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Abstrakt

Glutamatkarboxypeptidasa II (GCPII), znama také jako membranovy
antigen specificky pro prostatu (PSMA) je membranova metalopeptidasa,
jez je hojné exprimovana na bunkach karcinomu prostaty. GCPII si déle
ziskala pozornost védcl svou aktivitou v mozku, kde $tépi neurotransmiter
N-acetyl-L-aspartyl-L-glutamat (NAAG). Touto aktivitou se GCPII mize
podilet na fadé mozkovych poruch, nebot NAAG vykazuje
neuroprotektivni c€inky. Diky tomu se GCPII stala prostfedkem pro
zobrazovani a potencialni cilenou 1é€bu nadorti prostaty stejné jako pro
1é¢bu mozkovych poruch.

Nadory prostaty celosvétové predstavuji druhé nejcastéjsi muzské
nadorové onemocnéni. Nadory prostaty jsou ovSem zivot ohrozujici pouze
pfi opusténi samotné prostaty a rozsifeni do jinych tkani. Z tohoto divodu
bylo enormni usili vlozeno do detekce nadorti v 1épe 1é€itelnych stupnich a
lécby agresivnich metastatickych nadori resistentnich na standardni lécbu.
Pacienti prochazejici konvenc¢ni terapii trpi pomérné zavaznymi vedlejSimi
ucinky, a proto jsou hledany G¢inngjsi zpuisoby 1é¢by. Tyto nové postupy
zahrnuji selektivni smérovani na nddorové antigeny, jez jsou mnohonasobné
vice produkovany nadorovymi bunikami. GCPII pfedstavuje tento cil, jenz
by mohl byt pouzit pro detekci pokrocilych stupiiti malignity nadoru ¢i jako
molekularni adresa pro cilené doruc¢ovani 1é¢iv pfimo do nadorové tkané.

Studie uvedené v této praci se zaméfuji na GCPII jako potencialni
diagnosticky a terapeuticky cil a dale na vyvoj novych molekularnich
nastroju pro studium role GCPII. Z téchto divodt jsme zhodnotili potencial
GCPII stat se sérovym markerem nadord prostaty a urcili jeji koncentraci
v krvi zdravé populace. Vzhledem k tomu, Ze vyvoj novych terapeutik
vyZzaduje modelové organismy, dikladné jsme charakterizovali mysi GCPIIL.
Nakonec jsme vyvinuli polymerni konjugaty dekorované inhibitory GCPII,
které by se mohly stat nastroji pro transport 1é¢iv do bun€k exprimujicich
GCPII. Tyto konjugaty mohou ovSem slouzit i jako mimetika protilatek,
umoziujici selektivni cileni zvolenych proteind, jejich izolaci a vizualizaci
in vitro a in vivo. Tento novy chemicko-biologicky nastroj, nazvany

iBodies, ma tak uplatnéni i mimo oblast nadorového antigenu GCPII.
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Cile prace

Vyvinout metodu pro detekci a kvantifikaci GCPII v lidské krvi.
Ovérit, zdali jiné enzymy pfispivaji ke specifické aktivit¢ GCPIL.
Dale analyzovat ptivod a moznou funkci GCPII v krvi a ur¢it, zdali
mnozstvi GCPII v krvi koreluje s vékem ¢i pohlavim (Publikace I).

Pfipravit a charakterizovat mysi GCPII po strance jeji enzymové
aktivity, inhibi¢niho profilu, substratové specifity a distribuce
v mySich tkanich. Nasledn¢ porovnat obdrzené vysledky s lidskou
GCPII a rozhodnout, zdali jsou mysi vhodnym modelem pro studie
zamétené na GCPII (Publikace IT).

Vyvinout polymerni konjugaty schopné rozpoznavat a vazat GCPII
v béZnych biochemickych metodach. Poté pfipravit tyto konjugaty
také pro dal$i enzymy i proteiny a ovéfit moznost jejich

univerzalniho pouziti (Publikace III).
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Publikace I: Detekce a kvantifikace
glutamatkarboxypeptidasy II v lidské krvi

Uvod a motivace studie

Glutamatkarboxypeptidasa II (GCPII), mezi urology znama jako
membranovy antigen specificky pro prostatu (PSMA), je membranova
metalopeptidasa hojné exprimovana v lidské prostaté a pfiblizné jesté
10krat vice v karcinomu prostaty [1-3]. Ackoliv je jeji role ve zdravé
prostaté ¢i ve vyvoji nadort prostaty neznama, je GCPII jiz vice nez 20 let
pokladand za diagnosticky a terapeuticky cil. Radioaktivné znacend
protilatka proti GCPII ('!'In-7E11; obchodni nazev ProstaScint) je jedingm
prosttedkem pro detekci exprese GCPII v lidském organismu a urceni
rozsahu nadoru prostaty, jenz byl schvalen americkym Ufadem pro kontrolu
potravin a 1é¢iv (FDA) [4, 5].

GCPII byla detekovana také v lidské krvi. Vysledky pochazejici od
nékolika skupin jsou ovSem nekonzistentni a hodnoty GCPII v krvi se
vyrazné 1isi [6-12]. V lidské plazmé byl vedle GCPII identifikovan také
dalsi enzym (plazmatickd glutamatkarboxypeptidasa, PGCP), u n¢&jz byla
pozorovana aktivita specificka pro GCPII spocivajici v hydrolyze N-acetyl-
L-aspartyl-L-glutamatu (NAAG), endogenniho substratu GCPII [13, 14].

Pro vyjasnéni této situace jsme se rozhodli uréit koncentraci GCPII
v lidské krvi pomoci jeji specifické enzymové aktivity Stépici endogenni
substrat NAAG. Dale jsme hodlali zjistit, zdali se mnozstvi GCPII v krvi
li$1 mezi zdravymi lidmi.
Shrnuti vysledku a zavéry

V této praci jsme objasnili problém tykajici se pritomnosti a
mnozstvi GCPIl v lidské krvi. Dale jsme zjistili, Ze jind krevni
metalopeptidasa, plazmaticka glutamatkarboxypeptidasa, nepiispiva ke
specifické aktivité GCPII.

Nejprve jsme pfipravili dva konstrukty PGCP (majici purifikac¢ni

znacku Avi-tag umisténou bud’ na svém N-konci, ¢i C-konci), exprimovali

-5-



je v hmyzich bunikach a vycistili pomoci afinitni chromatografie. Néasledné
jsme ovéfili, ze pripravené a vycisténé proteiny byly spravné sbalené a
enzymov¢ aktivni — oba konstrukty Stépily substrdt PGCP (L-seryl-L-
methionin) [13, 14]. V kontrastu s pifedchozimi publikacemi, zadny
pripraveny konstrukt PGCP nestépil NAAG, a tedy aktivita PGCP
neinterferovala s aktivitou GCPIIL.

Poté¢ jsme vyuzili specifické enzymové aktivity GCPII Stépici
NAAG pro detekci a naslednou kvantifikaci GCPII v lidské plazmeé.
Analyzovali jsme vzorky plazmy od tfi zdravych jedinct a zjistili jsme
aktivitu Stépici NAAG ve vSech trech. Tato aktivita byla navic
inhibovatelnd pomoci 2-(fosfonomethyl)pentandiové kyseliny (2-PMPA;
kanonicky selektivni inhibitor GCPII) a dalSich selektivnich inhibitord
GCPIIL. Tyto vysledky siln¢ naznacovaly, Ze pouze GCPII je zodpoveédna za
pozorovanou aktivitu. Dale jsme prokazali pfitomnost GCPII v krvi pfimo
pomoci imunoprecipitace GCPII ze zfedéné krevni plazmy pouzitim
specifické protilatky proti GCPIIL.

Nakonec jsme shromazdili vzorky krevni plazmy od zdravych
jedinct a urcili mnozstvi pfitomné GCPII (Tab. 1). Koncentrace GCPII se
pohybovala mezi 1,3 az 17,2 ng/ml; ponékud prekvapivé jsme detekovali
GCPII taktéz v zenské plazmé, coz poukazuje na zdroj GCPII mimo
prostatu. Geometricky primér koncentrace GCPII v plazmé byl 3,2 ng/ml;
pouze pro muze: 3,7 ng/ml; a pouze pro zeny: 2,0 ng/ml. Nezjistili jsme
zadnou korelaci mezi mnozstvim GCPII a vékem ¢i pohlavim dobrovolnikt.
Muj prispévek k praci

V tomto ¢lanku jsem provedl vétSinu uvedenych experimentu.
Ptipravil jsem oba konstrukty lidské plazmatické glutamétkarboxypeptidasy
(PGCP), exprimoval je v hmyzich buikach, vycistil a otestoval jejich
enzymovou aktivitu. Taktéz jsem prokézal ptitomnost GCPII v lidské krvi a

kvantifikoval jeji mnozstvi v krvi u dobrovolnikli bez diagnostikovaného

nadoru prostaty. Také jsem napsal navrh manuskriptu.
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Tab. 1: Mnozstvi GCPII v krevni plazmé zdravych dobrovolniki.

Pomoci specifické enzymové aktivity GCPII jsme stanovili koncentraci GCPII
v heparinové plazmé zdravych dobrovolniku (bez diagnostikovaného nadoru
prostaty). Vzorky byly zméfeny v duplikatu ve tfech nezavislych experimentech;
vysledky jsou uvedeny jako primér + standardni odchylka. Rekombinantni
extracelularni GCPII byla pouzita jako standard aktivity hydrolyzujici NAAG. Mezi
mnozstvim GCPII a veékem ¢i pohlavim dobrovolnikti nebyla zjisténa zadna

korelace.

Vek (roky) GCPII v plazmé (ng/ml)
zena 1 22 1,4+0.3
Zena 2 31 1,3+£0.3
Zena 3 43 1,9+03
zena 4 46 43+03
muz 1 20 3,7+0.6
muz 2 22 4,0+0.6
muz 3 24 23+04
muz 4 25 5,7+ 0.8
muz 5 26 1,8+0.3
muz 6 26 1,4+0.3
muz 7 27 1,3+0.3
muz 8 27 3,4+0.7
muz 9 28 4,6 +0.7
muz 10 28 1,5+£03
muz 11 33 32+0.5
muz 12 34 17,2+5.0
muz 13 45 2,4+0.6
muz 14 50 3,0£04
muz 15 52 9,9+1.0




Publikace II: Charakterizace a tkafiova distribuce mysi
glutamatkarboxypeptidasy I1

Uvod a motivace studie

Glutamatkarboxypeptidasa II (GCPII) je membranovy antigen
hojn¢ exprimovany v karcinomu prostaty [1-3]. Zarovein se GCPII muze
podilet na glutamatové excitotoxicité v mozku [15]. Z téchto divodu se
GCPII stala slibnym diagnostickym markerem nadoru prostaty a také
potencialnim terapeutickym cilem pro lécbu karcinomu prostaty a
nervovych poruch spojenych se zvySenym mnozstvim glutamatu v centralni
nervove soustave [16, 17].

Pro vyvoj a nasledné testovani novych terapeutik je nezbytné mit
vhodny zvifeci model. Mysi obvykle predstavuji nejvhodnéjsi kandidaty,
zatimco potkani a prasata jsou druhou volbou. Pfed né¢kolika lety nase
laboratot zvefejnila studii [18], ktera porovnavala lidskou, potkani a praseci
GCPII; bohuzel, mysi GCPII nebyla ve studii zahrnuta, i kdyz mysi jsou

nejéastéji pouzivanym zviretem pro vyzkum GCPIIL.

Mysi GCPII je velmi podobna svému lidskému protéjsku (91%
podobnost na aminokyselinové trovni). Mys§i GCPII vykazuje obé
enzymové aktivity lidské GCPIIL: aktivitu $tépici N-acetyl-L-aspartyl-L-
glutamat (NAAG) a folathydrolasovou aktivitu. Proteiny se ov§em mohou
lisit ve své tkanové distribuci, jelikoz mySi GCPII nebyla detekovana
v my$i prostaté [19]. Proto jsme provedli studii, ktera se zaméfila na

enzymovou aktivitu my$i GCPII a jeji detailni tkanovou distribuci.
Shrnuti vysledku a zavéry

V této studii jsme detailn¢ porovnali mys§i GCPII s jejim lidskym
protéjskem. Zaméfili jsme se zejména na expresni profil mysi GCPII,
ponévadz ten pfedstavuje kliCovy aspekt pro vyvoj novych protinadorovych
a neuroprotektivnich 1é¢iv zalozenych na GCPII.

Nejprve jsme pfipravili rekombinantni mysi GCPII a nasledné jsme
charakterizovali jeji enzymovou aktivitu pomoci obou endogennich
-8-



substrati GCPII: NAAG (substrat GCPII v mozku) a pteroyl-di-L-glutaméat
(modelovy substrat polyglutamylovanych folatd GCPII v tenké stievu). Pti
porovnani s lidskou GCPII jsme nepozorovali zisadni rozdily mezi
porovnavanymi enzymy — mysi GCPII vykazuje sice nizsi katalytickou
ucinnost, ale podobnou substratovou specifitu jako lidskd GCPII. Pomoci
sady deseti b&ézné pouzivanych selektivnich inhibitordi GCPII jsme
analyzovali inhibi¢ni profil obou enzymt, ktery prokazal podobné inhibi¢ni

konstanty pro vétSinu inhibitort.

Déle jsme se zaméfili zejména na distribuci GCPII v mySich
tkanich. Shromazdili jsme vzorky tkani pochazejici od 6 mysi (3 samice a
3 samci) a poté jsme stanovili mnozstvi GCPII pomoci dvou nezavislych
metod — pomoci western blotu (Obr. 1a,b) a enzymové aktivity GCPII
(Obr. Ic). Nejvetsi mnozstvi GCPII jsme detekovali v mysi ledving, mozku
a slinnych zlazach; naopak jsme nezjistili Zadnou GCPII v mysi prostaté

(Obr. 1), coz je ve shodé s pfedchozimi studiemi.

Nase vysledky ukazuji, ze enzymova aktivita obou proteint je
podobnd, a tudiz mysi GCPII je vhodnou nahradou za lidskou GCPII pfi
vyvoji novych inhibitord GCPII. Nicméné pii vyvoji novych metod
cileného dorucovani protinadorovych 1é¢iv (a pouziti mysi jako zvifeciho
modelu) se musi zohlednit rozdilna tkanova distribuce obou proteind.

Muj prispévek k praci

V této studii jsem pfipravil, exprimoval a vy¢istil rekombinantni

mys$i GCPII. Dale jsem provedl velkou ¢ast experimentt zahrnujici analyzu

jeji enzymové aktivity a inhibi¢niho profilu a dale distribuci proteinu GCPII

v mys$ich tkanich. Také jsem napsal ndvrh manuskriptu.
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Obr. 1: Distribuce GCPII v mySich tkanich.

a, b) Analyza tkanové distribuce mySi GCPII u samice (a) a samce (b) pomoci
western blotu. GCPII byla vizualizovana pomoci specifické protilatky proti GCPII
(GCP-04) [20]. Rekombinantni mysi extracelularni GCPII byla pouzita jako
standard (avi-mGCPII); do gelu bylo naneseno 50 pg celkovych proteind. c)
Expresni profil GCPII v mysich tkanich urc¢eny dle kvantifikace specifické aktivity
GCPII za pouziti [’HINAAG jako substratu a avi-mGCPII jako standardu. Kazdy
vzorek byl zméten v duplikatu, za pouziti 1-50 pg celkovych proteinti v reakei. Pro
stanoveni byly pouzity stejné vzorky tkani jako v pfipadé western blotu. Hvézdicka
(*) predstavuje chybéjici vzorek (oko samice 1, nadledvina samce 1).
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Publikace III: iBodies: polymerni mimetika protilatek
substituovana funkénimi molekulami

Uvod a motivace studie

Monoklonalni protilatky zplsobily revoluci v biochemii a nyni
predstavuji nepostradatelné nastroje pro biomedicinu a terapii. Pro GCPII
existuje n€kolik dostupnych protilatek, avSak jejich pouziti muze trpét
riznymi problémy, mezi které patii omezena stabilita a obtize pfi jejich
chemické modifikaci. Pro jiné proteiny mize byt dokonce nemozné
pripravit protilatky s dostate¢nou citlivosti a selektivitou.

Selektivni inhibitory enzym@ mohou byt dalsi volbou pro
smérovani na konkrétni proteiny. Pro GCPII existuje nékolik skupin
selektivnich inhibitord, které se pouzivaji pro vizualizaci GCPII jak in vitro,
tak in vivo [21]. VétSina laboratofi pracujicich s uritymi enzymy vlastni

nékolik rizné selektivnich a u¢innych inhibitort.

Z vyse uvedenych divodi jsme se rozhodli zkombinovat tyto
pfistupy dohromady a vytvorili jsme syntetickd mimetika protilatek, ktera
jsme nazvali iBodies. Tyto konjugaty jsou zalozeny na hydrofilnim
kopolymeru z N-(2-hydroxypropyl)methakrylamidu (HPMA), ktery je
substituovan tfemi riznymi nizkomolekularnimi ligandy [22]: smérovacim
ligandem (vétSinou inhibitory enzymii), zobrazovaci sondou a afinitni
kotvou (Obr. 2). Tyto ligandy zajistuji selektivni cileni konjugéatu na urcity
protein, jeho vizualizaci a pfipadnou izolaci.

Nasim cilem bylo vyvinout novy biochemicky nastroj pro studium
fyziologickych funkci GCPII. Béhem vyvoje jsme si uvédomili, Ze tato

univerzalni polymerni platforma mutze byt ,,snadno* vyuzita a adaptovana

pro prakticky libovolny protein, pro ktery je znam inhibitor ¢i jiny ligand.
Shrnuti vysledku a zavéry

V této studii jsme vyvinuli novad polymerni mimetika protilatek
s vyuzitim inhibitord jako smérovacich ligandl (Obr. 2). Jako na$ primarni

cil a modelovy protein jsme si vybrali GCPII.

-11 -
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Obr. 2: Schematicka struktura iBodies.

iBodies jsou polymerni mimetika protilatek. a) iBodies se skladaji z kopolymeru
zalozeného na N-(2-hydroxypropyl)methakrylamidu (HPMA), jenz je substituovan
riznymi malymi molekulami pro rizné funkce: smérovacim ligandem (4.
selektivnimi inhibitory enzymu), zobrazovaci sondou (fluorescenénimi molekulami)
a afinitni kotvou; b) afinitni kotva biotin; ¢) fluorescen¢ni molekula ATTO488.

Nejprve byl na HPMA kopolymer konjugovan znamy selektivni
inhibitor GCPII, ktery tak fungoval jako smérovaci ligand a zajistoval
selektivni rozpoznavani GCPII (Obr. 3a). Na kopolymer byl pfipojen také
biotin (fungujici jako afinitni kotva) a ATTO488 (pro vizualizaci
konjugatu). Ziskany konjugat (anti-GCPII iBody) byl poté testovan
v nékolika biochemickych metodach pro zhodnoceni jeho vlastnosti a

aplikovatelnosti a univerzalnosti.

Vazba konjugatu na GCPII byla nejprve analyzovana pomoci
inhibice enzymové aktivity GCPII a povrchové plasmonové rezonance,
ktera odhalila velmi nizkou disocia¢ni konstantu interakce (Obr. 3b). Poté
jsme piesli k in vitro metodam jako je ,,imunoprecipitace” (izolace GCPII
z bunééného lyzatu a krevniho séra; Obr. 3¢) a ELISA (limit detekce 1 pg
GCPII; Obr. 3d) a. Nasledn¢ jsme ovétili vhodnost konjugatu pro selektivni
vizualizaci GCPII na povrchu bunék pomoci pritokové cytometrie (Obr. 3¢)
a konfokalni mikroskopie (Obr. 3f).

Vsechny tyto zminéné metody prokdzaly, ze konjugat proti GCPII
je vybornou nahradou za protilatky proti GCPII v béznych biochemickych
aplikacich.
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Obr. 3: Pouziti konjugatu (iBody) proti GCPII v biochemickych metodach.

a) Selektivni inhibitor GCPII fungujici jako smérovaci ligand. b) Analyza interakce
mezi GCPII a konjugatem anti-GCPII pomoci SPR. ¢) Imunoprecipitace GCPII z
lyzatu bunék LNCaP pomoci konjugatu anti-GCPII ¢i monoklonalni protilatky
(mAb) J591 [23]. Jako negativni kontrola byl pouzit konjugat bez inhibitoru GCPIL
(NC iBody), cista streptavidin-agarosa (NC(SA)) ¢i Cista protein G-sepharosa
(NC(PGS)). Jako standard byla pouzita rekombinantni GCPII (rhGCPII). d) ELISA
s vyuzitim specifické protilatky 2G7 jako zachytové protilatky a bud’ konjugatu anti-
GCPII, nebo biotinylované protilatky J591 jako detekéniho agens. e) Analyza bun¢k
exprimujicich a neexprimujicich GCPII (LNCaP a PC-3) pomoci pritokové
cytometrie. Buiiky byly inkubovany bud’ s konjugatem anti-GCPII ¢i protilatkou
2G7 znacenou ATTO488 (2G7-ATTO488). Jako negativni kontrola byl pouzit
konjugat bez inhibitoru GCPII (NC iBody). f) Analyza buné¢k LNCaP and PC-3
pomoci konfokalni mikroskopie; buiiky byly inkubovany s konjugatem anti-GCPII,
protilatkou 2G7-ATTOA488 ¢i NC iBody.
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Daéle jsme prokazali univerzalnost této platformy a vyvinuli jsme
konjugaty cilici i dal$i enzymy: HIV-1 proteasu (pomoci selektivniho
inhibitoru zalozeného na komeréné¢ dostupném ritonaviru) a skupinu proteas
(pomoci inhibitoru vSech aspartatovych proteas — pepstatinu A). Abychom
ukdzali, Ze konjugity mohou byt vytvofeny proti prakticky kazdému
proteinu, pro ktery je znam selektivni inhibitor ¢i jiny ligand, pfipravili jsme
konjugéty vazajici proteiny oznacené polyhistidinovou kotvou za pouziti
komplexu nitrilotrioctové kyseliny (NTA) a nikelnatych kationtu.

Zavérem lze fici, Ze tyto polymerni konjugaty ptedstavuji
modulédrni a univerzalni biochemicky nastroj, ktery mize byt pouzit jako
syntetickd, chemicky stabilni a lehce modifikovatelnd nahrada protilatek
v mnoha biochemickych metodach pro rizné proteiny.

Muij prispévek k praci

V tomto komplexnim ¢lanku jsem byl zodpovédny za
biochemickou ¢&ast projektu. Provedl jsem vétSinu biochemickych
experimentll, které analyzovaly aplikovatelnost a funkénost pripravenych
konjugatt v biochemickych metodach. Pouziti konjugatd jsem testoval
v n¢kolika metodach: od enzymové kinetiky a povrchové plasmonové
rezonance po experimenty s bunéénymi kulturami s vyuzitim konfokalni
mikroskopie a pritokové cytometrie. Mimo to jsem vedl bakalaiské a
magisterské studenty, ktefi vyznamné pfispéli k této studii. Napsal jsem

také navrh ¢lanku.

-14-



20.

21.

22.
23.

Seznam literatury
Lapidus, R. G., Tiffany, C. W., Isaacs, J. T., and Slusher, B. S. (2000) Prostate 45,
350-354
Mhawech-Fauceglia, P., Zhang, S., Terracciano, L., Sauter, G., Chadhuri, A.,
Herrmann, F. R., and Penetrante, R. (2007) Histopathology 50, 472-483
Kinoshita, Y., Kuratsukuri, K., Landas, S., Imaida, K., Rovito, P. M., Jr., Wang, C.
Y., and Haas, G. P. (2006) World J. Surg. 30, 628-636
Kahn, D., Williams, R. D., Seldin, D. W., Libertino, J. A., Hirschhorn, M., Dreicer,
R., Weiner, G. J., Bushnell, D., and Gulfo, J. (1994) J. Urol. 152, 1490-1495
Haseman, M. K., Reed, N. L., and Rosenthal, S. A. (1996) Clin. Nucl. Med. 21,
704-713
Xiao, Z., Adam, B. L., Cazares, L. H., Clements, M. A., Davis, J. W.,
Schellhammer, P. F., Dalmasso, E. A., and Wright, G. L., Jr. (2001) Cancer Res.
61, 6029-6033
Beckett, M. L., Cazares, L. H., Vlahou, A., Schellhammer, P. F., and Wright, G. L.
(1999) Clin. Cancer Res. 5,4034-4040
Murphy, G. P., Kenny, G. M., Ragde, H., Wolfert, R. L., Boynton, A. L., Holmes,
E. H., Misrock, S. L., Bartsch, G., Klocker, H., Pointner, J., Reissigl, A., McLeod,
D. G., Douglas, T., Morgan, T., and Gilbaugh, J. (1998) Urology 51, 89-97
Murphy, G. P., Maguire, R. T., Rogers, B., Partin, A. W., Nelp, W. B., Troychak,
M. J., Ragde, H., Kenny, G. M., Barren, R. J., 3rd, Bowes, V. A., Gregorakis, A. K.,
Holmes, E. H., and Boynton, A. L. (1997) Prostate 33, 281-285
Murphy, G. P., Tino, W. T., Holmes, E. H., Boynton, A. L., Erickson, S. J., Bowes,
V. A., Barren, R. J., Tjoa, B. A., Misrock, S. L., Ragde, H., and Kenny, G. M.
(1996) Prostate 28, 266-271
Rochon, Y. P., Horoszewicz, J. S., Boynton, A. L., Holmes, E. H., Barren, R. J.,
3rd, Erickson, S. J., Kenny, G. M., and Murphy, G. P. (1994) Prostate 25, 219-223
Troyer, J. K., Beckett, M. L., and Wright, G. L. (1995) Int. J. Cancer 62, 552-558
Gingras, R., Richard, C., El-Alfy, M., Morales, C. R., Potier, M., and Pshezhetsky,
A.V.(1999) J. Biol. Chem. 274, 11742-11750
Zajc, T., Suban, D., Rajkovic, J., and Dolenc, 1. (2011) Protein Expr. Purif. 75, 119-
126
Robinson, M. B., Blakely, R. D., Couto, R., and Coyle, J. T. (1987) J. Biol. Chem.
262, 14498-14506
Neale, J. H., Olszewski, R. T., Gehl, L. M., Wroblewska, B., and Bzdega, T. (2005)
Trends Pharmacol. Sci. 26, 477-484
Zhou, J., Neale, J. H., Pomper, M. G., and Kozikowski, A. P. (2005) Nature
Reviews Drug Discovery 4, 1015-1026
Rovenska, M., Hlouchova, K., Sacha, P., Mlcochova, P., Horak, V., Zamecnik, J.,
Barinka, C., and Konvalinka, J. (2008) Prostate 68, 171-182
Bacich, D. J., Pinto, J. T., Tong, W. P., and Heston, W. D. (2001) Mamm Genome
12, 117-123
Sacha, P., Zamecnik, J., Barinka, C., Hlouchova, K., Vicha, A., Mlcochova, P.,
Hilgert, 1., Eckschlager, T., and Konvalinka, J. (2007) Neuroscience 144, 1361-
1372
Ferraris, D. V., Shukla, K., and Tsukamoto, T. (2012) Curr. Med. Chem. 19, 1282-
1294
Subr, V., and Ulbrich, K. (2006) Reactive & Functional Polymers 66, 1525-1538
Chang, S. S., Reuter, V. E., Heston, W. D. W., Bander, N. H., Grauer, L. S., and
Gaudin, P. B. (1999) Cancer Res. 59, 3192-3198

-15 -



Curriculum vitae

Mgr. Tomas Knedlik 5
Narozen: 4. dubna 1986 v Ostravé, Ceska republika

Doktorské studium na Katedfe biochemie, Ptirodovédecka fakulta,
Karlova Univerzita v Praze. Disertacni prace
"Glutamatkarboxypeptidasa Il ~ jako cil terapeutického zdsahu a
molekularni adresa pro lécbu ndadorovych onemocnéni” pod vedenim doc.
RNQr. Jana Konvalinky, CSc., na Ustavu organické chemie a biochemie,
AV CR.

Magistersky titul na Katedfe biochemie, Pfirodovédecka fakulta, Karlova
Univerzita v Praze. Diplomova prace "Klonovani, exprese a biochemicka
charakterizace mysi glutamatkarboxypeptidasy II" pod vedenim doc.
RNDr. Jana Konvalinky, CSc., na Ustavu organické chemie a biochemie,
AV CR.

Bakalaisky titul na Katedie biochemie, Ptirodovédecka fakulta, Karlova
Univerzita v Praze. Bakalaiska prace "Mysi glutamatkarboxypeptidasa I1I:
klonovani, exprese a aktivita" pod vedenim doc. RNDr. Jana Konvalinky,
CSc., na Ustavu organické chemie a biochemie, AV CR.

Autor ¢i spoluautor 6 védeckych publikaci v zahrani¢nich recenzovanych ¢asopisech.

Ustni (UP) a plakaitové (PP) prezentace na konferencich:

Basel Life Science Week 2016 (Basilej, Svycarsko, 2016, PP)

BioVaria 2016 (Mnichov, Némecko, 2016, UP & PP)

1% Biospot konference (Praha, 2016, UP & PP)

9" General Meeting of The International Proteolysis Society (Penang, Malajsie, 2015,

International Proteolysis Society 2015 Early Career Scientist Forum (Penang,
Malajsie, 2015)

34" FEBS konference (Praha, 2009, PP)

Certifikaty:

First Certificate in English: stupeit A (Council of Europe: trovenn C1, Cambridge ESOL:

-16 -



Abstract

Glutamate carboxypeptidase II (GCPII), also known as prostate-specific
membrane antigen (PSMA), is a membrane metallopeptidase overexpressed
on most prostate cancer cells. Additionally, GCPII also attracted
neurologists’ attention because it cleaves neurotransmitter N-acetyl-L-
aspartyl-L-glutamate (NAAG). Since NAAG exhibits neuroprotective
effects, GCPII may participate in a number of brain disorders, which were
shown to be ameliorated by GCPII selective inhibitors. Therefore, GCPII
has become a promising target for imaging and prostate cancer targeted
therapy as well as therapy of neuronal disorders.

Globally, prostate cancer represents the second most prevalent cancer in
men. However, prostate tumors are life-threatening only if they spread from
the prostate and start to spread to other tissues. Therefore, considerable
efforts have been made to discover tumors earlier at more curable stages as
well as to target aggressive metastatic tumors that have already invaded
other tissues and become resistant to standard treatment. Since patients
undergoing a conventional therapy suffer from severe side effects, more
effective ways of treatment are being searched for. Novel approaches
include selective targeting of tumor antigens, overexpressed on tumor cells.
GCPII represents such a target that may be used either for imaging of
advanced cancers or as an address for prostate-targeted drug delivery.

The studies presented in the thesis focused on GCPII as a potential
diagnostic and therapeutic target as well as development of novel molecular
tools for studying the role of GCPII in various tissues. Therefore, we
evaluated GCPII potential to become a serum marker of prostate cancer and
determined its blood concentration among healthy population. Since
development of novel therapeutics requires a model organism, we
characterized mouse GCPIL. Finally, we developed polymer conjugates
decorated with GCPII inhibitors that might become a tool for an active drug
delivery to cells expressing GCPII. These conjugates might also serve as
antibody mimetics enabling selective targeting of desired proteins, their
isolation and in vitro and in vivo visualization. This novel chemical tool,

called iBodies, also has the application outside of the area of GCPII.

-17 -



Aims of the thesis

To develop a method for the detection and quantitation of GCPII in
the human blood. To verify if other enzymes contribute to GCPII
activity. To analyze the origin and function of GCPII in the blood
and determine if GCPII levels in the blood correlate with age, sex

or, eventually, prostate cancer stage (Publication I).

To prepare and characterize mouse GCPII regarding its enzyme
activity, inhibition profile, substrate specificity and, importantly,
tissue distribution in mice. To compare the results with human
GCPII and elucidate if mouse is a suitable animal model for
GCPII-based therapies (Publication II).

To design and develop polymer conjugates capable of GCPII
targeting in common biochemical methods. To prepare these
polymer-based antibody mimetics also for other enzymes and
proteins and verify their universal and versatile applicability
(Publication III).
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Publication I: Detection and quantitation of glutamate
carboxypeptidase II in the human blood

Background

Glutamate carboxypeptidase I is strongly expressed in the human
prostate and, interestingly, approximately 10-fold overexpressed in prostate
cancer [1-3]. Even though its role in the prostate or prostate cancer
progression (if any) is not known, GCPII’s potential to become a diagnostic

Hindium-

and/or therapeutic target was recognized 20 years ago. An
antibody conjugate raised against GCPII, trade name ProstaScint™, became
the first (and unfortunately also the last) detection agent to image GCPII
expression and thus the extent of prostate cancer, which was approved by

the FDA [4, 5].

GCPIIL, better known as prostate-specific membrane antigen
(PSMA) among urologists, was also searched in the human blood. GCPII
was detected in the human blood by several groups, however, the obtained
results were inconsistent and GCPII levels in the blood differed
significantly [6-12]. Besides GCPII, another metallopeptidase (plasma
glutamate carboxypeptidase, PGCP) was identified in the plasma and
reported to possess NAAG-hydrolyzing activity [13, 14].

To make the situation clear, we decided to detect and determine
GCPII concentration in human blood via its NAAG-hydrolyzing activity.
Furthermore, we were interested if GCPII levels in the blood vary among

healthy volunteers.
Results and conclusions

We shed light upon conflicting reports on presence of GCPII in the
human blood and its possible correlation with prostate cancer progression.
Moreover, we analyzed if another protease, plasma glutamate

carboxypeptidase, may contribute to the GCPII activity.

First, we cloned two PGCP constructs (containing an Avi-tag

placed either at its C-terminus, or N-terminus), expressed them in insect
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cells and purified them via affinity chromatography. We then verified the
proteins are properly folded and active enzymes — both constructs cleaved a
cognate substrate of PGCP (L-seryl-L-methionine) [13, 14]. In contrast with
previous report, neither construct cleaved NAAG, the endogenous substrate
of GCPII.

Having proved that PGCP does not contribute to the enzyme
activity of GCPII, we used NAAG-hydrolyzing assay for detection and
subsequent quantification of GCPII in the human blood. We analyzed three
plasma samples from healthy individuals and observed NAAG-hydrolyzing
activity in all of them. The activity was sensitive to 2-PMPA and other
selective GCPII inhibitors, suggesting that solely GCPII is responsible for
the activity. Furthermore, we confirmed presence of GCPII in the blood by
immunoprecipitation of GCPII from the diluted blood plasma using
biotinylated monoclonal antibody raised against native GCPII.

Finally, we collected samples of blood plasma from healthy
individuals and determined GCPII concentration in their blood (Tab. 2). The
GCPII levels ranged between 1.3 and 17.2 ng/ml; slightly surprisingly, we
detected GCPII also in the female samples, which suggests non-prostatic
origin of GCPII. The geometrical mean of the GCPII levels in the blood
plasma was 3.2 ng/ml; for men only: 3.7 ng/ml; and female only: 2.0 ng/ml.
We observed no correlation between GCPII concentration and age of the

volunteers.
My contribution

In this paper, I conducted all the experiments presented. I prepared
two constructs of human plasma glutamate carboxypeptidase, expressed and
purified them in insect cells and tested them for their enzymatic activity. |
also showed presence of glutamate carboxypeptidase II in the human blood
and quantified its concentration in the blood of volunteers not diagnosed

with prostate cancer. I also wrote a draft of the manuscript.
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Tab. 2: GCPII levels in the blood plasma of healthy volunteers.

Using GCPII-specific radioenzymatic assay, GCPII concentration in the heparin
blood plasma of healthy volunteers was determined. The samples were measured in
duplicates in three separate experiments and the results are mean =+ standard
deviation. Recombinant extracellular GCPII was used as a standard of NAAG-
hydrolyzing activity. No correlation between GCPII levels and age or sex was

observed.

Age (years) | GCPII in plasma (ng/ml)
female 1 22 14+£03
female 2 31 1.3+0.3
female 3 43 1.9+0.3
female 4 46 43+03

male 1 20 3.7+ 0.6
male 2 22 40+0.6
male 3 24 23+04
male 4 25 57+0.8
male 5 26 1.8+0.3
male 6 26 1.4+£03
male 7 27 1.3£0.3
male 8 27 34+£0.7
male 9 28 4.6+0.7
male 10 28 1.5+03
male 11 33 32+0.5
male 12 34 17.2+£5.0
male 13 45 24+0.6
male 14 50 30+£0.4
male 15 52 99+1.0
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Publication II: Biochemical characterization and tissue
distribution of mouse glutamate carboxypeptidase 11

Motivation of the study

Glutamate carboxypeptidase 11, which is overexpressed on prostate
carcinoma cells [1-3] and also implicated in glutamate excitotoxicity in the
brain [15], became an interesting diagnostic marker of prostate cancer and a
possible therapeutic target both for prostate cancer and neuronal disorders
connected with increased levels of glutamate in the central nervous system
[16, 17].

For development and subsequent testing of novel therapeutics, it is
necessary to have a suitable animal model. Mice represent usually the most
promising candidates, while rats and pigs are the second choice. Several
years ago, a study comparing human, rat and pig GCPII was performed in
our laboratory [18], however, the mouse ortholog was not included,
although mice are the most widely used animals in the GCPII-focused

research.

Mouse GCPII is highly similar to its human counterpart (91% of
amino acid similarity). Mouse GCPII was shown to possess both enzyme
activities of human GCPII: NAAG-hydrolyzing activity in the brain and
folate hydrolase activity in the small intestine. On the other hand, its
absence in the mouse prostate is in sharp contrast to the tissue distribution
of human GCPII [19]. Therefore, we set to perform a thorough study
assessing mouse GCPII enzyme activity and tissue distribution, which had

been needed.
Results and conclusions

In this paper, we prepared recombinant mouse GCPII and
compared it in detail with the human ortholog. We focused particularly on
the expression pattern of mouse GCPII, since this is highly relevant aspect
for the development of new anticancer and neuroprotective therapies based
on GCPIL.
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First, we characterized the enzyme activity of mouse and human
GCPII using both endogenous substrates: NAAG (brain) and pteroyl-di-L-
glutamate (small intestine). We discovered no striking differences between
the compared enzymes — mouse GCPII possessed lower catalytic efficiency
but similar substrate preferences compared to the human enzyme. We also
analyzed inhibition profile of both enzymes using a panel of ten common
GCPII inhibitors, showing comparable inhibition constants for the majority

of inhibitors.

We put a strong focus upon GCPII distribution in mouse tissues.
We collected tissue samples from six mice (3 females and 3 males) and
determined GCPII expression levels using two independent assays —
western blotting (Fig. 1a,b) and GCPII enzyme activity assay (Fig. 1¢). We
detected highest GCPII expression in the mouse kidney, brain and salivary
glands. We did not detected GCPII in the mouse prostate, which is in

agreement with previous studies (Fig. 1).

Taken together, our results show that there are no significant
differences in enzyme activities of both proteins. Thus, mouse GCPII is a
proper substitute for human GCPII in the development of novel inhibitors.
Nevertheless, different expression patterns must be considered when using
mice as an animal model for development of targeted anticancer drug

delivery approaches.
My contribution

I expressed and purified recombinant mouse glutamate
carboxypeptidase II. 1 performed majority of the experiments, including
analysis of its enzyme activity and inhibition profile and distribution of the

GCPII protein in mouse tissues. I also wrote a draft of the manuscript.
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Fig. 1: Expression profile of GCPII in mice.

a, b) Western blot analysis of GCPII distribution in mouse female and male tissues,
respectively. GCPII was visualized by monoclonal antibody GCP-04 [20], followed
by HRP-conjugated goat anti-mouse IgG secondary antibody. Recombinant mouse
extracellular GCPII was used as a standard (avi-mGCPII) and 50 pg of total protein
was loaded. c¢) Expression profile of GCPII in mice tissues determined by
quantification of GCPII-specific NAAG-hydrolyzing activity by radioenzymatic
assay using [’H]NAAG as a substrate and avi-mGCPII as a standard. Each tissue
sample was measured in duplicate using 1-50 pg total protein in the reaction; the
assay was performed with the same tissue samples used in the western blot analysis.
The asterisk (*) represents the missing sample (female 1 eye, male 1 adrenal gland).
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Publication III: iBodies: modular synthetic antibody
mimetics based on hydrophilic polymers decorated with
functional moieties

Background

Monoclonal antibodies caused a revolution in biochemistry and
now represent indispensable tools for biomedicine and therapy. As for
GCPII, there is a number of antibodies available, however, their use might
suffer from several disadvantages, such as difficulty of chemical
modification and limited stability. For other proteins, it may be even
impossible to prepare antibodies with sufficient binding potency and
selectivity towards the target.

Apart from antibodies, specific enzyme inhibitors may be another
choice for targeting a protein of interest. In the field of GCPII, there are
several groups of potent and specific inhibitors, which are already used as
low-molecular-weight molecules for GCPII imaging both in vitro and in
vivo [21]. Almost every laboratory studying a particular enzyme owns a
number of more or less potent and selective inhibitors.

Therefore, we combined these two approaches together and
developed synthetic antibody mimetics, which we called iBodies. The
iBodies are based on water-soluble N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer decorated with three various low-molecular-weight
ligands [22]: a targeting ligand (usually an enzyme inhibitor), an imaging
probe and an affinity anchor (Fig. 2). The ligands ensure selective targeting
of a protein of interest, visualization of the conjugate and enable its
isolation.

Our initial goal was to develop a novel biochemical tool to study
GCPII physiological functions; however, during the development we
realized we had in our hands universal platform that could be “easily”
adapted virtually for all proteins, for which a targeting ligand is known.

Results and conclusions

In this study, we developed novel polymer-based antibody
mimetics, using enzyme inhibitors as targeting ligands (Fig. 2). We chose
glutamate carboxypeptidase II as a model protein and our primary goal.
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c) ATTO488

a) HPMA copolymer backbone

Fluorescent Affinity anchor ~ Targeting ligand
molecule

Fig. 2: Schematic structure of iBodies.

The iBodies are polymer-based antibody mimetics. a) The iBodies consist of an N-
(2-hydroxypropyl)methacrylamide (HPMA) copolymer, which is substituted with
various small molecules for distinct functions: an imaging probe, affinity anchor and
targeting ligand (selective enzyme inhibitors); b) affinity anchor biotin; c)
fluorescent molecule ATTOA488.

A previously described GCPII-specific inhibitor was conjugated to
HPMA copolymer, serving as targeting ligand and ensuring selective
recognition of GCPII (Fig. 3a). Besides the inhibitor molecules, ATTO488
(functioning as an imaging probe) and biotin (for isolation/immobilization
of the conjugate) were attached to the copolymer backbone. The obtained
conjugate, an anti-GCPII iBody, was then tested in a number of biochemical

applications to evaluate its properties and applicability.

The binding to GCPII was analyzed using GCPII enzyme activity
inhibition assay and further by surface plasmon resonance, which revealed
remarkably low dissociation constant of the interaction (Fig. 3b). Therefore,
we proceeded to in vitro methods such as “immunoprecipitation” (isolation
of GCPII from cell lysates and the blood serum; Fig. 3¢) and sandwich
ELISA (reaching limit of detection as low as 1 pg GCPII; Fig. 3d). Having
succeeded, we also verified the suitability of the iBody as a tool for a
specific GCPII visualization on GCPII positive cells using flow cytometry
(Fig. 3e) and confocal microscopy (Fig. 3f). All above-mentioned methods
showed that anti-GCPII iBody is an excellent substitute for anti-GCPII

antibodies in common biochemical applications.
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Fig. 3: Applications of anti-GCPII iBody in biochemical methods.

a) Selective GCPII inhibitor. b) SPR analysis of the interaction between GCPII and
anti-GCPII iBody. ¢) Western blot analysis of GCPII “immunoprecipitation” from
LNCaP cell lysate using anti-GCPII iBody or monoclonal antibody (mAb) J591
[23]. As negative controls, iBody lacking the GCPII inhibitor (NC iBody) and blank
streptavidin agarose (NC(SA)) or blank protein G sepharose (NC(PGS)) were used.
As a standard, extracellular GCPII was used (rhGCPII). d) ELISA using GCPII-
specific mAb 2G7 as a capture antibody and anti-GCPII iBody or biotinylated mAb
J591 as a detecting agent. ¢) Flow cytometry of cells expressing and not expressing
GCPII (LNCaP and PC-3, respectively). Cells were incubated with either anti-GCPII
iBody or anti-GCPII mAb 2G7 labeled with ATTO488 (2G7-ATTO488). As a
negative control, iBody lacking the GCPII inhibitor was used (NC iBody). f)
Microscopy analysis of LNCaP and PC-3 cells, incubated with anti-GCPII iBody,
mADb 2G7-ATTO488 or NC iBody.
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Furthermore, we showed universality of the approach and
developed iBodies targeting other enzymes: HIV-1 protease (using HIV-
specific inhibitor based on commercially available inhibitor ritonavir) and
group of enzymes (using class-specific inhibitor of all aspartic proteases —
pepstatin A). To demonstrate that iBodies can be created towards virtually
any target, for which a ligand is known, we prepared iBodies targeting His-
tagged proteins, using nickel/cobalt-loaded nitrilotriacetic acid (NTA)
derivative.

Altogether, iBodies represent a modular and versatile biochemical
tool, which can be used as a non-animal-based, chemically stable and easily
modifiable antibody mimetic suitable for use in a number of biochemical

applications.
My contribution

In this complex paper, I was responsible for the biochemical part of
the project. Iconducted majority of the experiments that evaluated
applicability and functionality of the prepared conjugates in biochemical
methods. I tested all conjugates in a number of applications ranging from
enzyme inhibition assay and surface plasmon resonance to cell culture
experiments using flow cytometry and confocal microscopy. Besides, I also
supervised undergraduate students, who significantly contributed to the

paper. I also wrote a draft of the manuscript.
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