¢enym conA nebo PHA-
L; uvedeny jsou reprezentativni obrazky. (b) Hipokampélni neurony
byly transfekovdny GFP-GIuN3A podjednotkou (GIuN3A) v DIVS
a inkubovany po dobu 2 dnt s uvedenymi inhibitory, jak je popsidno
vySe. Neurony byly poté imunohistochemicky barveny pro povrchovy
(P) a celkovy (C) GFP signdl; zobrazeny jsou reprezentativni snimky
celkové a povrchové imunoreaktivity. (¢) Shrnuti relativni povrchové
exprese GluN3A podjednotek v neuronech inkubovanych s uvedenymi
inhibitory; data byla ziskana z 10 um dlouhych segmentt sekundarnich
a tercidrnich dendritl (n > 30 segment z > 6 neurontl) a jsou vyjaddiena
relativné ke kontrolnim neuroniim; * p < 0,05 versus kontrola
(ANOVA).

Na zavér jsme zkoumali roli N-glykosylace v regulaci lateralni mobility NMIDA
receptortt obsahujicich GluN3A podjednotku na povrchu hipokampélnich
neuronti. Nejprve jsme inkubovali hipokampalni neurony s inhibitory N-
glykosylace DMM a swainsoninem a dva dny poté jsme sledovali QD znacené
GFP-GluN3A podjednotky na povrchové membrané Zivych neuronti (obr. 3a).
Distribuce kumulativnich diftznich koeficientd extrahovanych z jednotlivych
trajektorii je zndzornéna na obr. 3b. NasSe analyza ukizala, Ze DMM, ale nikoli
swainsonin, zvys$il difdzni koeficienty GluN3A podjednotek znacenych QD.
Toto zjiSténi naznacuje, Zze pritomnost hybridnich a/nebo komplexnich N-
glykanti na povrchu neuront reguluje mobilitu NMDA receptort obsahujicich
GluN3A podjednotku (obr. 3b). RovnéZ jsme zjistovali, zda je mobilita QD-
znacenych GluN3A podjednotek na povrchu hipokampéalnich neuronti ovlivnéna
pritomnosti tri lektint, o nichz jsme pred tim zjistili, Ze se vaZzi na endogenni

GluN3A podjednotky. Konkrétné jsme pouzili conA, Wheat germ agglutinin (WGA)
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a Aleuria Aurantia lektin (AAL). Je zajimavé, Ze vSechny tyto t¥i lektiny vyrazné
snizily mobilitu QD-znacenych GluN3A podjednotek v hipokampélnich
neuronech (obr. 3¢, d). Vzhledem k tomu, Ze v savéim CNS je exprimovéna $irok4
skala lektinti, tato data naznacuji, ze N-glykosylace hraje roli pri regulaci
mobility NMDA receptortt obsahujicich GluN3A podjednotku na povrchu

neuronu savcu.

a c
Kontrola Kontrola

0,8 1

0,6

0,4
- Kontrola
— AAL
— CONA
— WGA
fixované

—— Kontrola
— DMM
— SWS
0,0 . . . 0,0 ; . ,

10+ 107 102 107 10° 10° 10 10 10 107
D [pm?s] D [um?fs]

0,2 {

Kumulovana pravdépodobnost
Kumulovana pravdépodobnost

Obrazek 3. N-glykosylace reguluje povrchovou mobilitu NMDA
receptorti obsahujicich GluN3A podjednotku na bunécném povrchu
hipokampélnich neurond. (a, ¢) Reprezentativni trajektorie QD-
znacenych GFP-GIuN3A podjednotek (GluN3A) v hipokampélnich
neuronech inkubovanych s 200 pg/ml DMM (a) nebo lektinem AAL
(20 pg/ml) (c). (b, d) Porovnani kumulativni distribuce diftznich
koeficientd ziskanych pro QD-znacené GIuN3A podjednotky
v hipokampdlnich neuronech inkubovanych po dobu dvou dnti s 200
ug/ml DMM, 100 pg/ml swainsoninu (b) nebo inkubovanych po QD
znafeni s 20 pg/ml AAL, conA nebo WGA (n = 201-290 trajektorii
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pro kazdou podminku). Negativn{ kontroly pro fixované buitky byly
ziskény z nezdvislého experimentu (n = 86 trajektorif). * p < 0,01 a **
p< 0,001 versus kontrola (Kolmogorov-Smirnoviiv test a Mann-

Whitney-Wilcoxontv test).

5.2. Strukturni zmeény v glycinovych vazebnych mistech na GluN1
aGluN3A podjednotkach reguluji povrchovou expresi NMDA

(]
receptoru

Predchozi studie ukazaly, Ze povrchova exprese GluN1/GluN2 receptort
je regulovana vazbou glycinu na GluN1 podjednotku (Kenny et al., 2009) a vazbou
glutamatu na GluN2 podjednotku (She et al., 2012). V této praci jsme zkoumali,
zda glycinova vazebna mista na GluN1 nebo GluN3A podjednotce také reguluji
povrchovou expresi NMDA receptord, které obsahuji GluN3A podjednotku.
Nejprve jsme pouzili mutace v GluN1 podjednotce, pro které bylo drive ukazano,
Zze méni ECso pro vazbu glycinu na GluN1/GluN2 receptorech (Kvist et al., 2013;
Williams et al., 1996) (obr. 4a). Konkrétné jsme do GluN1-4a podjednotky zavedli
mutaci A714L, kterd stabilizuje otevienou konformaci LBD a mirné snizuje
citlivost receptoru na glycin; ostatni mutace v GluN1-4a podjednotce zahrnovaly
F484A, T518L (Kvist et al., 2013) a D732A (Kenny et al., 2009; Williams et al.,
1996), z nichZ vSechny snizuji afinitu ke glycinu o dva ¥ady. Kromé toho jsme
pouzili mutovanou podjednotku GluN1-4a-F484A+T518L, ktera byla diive
ukdzana jako necitlivd ke glycinu az do 30 mM koncentrace, pokud byla
exprimovéna spole¢né s GluN2A podjednotkou (Kvist et al., 2013).

Nejprve jsme exprimovali jednotlivé mutované GluN1-4a podjednotky
spolecné s GluN3A podjednotkou v COS7 bunkich a sledovali jsme jejich
povrchovou expresi s pouZitim fluorescenéni mikroskopie (obr. 4b, c). Zjistili
jsme, Ze povrchova exprese byla nejvyssi pro GluN1-4a/GluN3A receptory, které
byly nésledované (v sestupném poradi podle miry povrchové exprese) GluN1-4a-
A714L/GluN3A, GluN1-4a-F484A/GIuN3A, GluN1-4a-T518L/GluN3A, GluN1-4a-
D732A/GluN3A a GluN1-4a-F484A+T518L/GluN3A receptory. Je zajimavé, Ze toto
poradi odpovidd drive ur¢enym hodnotdm ECso pro glycin na GluN1/GluN2
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receptorech obsahujicich tyto mutované GluN1 podjednotky (Kvist et al., 2013;
Williams et al., 1996).

Vzhledem k tomu, Ze drive stanovené hodnoty ECso pro glycin byly ziskané
na GluN1/GluN2 receptorech exprimovanych na oocytech zXenopus laevis,
nemusi tyto hodnoty nutné reflektovat zménu v glycinové afinité
na GluN1/GluN3A receptorech exprimované vsavcéich bunkach. Proto jsme
meérili proudy z celych bunék vyvolané zvysujici se koncentraci glycinu
(v rozmezi od 10 pM do 10 mM) v HEK293 butik4ch exprimujicich GluN1/GluN3A
receptory (obr. 4d); pouZiti systému umoZtiujicitho rychlou vyménu roztoki n4dm
pomohlo zjistit amplitudu proudu vyvolaného glycinem pred desenzitizaci
receptoru. Ukézalo se, %e ¢asov4 konstanta desenzitizace (tw) se liSila mezi
riznymi mutovanymi podjednotkami testovanych receptorit a odpovidala
stejnému potadi, jaké jsme pozorovali v pfipadé povrchové exprese (obr. 4e).
Nase analyza relativni proudové odpovédi ukézala, Ze pouze mutace GluN1-4a-
F484A zpiisobila posunuti k¥ivky doprava (obr. 4f), coZ bylo d4no sniZenim
ucinnosti glycinu na této podjednotce o 5 % ve srovnani s nemutovanymi GluN1-
4a/GluN3A receptory. Toto zjistén{ je v souladu s predchozimi studiemi, které
ukazaly, Ze aktivace GluN1/GluN3A receptori je regulovana predevsim vazbou
glycinu na GluN3A podjednotku (Awobuluyi et al., 2007; Kvist et al., 2013; Madry
et al.,, 2007). Butiky exprimujici GluN1-4a-D732A/GluN3A receptory nemély
zadné detekovatelné proudy ani pri nejvyssi testované koncentraci glycinu;
odpovédi GluN1-4a-F484A+T518L/GluN3A receptorti pti zaddnych z testovanych
koncentraci glycinu nedesenzitizovaly (obr. 4d). Z tohoto diivodu jsme nemohli
provést detailni elektrofyziologickou analyzu téchto dvou mutovanych
receptorti. Tato data podporuji nasi hypotézu, ze strukturdlni zmény
ve vazebném misté pro glycin na GluN1 podjednotce jsou spojeny se zménami

v povrchové expresi a v desenzitizaci GluN1/GluN3A receptorti.
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Obrazek 4. Mutace ve vazebném misté pro glycin na GluN1

podjednotce meéni povrchovou expresi a desenzitizacni kinetiku

GluN1/GluN3A receptorti. (a) Schéma reprezentujici vazebné misto

pro glycin na GluN1 podjednotce (PDB kéd: 1PB7); ndmi studované

aminokyselinové zbytky jsou znizornény, stejné jako molekula

glycinu. (b) Reprezentativni snimky COS-7 bunék, které byly
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transfekovany vyznaCenymi podjednotkami mutovanych
¢inemutovandch GluNl1-4a podjednotek spoletné s GFP-GIuN3A
podjednotkou (GluN3A) a barveny 24 h po transfekci. (¢) Souhrn
relativni povrchové exprese indikovanych GluN podjednotek méteny
pomoci fluorescenéni mikroskopie (n > 24 bunék na skupinu);
*p<0,05 vs. GluN1-4a/GluN3A (ANOVA). (d) Reprezentativni
zdznamy snimani zHEK293 bunék, které byly transfekovany
indikovanymi mutovanymi ¢i nemutovanymi GluN1-4a/GluN3A
receptory. Proudy zbunék byly vyvolané aplikovanim glycinu
v indikované koncentraci. (e) Souhrn 1. desenzitizace pro uvedené
GluN1-4a/GluN3A receptory (n = 5 bunék na skupinu). (f) Relativni
proudova odpovéd pro uvedené GluN1-4a/GluN3A receptory. Kazdy

bod predstavuje prameér relativniho proudu z > 5 nezévislych bunék.

Vzhledem k tomu, Ze glycinovd vazebna mista v LBD na GluN1 a GluN3A
podjednotkach jsou vysoce konzervovana, zajimalo nés, zda podobné strukturni
zmény ve vazebném misté na GluN3A podjednotce mohou také ovlivnit
povrchovou expresi GluN1/GluN3A receptorti. V souladu s tim jsme zavedli
bodové mutace v GluN3A podjednotce na pozicich analogickych s témi na GluN1
podjednotce, tudiZ jsme vytvotili éty¥i mutované GluN3 podjednotky (GluN3A-
T825L, GIuN3A-Y605A, GluN3A-S633L a GluN3A-D845A) a dvojitého mutanta
GluN3A-Y605A+S633L (Obr. 5a). Ka’dou tuto podjednotku jsme poté
exprimovali spole¢né s GluNl1-4a podjednotkou v COS-7 builkdch a pomoci
mikroskopie jsme zji§tovali povrchovou expresi danych receptort (obr. 5b, c).
Zajimavé bylo, Ze poradi urcené na zakladé povrchové exprese pro receptory
obsahujici mutované GluN3A podjednotky bylo stejné, jako to, které jsme
pozorovali s analogickymi mutanty v GluN1 podjednotce. Konkrétné receptory
obsahujici podjednotku GluN3A-T825L mély nejvyssi povrchovou expresi,
nasledovény (v sestupném potadi) receptory s podjednotkami GluN3A-Y605A,
GluN3A-S633L, GluN3A-D845A a GluN3A-Y605A+S633L.

Déle jsme zjistovali funkéni vlastnosti GluN1-4a/GluN3A receptord

obsahujicich nemutované nebo mutované GluN3A podjednotky exprimované
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v HEK293 buiikach. Zjistili jsme, Ze oba receptory GluN1-4a/GluN3A-T825L
a GluN1-4a/GluN3A-Y605A mély detekovatelné proudy, zatimco zbylé tri
mutované receptory nedokazaly vytvorit receptory s méritelnymi proudy, a to
dokonce ani po aplikaci 10 mM glycinu (obr. 5d). Navic mély tyto dva mutované
receptory podobné t. desenzitizace jako prirozené typy GluN1-4a/GluN3A
receptortt (obr. 5e), coZ je v souladu s predpokladem, Ze desenzitizace
GluN1/GluN3A receptorti je dana glycinovym vazebnym mistem na GluN1
podjednotce. Analyza relativnich proudovych odpovédi ukézala, Ze glycin
je 9krat a 29krat méné ucinny pri aktivaci GluN1-4a/GluN3A-T825L a GluN1-
4a/GluN3A-Y605A receptori v porovnani s prirozenymi GluN1-4a/GluN3A
receptory (Obr. 5f), coz koreluje s jejich povrchovou expresi. Tato data podporuji
hypotézu, Ze aktivace GluN1/GluN3A receptord je zprostredkovavina vazbou
glycinu na GluN3A podjednotku. Jak bylo uvedeno vyse, nebyli jsme schopni
detekovat Zadné zjistitelné proudy v buiikach exprimujicich GluN1-4a/GluN3A-
S633L, GluN1-4a/GluN3A-D845A nebo GluNI1-4a/GluN3A-Y605A + S633L
receptory (obr. 5d). To mZe byt vysvétleno vyrazné snizenym poctem receptort
na povrchu builky, ztratou schopnosti vazat glycin a/nebo zménou vlastnosti
desenzitizace téchto mutovanych receptord. Spolecné tato data ukazuji, ze jak
GluN1, tak GluN3A podjednotka reguluje povrchovou expresi GluN1/GluN3A
receptord v sav¢ich bunécnych liniich.

K dal$imu potvrzeni, Ze tato glycinovd vazebnd mista reguluji transport
NMDA receptortt na bunéfnou membridnu jsme COS-7 bunky exprimujici
mutované GluN1/GluN3A receptory, které vykazovaly sniZenou povrchovou
expresi, ozna¢ili markrem pro GA ,Golgi Matrix 130“ (GM130; Obr. 6a, c). Nase
mikroskopicka analyza ukazala vyrazny pokles kolokalizace receptort GluN1-4a-
T518L/GIuN3A, GluN1-4a-D732A/GluN3A a GluN1-4a-F484A+T518L/GluN3A
a podjednotky GluN3A s GM130 ve srovnani s prirozenymi GluN1-4a/GluN3A
receptory (obr. 6b). Pokud jde o GluN1-4a-F484A/GluN3A receptory, nesledovali
jsme vyrazny pokles jejich snizené kolokalizace s GM130, coz se podoba drive
studovanému receptoru GluN1/GluN2B-S664G (She et al., 2012). NaSe
mikroskopickd analyza déle odhalila snizenou kolokalizaci GluN1-4a/GluN3A-
S633L, GluN1-4a/GluN3A-D845A a GluN1-4a/GluN3A-Y605A+S633L receptort
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s GM130 ve srovndni s pfirozenymi GluN1-4a/GluN3A receptory (Obr. 6d). Tato

data dohromady naznacuji, ze naruseni vazby glycinu snizZuje ¢asny transport

GluN1/GluN3A receptord do GA.
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oranzové); ndmi studované aminokyselinové zbytky jsou zndzornény,
stejné jako molekula glycinu; pro porovnani je zndzornéno i glycinové
vazebné misto na GluNl1 podjednotce (zobrazeno modte).
(b) Reprezentativni snimky COS-7 bunék, které byly transfekovdny
vyznacenymi podjednotkami mutovanych ¢i nemutovanich GluN3A
podjednotek spoleéné sGluN1-4a podjednotkou, barveny 24 h
po transfekei. (c) Souhrn relativni povrchové exprese indikovanych
GluN podjednotek méfené pomoci fluorescenéni mikroskopie (n = 20
bunék na skupinu); * p < 0,05 vs. GluN1-4a/GluN3A (ANOVA).
(d) Reprezentativni zdznamy snimdni z HEK293 buné&k, které byly
transfekovany indikovanymi GluN1-4a/GluN3A receptory. Proudy
z bunék byly vyvolané aplikovanim glycinu v indikované koncentraci.
(e) Souhrn 1y desenzitizace pro uvedené GluN1-4a/GluN3A receptory
(n = 5 bunék na skupinu). (f) Relativni proudové odpovéd pro uvedené
GluN1-4a/GluN3A receptory. Kazdy bod predstavuje pramér

relativniho proudu z = 5 nezavislych bunék.
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a b

GluN1-4a/ IuN1-4a-F484A/ |GIuN1-4a-T518L/ |GluN1-4a-D732A/]GIuN1-4a-F484A
T518L/GIUN3A

GM130
GM130 kolokalizujici s GIUN3A/
nekolokalizované GIuN3A

+ GIUN3A

C + GM130

GM130 kolokalizujici s GIUN3A/
nekolokalizované GIuUN3A

+ GluN1-4a

C + GM130

Obrazek 6. Glycinova vazebna mista na GluN1a GluN3A reguluji ¢asny
transport GluN1/GluN3A receptort. (a, c) Reprezentativni snimky
z konfokalni mikroskopie COS-7 bunék, které byly transfekované
uvedenymi podjednotkami GluNl-4a a GFP-GIuN3A (GIuN3A);
pro znaceni GA byla pouzita protilatka anti-GM130. Znazornény jsou
snimky celkové exprese (C), GM130 a spojené snimky z predchozich
dvou. (b, d) Souhrn primérné intenzity GFP-GluN3A (GluN3A) signélu
kolokalizujictho s GM130 (n > 10 bunék); * p < 0,05 vs. GluN1-
4a/GluN3A (ANOVA).

Déle nés zajimalo, zda zavedeni mutaci v glycinovém vazebném misté GluN
podjednotek také ovlivni transport NMDA receptord v neuronech. Z toho dvodu
jsme transfekovali potkani hipokampélni neurony v DIV10 pfirozenymi nebo
mutovanymi GluNI-la podjednotkami (tuto sestfihovou variantu jsme zvolili

z toho dtvodu, Ze nenf sama transportovdna na bunécny povrch, pokud neni
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sloZena s GluN2 a/nebo GluN3 podjednotkou) a pfirozenymi ¢ mutovanymi
GluN3A podjednotkami. Ctyfi dny po transfekci (tj. DIV14) jsme pak zmé&¥ili
povrchovy a celkovy signdl rekombinantnich GluN podjednotek s pouzitim anti-
GFP protildtky a konfokalni mikroskopie. Nase analyza ukdzala nasledujici
potadi povrchové exprese mutovanych GluNl-la podjednotek (v sestupném
poradi): GluN1-la-A714L, GluNl-1a-F484A, GluNI1-1a-T518L, GluN1-l1a-D732A
a GluN1-1a-F484A+T518L (obr. 7a, b). Stejné tak pé&t mutovanych GluN3
podjednotek vykazovalo nasledujici pofadi povrchové exprese (v sestupném
poradi): GIluN3A-T825L, GIluN3A-Y605A, GIuN3A-S633L, GluN3A-D845A
a GluN3A-Y605A + S633L (obr. 7¢, d). Tyto vysledky jsou konzistentni s na$imi
daty ziskanymi z analyzy povrchové exprese mutovanych NMDA receptort
v COS-7 buiikach, coZ podporuje hypotézu, Ze glycinova vazebna mista na GluN1

a GluN3A podjednotkach jsou kritickd pro povrchovou expresi NMDA receptord.
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Obrazek 7. Glycinovd vazebnd mista na GluN1 a GluN3A
podjednotkach reguluji povrchovou expresi NMDA receptort
v hipokampalnich neuronech. (a, ¢) Reprezentativni snimky
z kultivovanych potkanich hipokampélnich neuronti, které byly
vDIV10 transfekoviny uvedenymi podjednotkami YFP-GluN1-la
(GluN1-1a) (a) nebo GFP-GIuN3A (GluN3A) (c) a v DIV14 barveny
pomoci protil4tky proti GFP pro povrchovou (P) a celkovou (C) expresi.
(b, d) Souhrn relativni povrchové exprese uvedenych podjednotek
mérenych nalOum segmentech sekundarnich nebo tercidrnich
dendritd (n > 30 segmentll v > 6 rlznych butikdch na skupinu);
*p < 0,05 vs. GluN1-1a (b) nebo GIuN3A (d) (ANOVA).
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6. Diskuse

6.1. N-glykosylace reguluje transport a povrchovou mobilitu NMDA
receptort obsahujicich GluN3A podjednotku

Zabyvali jsme se studiem vlivu N-glykosylace GluN3A podjednotky
na transport a povrchovou mobilitu NMDA receptortt obsahujicich GluN3A
podjednotku. Tato podjednotka ptsobi jako ,molekuldrni brzda“ a mize tedy
zpomalovat zrdni excitaénich synapsi (Pérez-Otafio et al., 2016). Abnormalni
funkce GluN3A podjednotky se rovnéz predpokladd u fady neuropsychiatrickych
onemocnéni (Kehoe et al., 2014; Mohamad et al., 2013; Yuan and Bellone, 2013)
aje tedy mozné, ze narusend N-glykosylace GluN3A podjednotky miiZe ovlivnit
celou radu procesti v CNS.

Ukazali jsme, Ze N-glykosylace GIuN3A podjednotky je nezbytna
pro povrchovou expresi GluN1/GluN3 receptord jak vheterolognich COS-7
bunkach, tak v potkanich hipokampalnich neuronech. OvSem nenf zcela zfejmé,
jaky je kontrolni mechanizmus pro spravnou N-glykosylaci GluN3A
podjednotky. Jednou zmoznosti je, Ze pritomnost N-glykani na GluN3A
podjednotce ovliviiuje skladani a kvartérni strukturu NMDA receptoru, ktera
je v ER kontrolovana. Dal$i moznosti je, Ze N-glykany na GluN3A podjednotce
interaguji vER se specifickymi vazebnymi proteiny, jakymi jsou galektiny
¢i dalsi endogenni lektiny, které nasledné zajistuji transport NMDA receptorti
na bunéény povrch.

K nasemu prekvapeni jsme zjistili, Ze remodelace N-glykant, ke které dochazi
v GA, nenf nezbytnd pro povrchovou expresi NMDA receptorti obsahujicich
GluN3A podjednotku. Tento vysledek je v souladu s neddvnou studii, v niz dosli
Hanus et al. k podobnym zavéram v pripadé nékolika typl membranovych
proteinti, véetné AMPA receptorl (Hanus et al., 2016). Z tohoto divodu jsme
se dale zabyvali otdzkou, jakou roli hraji hybridni a komplexni N-glykany
u NMDA receptord obsahujicich GluN3A podjednotky. Zamérili jsme se zejména

na zpusob, jakym ovliviiuje pritomnost hybridnich a komplexnich N-glykant
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mobilitu receptord vbunétné membrané. V pripadé, kdy jsme zablokovali
remodelaci N-glykanti v GA pomoci specifickych inhibitort a tim inhibovali
syntézu hybridnich a komplexnich N-glykanti, pozorovali jsme na Zivych
hipokampélnich neuronech zvySenou povrchovou mobilitu NMDA receptort
obsahujicich GluN3A podjednotku. Dané vysledky jsou v souladu se zjisténim,
Ze povrchova mobilita NMDA (Groc et al., 2007) i AMPA (Frischknecht et al.,
2009) receptorii v neuronech mliZe byt ovlivnéna zménami v extraceluldrni
matrix. Vpripadé, kdy jsme neurony transfekované znacenou GIluN3A
podjednotkou inkubovali s vybranymi lektiny, jsme pozorovali vyrazné sniZeni
povrchové mobility NMDA receptort obsahujicich GluN3A podjednotku. Tento
vysledek lze vysvétlit jednak primou vazbou lektind na N-glykany pritomné
na NMDA receptorech, ¢i jejich pripadnou interakei s ostatnimi glykoproteiny
pritomnymi v bunééné membriné. Podobné snizeni mobility membranovych
proteint po inkubaci s lektiny bylo pozorovano jiz drive. Napriklad Henis and
Elson, 1981 pozorovali sniZeni povrchové mobility imunoglobulind u mysich
lymfocyti po inkubaci s lektinem ConA. Je tedy mozné, Ze nase pozorovani muze
mit rovnéz fyziologicky vyznam, nebot v savéi CNS se exprimuje nékolik typti
lektint, jako jsou naptiklad lektiny rozpozndvajici galaktézu (Stanley et al.,
2015) nebo kyselinu sialovou (Macauley et al., 2014), které mohou zdsadnim
zptsobem ovlivilovat mobilitu NMDA receptord in vivo.

Pro studium role N-glykosylace za patologickych podminek jsme vyuzili pét
linii lidskych fibroblastt, které byly odvozeny z pacientti trpicich radou
glykosyla¢nich poruch s mutacemi venzymech N-glykosyla¢niho aparatu.
Konkrétné jsme zkoumali linie fibroblastt PMM2-CDG a PGM1-CDG, u nichz
se nachazely defekty biosyntézy N-glykanového prekurzoru v cytosolu, SRD5A3-
CDG a DPAGTI1-CDG linie s defekty v poc¢atecnich krocich syntézy N-glykanového
prekurzoru navadzaného nalipid na cytosolické strané ER a linii ALG8-CDG
s defektem ve findlnim kroku syntézy N-glykanového prekurzoru vER.
Je dilezité zminit, Ze vSichni pacienti, od nichZ jsme linie fibroblastd ziskali,
vykazovali rlizny stupeti neurologického poskozeni (Ondruskova et al., 2014;
Vesela et al., 2009). Zménu povrchové exprese GluN1/GluN3A receptord jsme

pozorovali pouze v pfipadé ALG8-CDG linie. Pacienti s timto typem CDG vétsinou
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umiraji béhem prvnich mésict Zivota, a dané onemocnéni je ¢asto doprovazeno
tézkymi multiorgdnovymi dysfunkcemi (Freeze, 2006; Schollen, 2004).
V ptipadé naseho pacienta obsahoval gen pro ALG8 mutace c.139A>C (p.T47P)
ac.1090C>T (p.R364X) které vedly k multiorgdnovému selhédni a Gmrti ve 2.
mésici u predasné narozeného ditéte (Vesela et al., 2009).

Je tedy pravdépodobné, Ze zmény v glykosylacnim aparatu pozorované
u pacientd trpicich rGznymi typy CDG mohou vést ke zménam v povrchové nebo
synaptické lokalizaci NMDA receptort vzhledem k tomu, Ze se u téchto pacient
¢asto vyskytuje naruseni fady nervovych funkci (Freeze, 2006; Moremen et al.,
2012). RovnéZ ¥ada fyziologickych ¢&i patologickych procestt miZe vést ke zméné
N-glykanového slozeni, jak bylo naptiklad pozorovdno u pacientd trpicich
schizofrenii (Tucholski et al., 2013a). Zmény v N-glykanovém sloZeni mohou
ovliviiovat radu vlastnosti NMDA receptort, jako naptiklad jejich stabilitu
v synapsi, nebo modulaci prostfednictvim endogennich lektint. Z toho vyplyva,
ze poznatky o konkrétnim slozeni N-glykanti na jednotlivych podjednotkich
NMDA receptort a jejich funkénim vyznamu by mohly pfipadné v budoucnu byt
vyuzity pro terapii, nebot nase pokusy ukazaly, Ze funk¢ni NMDA receptory
obsahuji desitky relativné komplexnich N-glykanovych struktur.

BohuZel, nedostatek vzorkd z mozka pacientd trpicich témito vzicnymi
poruchami ztéZuje dalsi vyzkum danych onemocnéni. Nastésti lze nové metody
a techniky, jako je naptiklad konverze lidskych fibroblast na neuronalni buiiky,
vyuzit pro dalsi studium poruch N-glykosylace, coz by mohlo pomoci pti hledani

vhodné 1é¢by pro tyto pacienty.

6.2. Strukturni zmény vglycinovych vazebnych mistech na GluNl1
aGluN3A podjednotkach reguluji povrchovou expresi NMDA

receptoru

Vdalsi praci jsme studovali vliv integrity glycinovych vazebnych mist
na GluN1 a GluN3A podjednotkidch na transport a funkci NMDA receptord.
GluN1/GluN3A receptory sice obsahuji ¢tyri vazebnd mista pro glycin, avsak

jehovazba na GluN1 ¢i GluN3A podjednotku ma odlisny dopad na funkci

31



receptoru. Vazba glycinu na GluN3A podjednotku aktivuje receptor, zatimco
vazba na GluN1 podjednotku zplsobuje rychlou desenzitizaci proudovych
odpovédi (Awobuluyi et al., 2007; Kehoe et al., 2013; Kvist et al., 2013; Madry et
al., 2007). V na${ studii jsme analyzovali proudy vyvolané glycinem, abychom
zjistili, jaky dopad na funk¢ni vlastnosti GluN1/GluN3A receptortt budou mit
mutace v glycinovém vazebném misté na GluN1 nebo GluN3A podjednotce.
U GluN1 podjednotky jsme se podrobnéji zamérili na mutace, které se nachazeji
ve vazebném misté pro glycin a vpredchozich studiich na GluN1/GluN2
receptorech u nich byl pozorovén vliv na hodnoty ECso pro glycin (Kvist et al.,
2013; Williams et al., 1996). Konkrétné jsme zkoumali mutace F484A, T518L,
F484A+T518L, A714L a D732A. UGIuN3A podjednotky jsme zavedli mutace
analogické k tém na GluN1 podjednotce, a to konkrétné mutace Y605A, S633L,
Y605A+S633L, T825L a D845A. Zjistili jsme, Zemira zmén hodnotTw
pro desenzitizaci u mutovanych GluN1/GluN3A receptort je v souladu sdrive
stanovenymi zménami v hodnotich ECso pro glycin u mutovanych GluN1/GluN2
receptortt (Kvist et al., 2013; Williams et al., 1996). Déle jsme pozorovali,
ze mutace F484A v GluN1 podjednotce sniZzuje desenzitizaci u GluN1/GluN3A
receptord, coZ je rovnéZ v souladu s pfedchozimi studiemi (Kvist et al., 2013).
Zmény vdesenzitizatni kinetice GluN1/GIuN3A receptori zpUsobené
zkoumanymi mutacemi v glycinovém vazebném misté na GluN1 podjednotce
primo korelovaly se zménami v povrchové expresi téchto receptort. Analyza
maximalnich proudovych odpovédi nadm umozZnila stanovit hodnotu ECso
proglycin na GluN1/GluN3A receptorech (89 uM), coZ dfive nebylo mozné

7

vzhledem ktomu, Ze predchozi méreni byla provddéna na receptorech
exprimovanych v oocytech Xenopus laevis. Z naSich vysledki dédle vyplyva,
ze GluN1/GluN3A  receptory s mutacemi vglycinovém vazebném
misté na GluN3A podjednotce, které vykazovaly funkéni odpovédi na aplikaci
glycinu, mély podobnou desenzitiza¢ni kinetiku jako nemutované receptory
a naopak vykazovaly snizenou afinitu ke glycinu. Dané vysledky jsou v souladu
s hypotézou, Ze glycinové vazebné misto na GluN3A podjednotce je nezbytné
pro aktivaci GluN1/GluN3A receptoru, avSak neprispivd kjeho desenzitizaci.

Toto pozorovani je rovnéz v souladu s nedavnou studii, v niz byla pouzita latka
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CGP-78608, pomoci které byla odhalena pritomnost funkénich GluN1/GluN3A
receptori v hipokampu u potkanich mlddat (Grand et al., 2018). Nase data
ziskand z mikroskopickych experimentl ukizala, Ze mutace v glycinovém
vazebném misté analogické u GluN1a GluN3A podjednotek snizuji do stejné miry
povrchovou expresi GluN1/GIuN3A receptori v COS-7 buiikdch. Podobné
vysledky jsme pozorovali rovnéz v pripadé GluN3A podjednotek exprimovanych
v hipokampélnich neuronech.

Vzhledem ktomu, Ze vhipokampélnich neuronech jsou endogenné
exprimovany ruzné typy podjednotek, véetné GluN1, GluN2A, GluN2B a GluN3A
(Grand et al., 2018; Rozeboom et al., 2015; Sanz-Clemente et al., 2013), nase data
naznacuji, ze strukturni zmény v glycinovém vazebném misté u exogennich
GluN1 a GluN3A podjednotek ovliviiuji rovnéz transport NMDA receptora
obsahujicich endogenni GluN podjednotky, vcetné  triheteromerickych
GluN1/GluN2/GluN3A receptorti. PrestoZe dosud neni zcela zfejmé, jakym
mechanizmem mutace v glycinovém vazebném misté méni povrchovou expresi
GluN1/GluN3A receptorti, je pravdépodobné, Ze kvalitativni kontrola v ER bude
obdobn4 jako v ptipadé GluN1/GluN2 receptorti (Kenny et al., 2009; She et al.,
2012) ¢ AMPA receptori (Penn et al., 2008). Ptedchozi studie odhaduji,
Ze glutamat maZe byt v ER p¥itomen aZ v milimol4rnich koncentracich (Berger et
al., 1977; Meeker et al., 1989) a mohl by tedy hrat roli pfi ovéfovani funkénosti
spravné slozenych GluN1/GluN2 receptort ¢i AMPA receptori prostfednictvim
specifického kontrolntho mechanismu v ER (Penn et al., 2008). Podobnou tilohu
by vER mohl hrat i glycin ¢i D-serin, prestoZe jejich presnd koncentrace
v neurondlnim ER nenf zndma. AvSak vzhledem ktomu, Ze se tito agonisté
ucastni rady metabolickych procest, je pravdépodobné, ze se mohou v lumen ER
nachazet v dostate¢nych koncentracich, aby se mohly vdzat na nové sloZené
NMDA receptory. Teoreticky by tedy neurony mohly regulovat pocty NMDA
receptord na svém povrchu na zdkladé mnozZstvi agonistt, jako je glycin, D-serin
a glutamat, ¢ antagonistdl, jako naptiklad kyselina kynurenov4 (Moroni et al.,
1988), které se ptirozené nachézi vsavéi CNS. Podobné by mohly i rtizné
farmakologické latky ptsobici prostfednictvim glycinového vazebného mista

na GluN1 a/nebo GIuN3A podjednotce regulovat potty NMDA receptori
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na bunécném povrchu a tim poskytnout terapeutickou strategii za konkrétnich
patologickych podminek.Za timto iCelem jsme testovali, zda 48 h inkubace
bunék s glycinem az vkoncentraci 1 mM zméni povrchovou expresi
nemutovanych ¢i mutovanych GluN1/GluN3A receptorti. K nasemu prekvapeni
jsme zjistili, Ze inkubace sglycinem nijak neovlivnila povrchovou expresi
studovanych GluN1/GluN3A receptori. Je tedy mozné, Ze intraceluldrné je jiz
pritomna dostate¢nd koncentrace glycinu a extraceluldrné pridany glycin ji dale
nezvySuje, nebo Ze extraceluldrni koncentrace glycinu neptisobi na jeho
intraceluldrni koncentraci. JerovnéZz mozné, Ze vysokd intracelularni
koncentrace glycinu nemd vliv na transport GluN1/GluN3A receptort.
Tato studie o vyznamu glycinovych vazebnych mist na GluN1 a GluN3A
podjednotkach tedy pomaha k pochopenti fyziologickych procest v savci CNS.
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7. Zaver

Vylev glutamatu z jednoho neuronu a jeho nésledna detekce glutamatovymi
receptory na prilehlém neuronu tvori zaklad synaptického prenosu na vice nez
10" synapsi v celém lidském mozku. Specifita této signalizace je navic umoznéna
expresi riiznych podjednotek NMDA receptort a jejich alternativnim sestrihem,
které se mohou lisit v misté i Case. Vzhledem k tomu, Ze dand signalizace je
zasadni pro synaptickou plasticitu a neuronalni vyvoj, muZe abnorméalni
transport, Spatna lokalizace ¢i neadekvatni aktivace NMDA receptora vést k radé
patologii a dysfunkci. Ztoho divodu je pochopeni zakladnich mechanizmu
regulace transportu a funkce NMDA receptorti nezbytné pro objasnéni téchto
dysfunkci a vyvoj budouci terapie.

Vtéto dizertani prici jsme ukazali, Ze narusSend N-glykosylace NMDA
receptortt méni jejich transport a funk¢ni vlastnosti. Zjistili jsme, Ze jednotlivé
podjednotky NMDA receptori maji na svém povrchu navazané velké mnozstvi
N-glykant a Ze se mezi sebou tyto podjednotky 1isf v jejich sloZeni. Zajimavé bylo
pozorovani, zeufibroblastG =ziskanych od pacientd s diagnostikovanymi
poruchami glykosylace miZe dochizet mimo jiné i ke zméndm v povrchové
expresi NMDA receptort. Soucasné jsme pozorovali, Ze zmény v remodelaci N-
glykant ¢i vazba specifickych lektin mohou mit vliv na povrchovou mobilitu
NMDA receptor, coz muZe vést ke zméndm vlokalizaci a funkci NMDA
receptort. Dale jsme ukdzali, Ze glycinova vazebnad mista na GluN1 a GluN3A
podjednotkach hraji odlisné funk¢ni role u NMDA receptord a Ze povrchova
exprese téchto receptorti souvisi safinitou ke glycinu u GluN1 podjednotky.
Je tedy zfejmé, Ze jak specificky vyznam N-glykosylace pro neurondlni funkci
NMDA receptort, tak rovnéz zmény v aktivaci NMDA receptort si zaslouzi dalsi
vyzkum, nebot mohou hratdoposud neznamou tulohu ve fyziologii,

Ci patofyziologii sav¢i centralni nervové soustavy.
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1. Summary

N-methyl-D-aspartate (NMDA) receptors are ionotropic glutamate receptors
playing a key role in the mammalian central nervous system. Under physiological
conditions, these receptors are important for excitatory synaptic transmission
and memory formation. However, under pathological conditions, their abnormal
regulation or activation can lead to many neurological and psychiatric disorders,
such as Alzheimer's disease, Parkinson's disease, Huntington's disease, epilepsy
or schizophrenia. Previous work has shown that the number of NMDA receptors
on the cell surface is regulated at multiple levels, including their synthesis,
folding, internalization or degradation. During transport to the cell membrane,
agonist binding and NMDA receptor activation are being control. The NMDA
receptors also undergo many posttranslational modifications such as
palmitoylation, phosphorylation or N-glycosylation.

In this thesis, we studied the molecular mechanisms that effect the trafficking
and functional properties of NMDA receptors in mammalian cells lines and rat
hippocampal neurons. Specifically, we focused on how specific changes
in the extracellular domains of the NMDA receptor can affect trafficking
to the cell membrane and how it modulate the functional properties of the NMDA
receptor. In mammals, themost organ-specific N-glycosylation occurs
in the brain. However, the effect of this modification on functional properties
of NMDA receptors in neurons is not fully understood. Therefore, we focused
on the role of N-glycosylation on NMDA receptors. We also studied the subunit-
specific effect of individual lectins. Another topic we focused on was the effect
of the integrity of glycine-binding sites of GluN1 and GluN3A subunits on the
trafficking and function of NMDA receptors. We used a variety of methods,
including immunohistochemistry, live microscopy, biochemistry and
electrophysiology. We used several cell models - mammalian HEK293 and COS-7
cell lines, human fibroblast derived from patients suffering with various forms

of CDG, and rat hippocampal and cerebellar neurons.



2. Introduction

NMDA receptors are a subclass of glutamate receptors that play an essential
role in synapse development, excitatory neurotransmission as well as synaptic
plasticity in the mammalian central nervous system (CNS) (Perez-Otano et al.,
2016; Traynelis et al., 2010). It has been well established that dysregulation
of NMDA receptors plays a critical role in the aetiology of many neuropsychiatric
and neurological disorders and conditions, including Huntington’s disease
(Mahfooz et al., 2016; Marco et al., 2013), schizophrenia (Mueller and Meador-
Woodruff, 2004), cocaine addiction (Yuan et al., 2013), and nicotine dependence
(Chen et al., 2019). In addition, a growing number of studies suggest that many
neuropsychiatric disorders are associated with mutations in genes that encode
various NMDA receptor subunits, including the GluN1 (Chen et al., 2017; Lemke
et al.,, 2016), and GIuN3A (Shen et al., 2009; Takata et al., 2013) subunits. Thus,
understanding the molecular mechanisms that regulate NMDA receptors
is an essential step towards designing effective therapies for these patients.

Structurally, NMDA receptors are heterotetramers composed of GluN1 (with
eight splice variants), GluN2 (GluN2A through GluN2D), and/or GluN3 (GluN3A
and GluN3B) subunits (Paoletti et al., 2013; Traynelis et al., 2010). All GluN
subunits have a common membrane topology, including an extracellular amino-
terminal domain (ATD), extracellular ligand-binding domains (LBDs) formed
by S1 and S2 segments, four membrane domains (Ml through M4), and
an intracellular C-terminal domain (CTD) (Paoletti et al., 2013; Traynelis et al.,
2010). The conventional NMDA receptors subtype - GluN1/GluN2 - is activated
by the binding of agonists to the glutamate-binding site in the LBD of GluN2
together with the simultaneous binding of a co-agonist to the glycine-binding
site in the LBD of GIluN1 (Clements and Westbrook, 1991; Kleckner and
Dingledine, 1988; Patneau and Mayer, 1990; Traynelis et al., 2010). Interestingly,
unconventional NMDA receptor subtypes - namely GluN1/GluN3A and
GluN1/GluN3B receptors - are activated by the binding of agonist to the glycine-
binding site in the LBD of the GluN3 subunit, whereas binding of a co-agonist to
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the glycine-binding site in the LBD of GluN1 drives the desensitization of glycine-
induced currents in GluN1/GluN3 receptors (Awobuluyi et al., 2007; Kehoe et al.,
2013; Kvist et al., 2013; Madry et al., 2007). Thus, the glycine-binding sites in
the LBD of various GluN subunits play distinct functional roles in NMDA
receptors.

Both the number and type of NMDA receptors present at the neuronal surface
are regulated at multiple levels (Hansen et al., 2017; Horak et al., 2014; Sanz-
Clemente et al., 2013), including their synthesis (Chazot and Stephenson, 1997;
Huh and Wenthold, 1999), subunit assembly (Atlason et al., 2007; Farina et al.,
2011; Meddows et al., 2001; Schuler et al.,, 2008), processing within the
endoplasmic reticulum (ER) (Hawkins et al., 2004; Horak and Wenthold, 2009;
Matsuda et al., 2003; McIlhinney et al., 1998; Okabe et al., 1999; Perez-Otano et
al., 2001; Qiu et al., 2009; Standley et al., 2000), trafficking to the cell membrane
(Jeyifous et al., 2009; Washbourne et al., 2002; Washbourne et al., 2004), lateral
diffusion (Dupuis and Groc, 2019; Groc et al., 2004), internalisation/recycling
(Lavezzari et al., 2004; Perez-Otano et al., 2006; Roche et al., 2001; Scott et al.,
2004), and degradation (Kato et al., 2005; Scott et al., 2004). Although many
studies have examined the molecular mechanisms that regulate the surface
expression and surface mobility of NMDA receptors, these studies focused
largely on NMDA receptors subtypes containing GluN1/GluN2 subunits (Sanz-
Clemente et al., 2013; Traynelis et al., 2010). GluN1/GluN2 receptors have been
found to be extensively N-glycosylated in both heterologous expression systems
(Chazot et al., 1995; Everts et al., 1997) and native preparations (Huh and
Wenthold, 1999; Kaniakova et al., 2016); moreover, we recently reported that two
conventional N-glycosylation sites inthe GluN1 subunit are required for the
release of GluN1/GluN2 receptors from theendoplasmic reticulum (ER)
(Lichnerova et al., 2015); however, the role of N-glycosylation in the trafficking
and/or surface mobility of NMDA receptors containing the nonconventional
GluN3A subunit has not been examined.

In addition, wide varieties of regions in GluN subunits - including the LBD -
are critical for regulating the surface delivery of NMDA receptors (Kenny et al.,

2009; She et al., 2012). Specifically, Kenny et al. previously reported that



disrupting the glycine-binding site in the LBD of GluN1 by introducing the D732A
mutation reduces the surface delivery of GluN1/GluN2A receptors (Kenny et al.,
2009). Similarly, She et al. reported that the glutamate-binding site in the LBD of
GluN2B regulates the surface delivery of GluN1/GluN2B receptors (She et al.,
2012); this finding was supported by a recent study using human GluN1/GluN2B
receptors with known pathogenic mutations (Swanger et al., 2016). However,
whether structural changes in the glycine-binding sites in the GluN1 and/or
GluN3A subunits regulate the surface delivery of functional GluN3A-containing

NMDA receptors is currently unknown.



3.

a)

b)

Hypothesis and aims

Previous studies primarily examined early processing of GluN1/GluN2
receptors (Sanz-Clemente et al., 2013; Traynelis et al., 2010); however, there
is currently a lack of understanding regarding the structural and functional
determinants with respect to the early processing of GluN3A-containing
NMDA receptors in mammalian neurons. In addition, all ionotropic glutamate
receptors - including NMDA receptors - contain several conventional N-
glycosylation consensus sites (N-X-S/T; X#P) (Everts et al., 1997; Lichnerova
et al., 2015; Traynelis et al., 2010), and we recently reported that
GluN1/GluN2B receptors are occupied by diverse glycan structures
(Kaniakova et al., 2016). Interestingly, although the GluN3A subunit contains
12 conventional N-glycosylation sites, the role of N-glycosylation in
the trafficking and function of GluN3A-containing NMDA receptors remain

unknown.

Aim: Identify the structural and functional determinants of early processing
of GluN3A-containing NMDA receptors and study how N-glycan remodeling
regulates early processing of GluN3A-containing NMDA receptors.

Most studies suggest that the intracellular CTD of GluN subunits plays
acritical role in regulating the surface expression of NMDA receptors
(Petralia et al., 2009; Sanz-Clemente et al., 2013); however, the extracellular
domain of mammalian GluN subunits is extremely large and contains
the LBDs for receptor agonists and competitive antagonists. We hypothesise
that specific mutations in glycine-binding sites of GluN1 and GluN3A subunits
induces structural changes that regulate the number of NMDA receptors

at the cell surface.

Aim: Characterise how the glycine-binding site in GluN1 and GluN3 subunits
regulate the surface delivery and functional properties of NMDA receptors

in mammalian cells cultures and hippocampal neurons.



4. Materials and methods

Preparation and transfection of primary hippocampal neurons

All animal experiments were performed in accordance with institutional
ethics guidelines and regulations for ensuring animal welfare. Primary cultures
of hippocampal neurons were prepared from embryonic day 18 Wistar rats
(Lichnerova et al., 2015). In brief, the hippocampi were collected in cold Hank's
Balanced Salt Solution containing 10 mM HEPES (pH 7.4), and then incubated
for 20 min at 37°C in dissection media containing 0.1 mg/ml DNase I and 0.05%
trypsin (Merck). The cells were then washed, dissociated by trituration through
a fire-polished glass pipette, and resuspended in plating medium consisting
of serum-free Neurobasal media with B-27 supplement and L-glutamine (Thermo
Fisher Scientific). The cells were grown at a density of approximately 2x10* cells
per cm? on dishes coated with poly-L-lysine (Sigma). The neurons were fed every

2-3 days with plating media and transfected using Lipofectamine 2000.

Mammalian cell culture

COS-7 and HEK293 cells were obtained from ATCC and cultured in Opti-MEM
(Thermo Fisher Scientific) containing 5% fetal bovine serum (Thermo Fisher
Scientific) (Kaniakova et al., 2012a; Lichnerova et al., 2015). We employed
the COS-7 cells for microscopy and for electrophysiology, we used HEK293 cells
because they are (i.) smaller than the COS-7 cells that enables us to better
compensate patch-clamp recordings, (ii.) routinely used for electrophysiology
of NMDA receptors in most laboratories. HEK293 cells and COS-7 cells were
transfected with 2 ul Lipofectamine 2000 (Thermo Fisher Scientific) plus 900 ng
of total cDNAs encoding the GluN1 and GluN3A subunits. For electrophysiology,
transfected cells were trypsinised and grown at low density; cells intended
for microscopy were grown without the trypsinisation step. The experiments

were performed 24-72 h after transfection.



Immunofluorescence microscopy

Surface NMDA receptors were labeled as described previously (Kaniakova et
al., 2012a; Lichnerova et al., 2015). In brief, the cells were washed in phosphate-
buffered saline (PBS), then incubated in blocking solution containing PBS and
10% (v/v) normal goat serum. The cells were then incubated for 30 min with
the primary antibody diluted in blocking solution. After washing, the cells were
incubated for 30 min with a secondary antibody conjugated with a fluorescent
dye and diluted in blocking solution. The cells were washed and then fixed in 4%
(w/v) paraformaldehyde (PFA) inPBS for 20 min, and then mounted using
ProLong Antifade reagent (Thermo Fisher Scientific). For labeling intracellular
GIuN3A subunits, the cells were washed in PBS, fixed with 4% PFA in PBS for 20
min, permeabilized for 5 min with 0.25% (w/v) Triton X-100 (TX-100) in PBS,
and then blocked for 1 h with blocking solution containing 0.1% TX-100. The cells
were then incubated with the primary antibody for 1 h, washed, and incubated
with the secondary antibody for 30 min. Images were acquired at room
temperature using a fluorescence microscope (Olympus Scan) with a 60x/1.35 oil
immersion objective or a confocal scanning microscope (Leica TCS SP8) fitted
with solid-state lasers and a 63x/1.30 oil immersion apochromat objective.
The images were analyzed using Image] software (NIH). The intensity
of the surface and total GFP signals in the COS-7 cells and fibroblasts were
analyzed on whole-cell areas (Kaniakova et al., 2012b). For hippocampal neurons,
the intensity of the surface and total GFP signals was analyzed in 10-um long
segments of secondary and tertiary dendrites (Lichnerova et al., 2015).
Rhodamine-labeled Concanavalin A (conA) and Phaseolus vulgaris Leucoagglutinin
(PHA-L) (Vector Laboratories; 20 pg/ml) were dissolved in blocking solution
and incubated for 5 min with pre-washed live cells. The cells were then washed,
fixed in 4% PFA in PBS for 20 min, and mounted using ProLong Antifade reagent.

Colocalisation of GluN subunit combinations with GMI130 marker was
analysed from single z-stack using an automated Image] macro to batch process
the data. First, the background was subtracted using Image] function Subtract
background with rolling factor set to 64. Mask of the entire cell area was

generated from native GFP signal by thresholding. For Golgi apparatus (GA) area
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localisation a mask was generated from GMI130 signal by thresholding.
The thresholds were determined from fluorescent intensity histograms using
Image] function Threshold with Otsu algorithm and the obtained thresholds were
used for batch processing across the all data. A GM130-negative cell area was
generated by subtraction of the GM130 mask from the GFP signal mask. The GA
colocalisation was then calculated as a ratio of the average intensity of GFP signal
through the generated GM130 mask over the average intensity of GFP signal
through the GM130-negative cell area.

Surface mobility

Quantum dot (QD) tracking of the GIuN3A subunits was performed
as described previously (Ferreira et al., 2017; Mikasova et al., 2017). In brief,
cultured hippocampal neurons (DIV13-15) expressing the GFP-GluN3A subunit
were washed in pre-warmed Neurobasal Medium (Thermo Fisher Scientific)
containing 1% (w/v) bovine albumin serum (BSA; Merck) and then incubated for
10 min with rabbit anti-GFP antibody (Merck, 1:2000), followed by 10 min
incubation with an anti-rabbit IgG conjugated to QD605 (Thermo Fisher
Scientific; 1:10 000); both the primary and secondary antibodies were diluted
in Neurobasal Medium containing 1% BSA and were incubated with the neurons
at 37°C. After QD labeling, the neurons were washed extensively with pre-
warmed Neurobasal Medium and then placed in extracellular recording solution
containing 1 mM MgCl; and 1 mM CacCly; all recordings were performed at 37°C
within 30 min of QD labeling. QD-labeled GIluN3A subunits were detected using
the InsightSSI illumination module, an oil immersion objective (60x 1.42,
PlanApo N), and excitation/emission filters (excitation 571/19, emission 609/37)
on a wide-field fluorescence microscope (DeltaVision OMXTM). Images (up to
1200 consecutive frames) were obtained with an acquisition time of 50 ms.
As a negative control for lateral mobility, COS-7 cells transfected with GluN1-
4a/GFP-GluN3A receptors were labeled with a rabbit anti-GFP primary antibody
and a QD605-conjugated anti-rabbit IgG and then fixed with PFA in PBS
as described above. QD movements were analyzed in ImageJ using the Mosaic

Particle Tracker 2D/3D plug-in. For each QD trajectory, the short-range diffusion
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coefficient, D, was obtained from the linear fit of the first four points of
the computed mean-squared displacement (MSD) versus time delay t as follows:
MSD(t) = 4 Dt + b (Kusumi et al., 1993; Triller and Choquet, 2008).
The cumulative probability distributions were computed as the relative

cumulative frequency of D from all trajectories in the indicated experiment.

Electrophysiology

Whole-cell patch-clamp recordings were performed on transfected HEK293
cells expressing GluN1/GluN3A receptors using an Axopatch 200B amplifier
(Molecular Devices) as described previously (Kaniakova et al., 2018).
The extracellular solution contained (in mM): 160 NaCl, 2.5 KCl, 10 HEPES, 10
glucose, 0.2 EDTA, and 0.7 CaCl, (pH adjusted to 7.3 with NaOH).
The intracellular solution contained (in mM): 125 gluconic acid, 15 CsCl, 5 BAPTA,
10 HEPES, 3 MgCls, 0.5 CaCl,, and 2 ATP-Mg salt (pH adjusted to 7.2 with CsOH).
Glass patch pipettes (3-6 MQ tip resistance) were prepared using a model P-97
micropipette puller (Sutter Instrument Co.). A microprocessor-controlled multi-
barrel rapid perfusion system (with a time constant for solution exchange around
the cell of ~10 ms) was used to apply the extracellular solutions (Lichnerovaetal.,
2014). All electrophysiology experiments were performed at room temperature.
pCLAMP 9 software (Molecular Devices) was used to record and analyse

the glycine-induced currents at a membrane potential of -60 mV.
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5. Results

5.1. N-glycosylation regulates the trafficking and surface mobility
of GluN3A-containing NMDA receptors

First, we asked whether remodeling of N-glycans affects the trafficking
of GluN3A-containing NMDA receptors to the cell surface. First, we expressed
recombinant GluN subunits in human fibroblast cell lines derived from patients
with various congenital disorders of glycosylation (CDG; see Table 1), as well
as control cells, and measured the surface expression of GluN1/GluN3A receptors
(Fig. 1a). These experiments revealed that control fibroblasts and four of the five
CDG fibroblast lines have robust surface delivery of GluN1/GluN3A receptors
(Fig. 1a, b; Table 1). In contrast, the ALG8-CDG line, which has reduced
formation of N-glycans in the ER, had significantly reduced surface delivery
of GluN1/GluN3A receptors. Thus, reduced N-glycosylation within the ER—
but not altered N-glycan remodeling—reduces the delivery of GluN1/GluN3A
receptors to the cell surface.

Control SRD5A3-CDG DPAGT1-CDG PGM1-CDG PMM2-CDG ALG8-CDG

7

Total

=

Surface

L—— GIuN1/GIuN3A —
Relative surface expression 4
o o o
o S [=-]

Figure 1. Specific human fibroblasts derived from patients with

various CDG can reduce surface expression of GluN1/GluN3A
receptors. (a) The indicated human fibroblasts were transfected with
GluN1 and GluN3A. Detailed information regarding the fibroblasts
used here is provided in Table 1. Representative images of total and
surface pools of labeled subunits 24 h after transfection are shown.
(b) Summary of the normalized surface expression of GluN1/GluN3A

receptors measured using fluorescence microscopy; n=20 cells from
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two independent experiments. *p<0.05 versus the GluN1/GluN3A
receptors (ANOVA).

. Protein
Type Gene mutation(s) mutations Reference

SRD5A3-CDG homozygous c.[436G>A] p.E146K Honzik et al, 2013

DPAGTI-CDG c.[85A>T];[652C>T] 129F];[R218W]  Honzik et al, 2013

PGMI1-CDG  ¢.[1010C>T];[1508G>A] T337M];[R503Q] (Ondruskova et al., 2014)

RI141H];[ V231M] -

il
il
il
i

BT o oo

il
PMM2-CDG  c.[422G>A];[691G>A]
i

ALG8-CDG  c¢.[139A>C];[1090C>T] T47P];[ R364X] (Veselaetal., 2009)

Table 1. Details regarding the fibroblasts obtained from patients with
theindicated CDG syndromes. CDG, congenital disorders
of glycosylation; SRD5A3, steroid 5-alpha-reductase 3; DPAGT]I,
dolichyl-phosphate alpha-N-acetylglucosaminyltransferase; PGM]I,
phosphoglucomutase 1; PMM2, phosphomannomutase 2; ALG8, alpha-

1,3-glucosyltransferase.

Next, we asked whether inhibiting the N-glycosylation machinery affects
the surface delivery of GluN3A-containing NMDA receptors in hippocampal
neurons. We first treated cultured hippocampal neurons for 2 days in the
presence or absence of various inhibitors, including 0.5 pg/ml tunicamycin (an
inhibitor of dolichyl-phosphate N-acetylglucosamine phosphotransferase 1)
(Yavin et al., 1984), 200 pg/ml 1-deoxynojirimycin (DNJ, an inhibitor of a-
glucosidase I-1I) (Gross et al., 1986), 5 pg/ml kifunensine (an inhibitor of the ER
a-mannosidase I) (Herreman et al., 2003), 200 pg/ml 1-deoxymannojirimycin
(DMM, an inhibitor of the ER a-mannosidase I-II) (Tokhtaeva et al., 2009), or 100
ug/ml swainsonine (an inhibitor of the GA a-mannosidase II) (Liu et al., 2000).
With the exception of DNJ, the other four inhibitors drastically reduced surface
labeling with fluorescently tagged PHA-L, which recognizes complex types of N-
glycans (Fig. 2a). In contrast, with the exception of tunicamycin, the other four
inhibitors increased surface labeling with fluorescently tagged conA, which

recognizes the high-mannose forms of N-glycans (Fig. 2a). These results indicate
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that treating hippocampal neurons with tunicamycin, kifunensine, DMM,
and swainsonine inhibits the N-glycosylation machinery. Using these inhibitors
in transfected hippocampal neurons, we found reduced surface delivery
of GluN3A-containg receptors in neurons treated with tunicamycin; in contrast,
DNJ, kifunensine, DMM, and swainsonine had no effect on the surface delivery
of GluN3A- containing receptors (Fig. 2b, ¢). These data support our hypothesis
that the initial attachment of N-glycans in the ER—but not the subsequent
remodeling of N-glycan composition—isrequired for surface delivery
of GluN3A-containing receptors. Taken together, these data indicate that
remodeling of N-glycans does not play an essential role in the surface delivery

of GluN3A-containing NMDA receptors.
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Figure 2. Tunicamycin, but not inhibitors of later step in the N-
glycosylation pathway, reduces the surface delivery of GluN3A
subunits in hippocampal neurons. (a) Hippocampal neurons were
treated for 2 days with 0.5 pg/ml tunicamycin, 200 pg/ml DNJ, 5 ug/ml
kifunensine, 200 pg/ml DMM, or 100 pg/ml swainsonine. The neurons
were then labeled with fluorescently tagged conA or PHA-L;
representative examples are shown. (b) Hippocampal neurons were
transfected with GFP-GluN3A (GluN3A) at DIV8 and treated for 2 days
with the indicated inhibitors as described above. The neurons were
then immunostained for surface and total GFP under non-
permeabilizing and permeabilizing conditions, respectively;
representative images of total and surface immunoreactivity are
shown. (c¢) Summary of the relative surface expression of GluN3A
subunits in neurons treated with the indicated inhibitors; data were
obtained from 10-pm long segments of secondary and tertiary
dendrites (n>30 segments from >6 neurons) and are expressed relative

to control-treated neurons; *p<0.05 versus control (ANOVA).

Lastly, we investigated the role of N-glycosylation in regulating the lateral
mobility of GluN3A-containing NMDA receptors at the surface of hippocampal
neurons. First, we treated hippocampal neurons with the N-glycosylation
inhibitors DMM and swainsonine; we then performed QD tracking of labeled
GFP-GluN3A subunits (Fig. 3a). The cumulative distribution of the diffusion
coefficients extracted from the individual trajectories is shown in Fig. 3b.
Our analysis revealed that DMM—but not swainsonine—increased the diffusion
coefficient of QD-labeled GIuN3A subunits. This finding indicates that
the presence of hybrid and/or complex N-glycans at the neuron’s surface
regulates the mobility of GluN3A-containing NMDA receptors (Fig. 3b). We also
asked whether the mobility of QD-labeled GluN3A subunits at the surface
of hippocampal neurons is affected by the presence of the three lectins found
to be associated with endogenous GluN3A subunits, namely conA, Wheat germ

agglutinin (WGA), and Aleuria aurantia (AAL). Interestingly, all three lectins
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strongly reduced the mobility of QD-labeled GIuN3A subunits in hippocampal
neurons (Fig. 3c, d). Given that a wide variety of lectins are expressed
in the mammalian CNS these data indicate that N-glycosylation plays a role
in regulating the mobility of GluN3A-containing NMDA receptors at the surface

of mammalian neurons.
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Figure 3. N-glycosylation regulates the mobility of GluN3A-containing
NMDA receptors at the cell surface of hippocampal neurons.
(a,c) Representative trajectories of QD-labeled GFP-GluN3A (GluN3A)
subunits in hippocampal neurons treated with 200 pg/ml DMM (a)
or with the lectin AAL (20 pg/ml) (c). (b,d) Comparison of the
cumulative distribution of the diffusion coefficients measured for QD-
labeled GluN3A subunits in hippocampal neurons treated for two days
with 200 pg/ml DMM, 100 pg/ml swainsonine (b), or incubated after
QD labeling with 20 pg/ml of AAL, conA, or WGA (n=201-290
trajectories per condition). The negative controls for the fixed cells

shown in d were obtained from an independent experiment (n=86
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trajectories). *p<0.01 and **p<0.001 versus control (Kolmogorov-

Smirnov test and Mann-Whitney-Wilcoxon test).

5.2. Structural features in the glycine-binding sites of the GluN1
and GluN3A subunits regulate the surface delivery of NMDA receptors

Previous studies showed that the surface delivery of GluN1/GluN2 receptors
is regulated by the glycine-binding site in the GluN1 subunit (Kenny et al., 2009)
and the glutamate-binding site in the GluN2 subunit (She et al., 2012).
Here, we examined whether the glycine-binding sites in the GluN1 or GIuN3A
subunits also regulate thesurface delivery of GluN3A-containing NMDA
receptors. We first used mutations inthe GluN1 subunit that were shown
previously to alter the ECso for glycine binding to GluN1/GluN2 receptors (Kvist
et al., 2013; Williams et al., 1996) (Fig. 4a). Specifically, we introduced the A714L
mutation in GluN1-4a subunit, which stabilises the open conformation of the LBD
and slightly reduces the receptor’s sensitivity to glycine; other mutations
in GluN1-4a subunitincluded F484A, T518L (Kvist etal., 2013),and D732A (Kenny
et al., 2009; Williams et al., 1996), all of which reduce glycine affinity by two
orders of magnitude. In addition, we used the double mutant GluN1-4a-
F484A+T518L subunit, which was previously reported to be glycine-insensitive
at concentrations up to 30 mM when co-expressed with the GluN2A subunit
(Kvist et al., 2013).

First, we co-expressed each mutant GluN1-4a subunit together with GluN3A
subunit in COS-7 cells and measured surface expression using fluorescence
microscopy (Fig. 4b, c). We found that the surface expression was highest
for GluN1-4a/GluN3A receptors, followed by (in decreasing order of surface
expression) GluN1-4a-A714L/GluN3A, GluN1-4a-F484A/GluN3A, GluN1-4a-
T518L/GIluN3A, GluN1-4a-D732A/GluN3A, and GluN1-4a-F484A+T518L/GluN3A
receptors; interestingly, this rank order corresponds to the previously
determined order of glycine ECso values for GluN1/GluN2 receptors containing

these mutant GluN1 subunits (Kvist et al., 2013).
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Because the previously assessed ECso values for glycine were determined
using GluN1/GluN2 receptors expressed in Xenopus oocytes, they might not
necessarily reflect the change in glycine affinity of GluN1/GluN3A receptors
expressed in mammalian cells. We therefore measured the whole-cell currents
induced by increasing concentrations of glycine (ranging from 10 pM to 10 mM)
in HEK293 cells co-expressing GluN1/GluN3A subunits (Fig. 4d); importantly,
using a rapid solution exchange system enabled us to detect the peak glycine-
induced current prior to receptor desensitisation. We found that the time
constant of desensitisation (tw) differed among the various mutant receptors
tested and corresponded with the same rank order that we observed for surface
delivery (Fig. 4e). Our analysis of the peak concentration-response relationship
revealed that only the GluN1-4a-F484A mutation caused a rightward shift of the
curve (Fig. 4f), resulting in an ~5-fold decrease in glycine potency compared
to wild-type GluN1-4a/GluN3A receptors. This finding is consistent with
previous reports that activation of GluN1/GluN3A receptors is regulated
primarily by the glycine-binding site in GluN3A subunit (Awobuluyi et al., 2007;
Kvist et al., 2013; Madry et al., 2007). Cells expressing GluN1-4a-D732A/GluN3A
receptors had no detectable currents, even at the highest glycine concentration
tested; moreover, at all glycine concentrations tested, currents measured
through GluN1-4a-F484A+T518L/GluN3A receptors did not desensitise (Fig. 4d).
Thus, we were unable to perform detailed functional analyses of these two
mutant receptors. Taken together, these data support the hypothesis that
structural changes in the glycine-binding site in the GluN1 subunit are associated
with changes in the surface delivery and the desensitisation properties
of GluN1/GluN3A receptors.
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are shown. (b) Representative images of COS-7 cells transfected
with the indicated wild-type or mutant GluN1-4a subunits together
with GFP-GIuN3A (GluN3A) subunit and labelled 24 h after
transfection. (¢) Summary of the relative surface expression of
the indicated GluN subunits measured using fluorescence microscopy
(n>24 cells per group); *p<0.05 vs. GluN1-4a/GluN3A (ANOVA). (d)
Representative whole-cell patch-clamp recordings from HEK293 cells
transfected with the indicated wild-type or mutant GluN1-4a/GluN3A
receptors. Currents were elicited by applying glycine at the indicated
concentrations. (e) Summary of the tw ofdesensitisation for
the indicated GluN1-4a/GluN3A receptors (n>5 cells per group). (f)
Peak concentration-response curves for the indicated GluNI-
4a/GluN3A receptors. Each data point represents the mean relative

current from >5 independent cells.

Given that the glycine-binding sites in the LBD of GluN1 and GluN3A subunits
are highly conserved, we next asked whether similar structural changes in
the glycine-binding site in the GIuN3A subunit can also affect the surface
delivery of GluN1/GluN3A receptors. Accordingly, we introduced point
mutations in GluN3A subunit at the positions analogous to GluN1 subunit,
yielding four mutant GluN3 subunits (GluN3A-T825L, GluN3A-Y605A, GluN3A-
S633L, and GluN3A-D845A) and the double mutant GluN3A-Y605A+S633L
subunit (Fig. 5a); each subunit was then co-expressed together with GluN1-4a
subunit in COS-7 cells and surface expression was examined using microscopy
(Fig. 5b, c). Interestingly, the rank order of surface expression for the receptors
containing mutant GluN3A subunits was similar to the order that we observed
with the analogous mutant GluN1 subunits. Specifically, receptors containing
the GluN3A-T825L subunit had the highest surface expression, followed by
(in decreasing order) GluN3A-Y605A, GIluN3A-S633L, GluN3A-D845A, and
GluN3A-Y605A+S633L subunits.

Next, we measured the functional properties of GluN1-4a/GluN3A receptors

containing wild-type or mutant GluN3A subunits expressed in HEK293 cells
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in order to examine the effect of these mutations on glycine affinity. We found
that both GluN1-4a/GluN3A-T825L and GluN1-4a/GluN3A-Y605A receptors
produced detectable currents whereas the other three mutant receptors failed
to produce measurable currents, even with 10 mM glycine (Fig. 5d). Moreover,
these two mutant receptors had a tw of desensitisation similar to wild-type
GluN1-4a/GluN3A receptors (Fig. 5e), which is consistent with the notion that
the desensitisation of GluN1/GluN3A receptors isregulated by the glycine-
binding site in the GluN1subunit. An analysis of the peak concentration-response
relationship revealed that glycine is 9-fold and 29-fold less potent at activating
GluN1-4a/GluN3A-T825L and GluN1-4a/GluN3A-Y605A receptors, respectively,
compared to wild-type GluN1-4a/GluN3A receptors (Fig. 5f), which clearly
correlates with their surface expression levels. These data support
the hypothesis that activation of GluN1/GluN3A receptors is mediated by glycine
binding to the GIuN3A subunit. As noted above, we measured no detectable
currents in cells expressing GluN1-4a/GluN3A-S633L, GluN1-4a/GluN3A-D845A,
or GluNI1-4a/GluN3A-Y605A+S633L receptors (Fig. 5d). This finding may be
explained by the greatly reduced number of receptors at the cell surface, a loss of
glycine binding, and/or a change inthe desensitisation properties of these
mutant receptors. Together, our data suggest that the glycine-binding sites
inboth the GluNl1 and GluN3A subunits regulate the surface delivery

of GluN1/GluN3A receptors in the mammalian cell lines.
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Figure 5. Mutations in the glycine-binding site in the GluN3A subunit
regulate the surface expression and glycine affinity of GluN1/GluN3A
receptors. (a) Schematic representation of the glycine-binding site
in the GluN3A subunit (PDB code: 2RC7; in orange), with a glycine
molecule shown; for comparison, the binding site in the GluN1 subunit
is shown in blue. (b) Representative images of COS-7 cells transfected
with the indicated wild-type or mutant GFP-GluN3A subunit together
with GluNl1-4a subunit andlabelled 24 h after transfection.
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(c) Summary of the relative surface expression of the indicated GluN
subunits measured using fluorescence microscopy (n=20 cells per
group); *p<0.05 vs. GluN1-4a/GluN3A (ANOVA). (d) Representative
whole-cell patch-clamp recordings from HEK293 cells transfected with
the indicated wild-type or mutant GluN1-4a/GluN3A receptors.
Currents were elicited by applying the indicated concentrations
of glycine. (e) Summary of the Tw of desensitisation for the indicated
GluN1-4a/GluN3A (n>5 cells per group). (f) Peak concentration-
response curves for the indicated wild-type and mutant GluNI-
4a/GluN3A receptors. Each data point represents the mean relative

current from =5 cells.

To further corroborate that indicating glycine-binding sites regulates forward
trafficking of NMDA receptors, we next labelled the COS-7 cells expressing the
mutated GluN1/GluN3A receptors which exhibited reduced surface delivery in
the experiments described above, with a GA marker Golgi matrix protein 130
(GM130; Fig. 6a, c). Our microscopical analysis revealed significantly decreased
colocalisation of the GluN1-4a-T518L/GluN3A, GluN1-4a-D732A/GIuN3A and
GluN1-4a-F484A+T518L/GluN3A and GluN3A subunit combinations with the
GM130 when compared with the wild-type GluN1-4a/GluN3A receptors (Fig. 6b).
Concerning the GluN1-4a-F484A/GluN3A receptors, we did not observe
significant tendency for their reduced colocalisation with the GM130, which
resembles previously reported finding with the GluN1/GluN2B-S664G receptors
(She et al., 2012). Our microscopical analysis further revealed decreased
colocalisation of the GluNI1-4a/GluN3A-S633L, GluN1-4a/GluN3A-D845A
and GluN1-4a/GluN3A-Y605A+S633L receptors with the GM130 when compared
with the wild-type GluN1-4a/GluN3A receptors (Fig. 6d). Together, these data
indicate that impaired glycine binding reduces forward trafficking of

GluN1/GluN3A receptors to the cell surface.
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Figure 6. The glycine-binding sites in the GluNI1 and GluN3A subunits
regulate forward trafficking of GluN1/GluN3A receptors. (a,c)
Representative confocal microscopy images of the COS-7 cells
transfected with the indicated GluN1-4a and GFP-GluN3A (GluN3A)
subunits; the anti-GM130 antibody was used to label the GA.
(b,d) Summary of the average intensity of GFP-GIuN3A (GluN3A)
subunit signal colocalised with GM130 over the average intensity
of GFP-GluN3A (GluN3A) subunit signal outside GMI30 signal,
calculated for the indicated GIuN subunit combinations (n=10 cells);
*p<0.05 vs. GluN1-4a/GluN3A (ANOVA).
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Next, we asked whether the introducing of mutations in the glycine-binding
sites of GluN subunits also affects the trafficking of NMDA receptors in neurones.
We therefore transfected cultured rat hippocampal neurones at DIV10 with YFP-
tagged wild-type or mutant GluN1-la subunits (we chose this splice variant
because it is not delivered to the cell surface unless associated with the GluN2
and/or GIuN3 subunit) or GFP-tagged wild-type or mutant GluN3A subunits.
Four days after transfection (i.e. at DIV14), we then measured the surface and
total pools of recombinant GluN subunits using labelling with an anti-GFP
antibody and confocal microscopy. Our analysis revealed the following rank
order for the surface delivery of mutant GluN1-1a subunits (in decreasing order):
GluN1-1a-A714L, GluN1-1a-F484A, GluN1-1a-T518L, GluN1-1a-D732A, and GluN1-
la-F484A+T518L (Fig. 7a, b). Similarly, all five mutant GluN3 subunits exhibited
the following rank order of surface delivery (in decreasing order): GluN3A-
T825L, GluN3A-Y605A, GluN3A-S633L, GluN3A-D845A, and GIluN3A-
Y605A+S633L (Fig. 7c, d). These results are consistent with our cell surface
expression data in cell lines and support the notion that the glycine-binding sites
in both the GluN1 and GluN3A subunits are critical for surface delivery of NMDA

receptors.
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Figure 7. The glycine-binding sites in the GluN1 and GluN3A subunits
regulate the surface expression of NMDA receptors in hippocampal

neurones. (a,c) Representative images of cultured rat hippocampal
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neurones transfected at DIV10 with the indicated YFP-GluN1-1a (a)
or GFP-GIuN3A (c) subunits; at DIV14, surface and total subunits were
stained using an anti-GFP antibody. (b,d) Summary of the relative
surface expression of the indicated subunits measured in 10-ym
segments of secondary or tertiary dendrites (n>30 segments in 26
different cells per group); *p<0.05 vs. GluNI-la (b) or GluN3A (d)
(ANOVA).
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6. Discussion

6.1. N-glycosylation regulates the trafficking and surface mobility
of GluN3A-containing NMDA receptors

We present compelling evidence that N-glycosylation of the GluN3A NMDA
receptor subunit is required for the receptor’s delivery to the cell surface.
The precise mechanism by which this process is mediated is currently unknown.
One possibility is that the presence of specific N-glycans confers a critical
structure to GluN3A-containing NMDA receptors, thereby permitting their
release from the ER (Vagin et al., 2009). Another possibility is that the GluN
subunits interact with specific glycan-binding proteins such as galactose-
binding lectins (Copits et al., 2014), which then facilitates the trafficking
of GluN3A-containing NMDA receptors to the cell surface. Other ionotropic
glutamatergic  receptors, including  a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors and kainate receptors, also contain
a variety of N-glycan forms (Coleman et al., 2006; Greger et al., 2003; Hanus et
al., 2016; Mah et al., 2005; Standley et al., 1998); thus, it is likely that the N-glycan
composition of all ionotropic glutamate receptors regulates their trafficking
and function in vivo.

We studied human fibroblasts obtained from patients with deficits in N-
glycosylation machinery and found reduced surface delivery of GluN1/GluN3A
receptors only in cells in which the initial step in the N-glycosylation pathway
isimpaired (i.e., ALG8-CDG). Taken together, our data suggest that
the trafficking machinery in heterologous expression systems and cultured
hippocampal neurons uses a common quality-control mechanism to regulate the
trafficking of GluN3A-containing receptors.

Our finding that N-glycan remodeling is not required for the surface delivery
of GluN3A-containing NMDA receptors is consistent with a recent study
by Hanus et al.,, who reached a similar conclusion with respect to various

neuronal membrane proteins (Hanus et al., 2016). In addition, we found that
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the mobility of QD-labeled GIuN3A subunits at the surface of hippocampal
neurons increases when hybrid and complex forms of N-glycans are removed.
These findings are consistent with the report that the mobility of AMPA receptors
can be regulated by enzymatic removal of the extracellular matrix (Frischknecht
et al.,, 2009). In contrast, the diffusion coefficient of GluN3A subunits was
reduced in the presence of lectins compared to control cells, corresponding to an
approximately 4-fold increase in the time required to diffuse across a given short
distance. Indeed, one possible interpretation of our data is that the lectins used
in our study may indirectly affect the mobility of GluN3A-containing NMDA
receptors by interacting with other glycoproteins at the neuronal cell surface.
Because a wide variety of lectins are expressed in the mammalian CNS, including
sialic acid-binding Ig-like lectins (Macauley et al., 2014) and galactose-binding
lectins (Cummings et al., 2017), these lectins could affect the mobility of NMIDA
receptors in vivo. Other groups reported similar findings; for example,
the binding of conA restricts the mobility of surface receptors for this lectin in
mouse fibroblasts (Zagyansky and Edidin, 1976), and the protein galectin-3 alters
the lateral mobility and clustering of Bl-integrin receptors in HeLa cells (Yang et
al., 2017).

The GluN3A subunit acts as a molecular brake, limiting the maturation
of excitatory synapses; this subunit has also been implicated in a number
of neuropsychiatric disorders (Fiuza et al., 2013; Kehoe et al., 2014; Kehoe et al.,
2013). Thus, N-glycosylation may play as-yet unrecognized roles in
the mammalian brain during health and/or disease. For example, N-
glycosylation of the GIuN3A subunit may be essential for its
synaptic/perisynaptic localization and/or degradation (Chowdhury et al., 2013;
Pachernegg et al., 2012). With respect to the clinical relevance of our findings, it
is interesting to note that the glycosylation pattern on AMPA receptors is altered
in the cerebral cortex of schizophrenia patients (Tucholski et al., 2013); therefore,
it is reasonable to speculate that the N-glycosylation pattern of the GIuN3A
subunit may be altered in certain neurological and/or psychiatric conditions.
Indeed, the altered function of the glycosylation machinery observed in patients

with a CDG syndrome could result in altered surface and/or synaptic delivery
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of NMDA receptors, as many of these patients have impaired brain function
(Freeze, 2006; Freeze et al., 2012; Moremen et al., 2012). Unfortunately,
the availability of suitable human brain samples from patients with these
relatively rare diseases is limited; however, the availability of new techniques
for converting human fibroblasts into neuronal cells (Vierbuchen et al., 2010)
may provide new opportunities for studying the consequences of impaired
glycosylation machinery on the function of NMDA receptors, possibly leading

to the identification of new therapeutic targets for these patients.

6.2. Structural features in the glycine-binding sites of the GluN1
and GluN3A subunits regulate the surface delivery of NMDA receptors

The relatively long N- and C-termini of GluN subunits is believed to allow
the receptor to interact with a variety of proteins during its journey to the cell
surface, atthe cell surface, and during internalisation. In GluN1/GluN3A
receptors, the glycine-binding site in GluN3A subunit activates the receptor,
whereas the glycine-binding site in GluNl subunit mediates the rapid
desensitisation kinetics of glycine-induced currents (Awobuluyi et al., 2007;
Kehoe et al., 2013; Kvist et al., 2013; Madry et al., 2007). Here, we analysed
glycine-induced currents in order to measure the functional properties
of various GluN1/GluN3A receptors containing mutations in the glycine-binding
sites of both GluN1 and GluN3A subunits. We found that the changes in tw values
for desensitisation of mutant GluN1/GluN3A receptors is consistent with
previously measured changes of ECso values for glycine binding to mutant
GluN1/GluN2 receptors (Kvist et al., 2013; Williams et al., 1996). This finding
is also consistent with previous studies that used mutant GluN1 subunits (e.g.
GluN1-F484A subunit) to reduce the desensitisation kinetics of GluN1/GluN3A
receptors (Cummings and Popescu, 2016; Grand et al., 2018; Kaniakova et al.,
2018; Kvist et al., 2013; Madry et al., 2008; Smothers and Woodward, 2009).
The observed order of changes in ECso values for the mutant GluN1-4a-
F484A/GluN3A receptors based on peak current amplitude is similar to previous

reports of steady-state currents (Awobuluyi et al., 2007; Kvist et al., 2013).
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Moreover, an analysis of peak currents enabled us to estimate the ECso value
for wild-type GluN1-4a/GluN3A receptors as well, which was previously not
possible due to the virtually negligible steady-state currents when these
receptors were expressed in Xenopus oocytes (Awobuluyi et al., 2007; Chatterton
etal.,2002; Kvist etal., 2013). However, we observed an apparent rightward shift
in the concentration-response curve for GluN1-4a/GluN3A receptors compared
to previously reported estimates of glycine ECso values for steady-state currents
based on bell-shaped curves (Kvist et al., 2013) as well as to previously reported
Kd values from binding studies using soluble LBDs (Yao and Mayer, 2006);
this shift could be due to a variety of factors, including: i) decreased glycine
affinity of the peak current compared to the steady-state current, ii) the fast
desensitisation kinetics of GIluN1/GluN3A receptors, and/or iii) the use
of different expression systems. Furthermore, we found that both
the GluN1/GluN3A-T825L and GluN1/GluN3A-Y605A receptors have similar
desensitisation kinetics but markedly decreased glycine affinity compared
to wild-type receptors. These findings support the conclusion that the glycine-
binding site in GIuN3A subunit is required for activating the GluN1/GluN3A
receptors but does not contribute to the desensitisation of GluN1/GluN3A
receptors.

Our microscopy data showed that analogous mutations in the glycine-binding
sites of GluN1 and GIluN3A subunits reduce the surface delivery of their
respective NMDA receptors when expressed in both mammalian cell lines and
hippocampal neurones. Given that endogenous GluN1, GluN2A-B, and GluN3
subunits are likely expressed in hippocampal neurones (Grand et al., 2018;
Hansen et al., 2017; Paoletti et al., 2013; Rozeboom et al., 2015; Sanz-Clemente et
al., 2013), our data support the view that the structural changes in the glycine-
binding sites in exogenous GluN1 and GluN3A subunits dominate the trafficking
of NMDA receptors that include endogenous GluN subunits (for example, in the
case of tri-heteromeric GluN1/GluN2/GluN3A receptors). Although
the underlying mechanism by which mutations in the glycine-binding sites
alters surface delivery is currently unknown, it is likely that the quality control

machinery in the ER plays a role, as was shown previously for GluN1/GluN2
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receptors as well as AMPA receptors (Kenny et al., 2009; Penn et al., 2008; She et
al., 2012). Glutamate may be present in the ER in the millimolar range (Berger et
al., 1977; Meeker et al., 1989) and may be important for detecting properly
assembled functional GluN1/GluN2 receptors and AMPA receptors via an ER-
specific quality control mechanism. The precise concentration of glycine in
the ER is unknown; however, given the role that glycine plays in various
metabolic pathways (Wang et al., 2013), it is likely present in sufficient amounts
to interact with newly assembled receptors. In theory, a neurone could regulate
the number of NMDA receptors at the cell surface by controlling the production
of agonists such as glycine and D-serine or competitive antagonists such
as kynurenic acid, which are found naturally in the mammalian CNS (Moroni et
al., 1988; Traynelis et al., 2010). In addition, certain pharmacological compounds
that act on the glycine-binding sites of GluN1 and/or GluN3A subunits may alter
the surface expression of NMDA receptors, thereby providing a possible
therapeutic strategy for certain pathological conditions. In this respect, it is
important to note that treating cells with up to 1 mM glycine for 48 hours did not
affect the surface expression of either wild-type or mutant GluN1/GluN3A
receptors. This suggests that: i) intracellular glycine is already present at
saturating concentrations in cultured cells, ii) high levels of extracellular glycine
do not sufficiently alter the concentration of glycine within the ER, and/or iii)
high levels of glycine do not regulate the intracellular processing of
GluN1/GluN3A receptors.

Taken together, our findings regarding the role of glycine-binding sites
in GluN1and GluN3A subunits in the surface delivery of NMDA receptors provide
new previously overlooked insight into the physiological and pathophysiological

regulation of these receptors in the mammalian CNS.
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7. Conclusions

The glutamate release from one neuron and its detection by glutamate
receptors on the adjacent neuron form the synaptic transmission on more than
10" synapses in the human brain. The specificity of this signalization is also
thanks to the neuron-specific expression of various NMDA receptor subunits and
their alternative splicing, which may vary in time and location. Since this
signaling is essential for synaptic plasticity and neuronal development, abnormal
transport, inappropriate localization or inadequate activation of these receptors
can lead to a number of pathologies and dysfunctions. Therefore, understanding
the basic mechanisms of regulation oftrafficking and function of NMDA
receptors is essential to elucidate these dysfunctions and to develop future
therapies.

In this thesis, we have shown that insufficient N-glycosylation of NMDA
receptors alters the trafficking and functional properties of NMDA receptors.
We found that the subunits of NMDA receptors have a large variety of attached
N-glycans and that the subunits differ in their composition. It was interesting
to note that fibroblasts derived from patients with CDG may also alter in the
surface expression of NMDA receptors. Atthe same time, we observed that
changes in N-glycan remodeling or lectin binding may affect the lateral mobility
of NMDA receptors, which may lead to changes in the localization and function
of NMDA receptors. We further showed that glycine-binding sites on the GluN1
and GluN3A subunits have different functional roles at NMDA receptors and that
their surface expression correlates with affinity for glycine on the GluN1 subunit.
Thus, it is clear that as the specific role of N-glycosylation on the neuronal
function of NMDA receptors as the changes in NMDA receptor activation deserve
further attention as they may play a previously unknown role in the physiology

or pathophysiology of the mammalian central nervous system.
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