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Abstrakt
Glutamat karboxypeptidasa II (GCPII), znama také jako prostaticky

specificky membranovy antigen (PSMA), je membranova metalopeptidasa
exprimovana zejména na buikach karcinomu prostaty (PCa). Latky cilici
GCPII pro zobrazovani a 1é¢bu PCa jsou ve vyvoji a ukazuji nadéjné vysledky
v pokrocilych fazich klinického testovani. Nékteré studie ukazaly, ze GCPII by
mohla byt vyuzita také jako krevni marker PCa, coz ale zatim nebylo potvrzeno
kvuli absenci metod vhodnych pro pfesnou detekci GCPII v krvi.

GCPII je exprimovana také v mozku, kde $tépi inhibi¢ni N-Acetyl-a-L-
aspartyl-L-glutamat (NAAG) na excitacni L-glutamat a inhibice GCPII je
neuroprotektivni ve zvifecich modelech nékolika neuropatii. Silné inhibitory
GCPII byly nalezeny pomoci racionalniho vyvoje, ale vSechny vykazuji
nedostate¢nou biodostupnost aby mohly byt vyuzity v klinické praxi. Nalezeni
novych strukturnich motivil je tedy nezbytné, nicméné zatim nebyla vyvinuta

zadna metoda vhodna pro G¢inné testovani inhibitord GCPII.

V mozku se naléza také malo prozkoumana glutamat karboxypeptidasa II1
(GCPIII), ktera také stépi NAAG. Jeji studium je tak nutné pro pochopeni
funkce GCPII a pro cileni GCPII v medicing.

V této praci jsme se zamétili na vyvoj novych metod pro kvantifikaci obou
enzymu a pro hledani jejich inhibitorG. Nejprve jsme vyvinuli qRT-PCR a
radioenzymové stanoveni pro kvantifikaci GCPII a III v lidskych a mysich
tkanich a ovéfili, ze GCPII se v mysi na rozdil od ¢loveéka nenachazi v prostaté
a tenkém stfevu. Dale jsme vyvinuli nékolik vzajemné se dopliujicich
stanoveni pro detekci GCPII v krvi a ur€ili jsme jimi hladiny GCPII v krvi
zdravych lidi a pacientl trpicich PCa. Bohuzel jsme ukézali, ze GCPII patrné
nelze vyuzit jako sérovy marker PCa. Nakonec jsme vyvinuli zcela novou
metodu detekce enzymit DIANA zaloZenou na vazb& enzymu na protilatku a
jeho detekci skrze inhibitor navazany na DNA oligonukleotid. Na pfikladu
GCPII a CAIX, coz je dalsi nddorovy marker a potencidlni terapeuticky cil,
jsme ukazali, Ze tato metoda je vhodna nejen pro ultracitlivou detekci enzymi,
ale také pro uc¢inné hledani jejich inhibitorG bez potfeby purifikovaného
enzymu. To déla DIANA metodu vyjimeénym nastrojem pro detekcei
biomarkert a vyvoj 1€Civ.
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Uvod

Glutamat karboxypeptidasa II (GCPII) je homodimerni integralni
membranovy glykoprotein II. typu nachazejici se na cytoplasmatické
membrang, pfiCemz aktivni misto se naléza v extracelularnim prostoru.

GCPII byla nejprve objevena a popsana jako tii rizné proteiny: (i) jako
pteroyl-poly-glutamyl hydrolasa postupné¢ odstépujici y-glutamatové residua z
folyl-poly-y-glutamatu (FPG) isolovana z lidského stfeva v roce 1986 (odtud
folat hydrolasa, FOLHI1) [1], (ii) jako "N-acetylated-alpha-linked acidic"
dipeptidasa Stépici N-acetyl-a-L-aspartyl-L-glutamat (NAAG) na N-acetyl-L-
aspartat (NAA) a L-glutamat isolovana z krysiho mozku v roce 1987 (odtud
NAALADasa) [2] a (iii) jako antigen exprimovany v bunééné linii karcinomu
prostaty v roce 1987 (odtud prostaticky specificky membranovy antigen,
PSMA) [3]. Trvalo téméft deset let, nez védecka komunita zjistila, Ze se jedna
o jeden a tentyz protein [4, 5].

GCPII je u cloveka exprimovana predevsim v prostaté [6-9], kde se naléza
v sekrecnich epitelialnich buiikach [6]. Karcinom prostaty se vyviji z téchto
buné¢k a naddorové bunky si zachovavaji vysokou expresi membranoveé vazané
GCPII [10, 11]. GCPII je sekretovana do semenné plasmy [12]. GCPII byla
nalezena také v neovaskulatui'e neprostatickych pevnych nadort, avsak nikoliv
v normalni neovaskulatute [11, 13, 14]. GCPII je silné exprimovana také v
ledvinach [10], kde se nachazi na luminalni strané proximalnich tubult [6, 11,
15], v mozku [6, 16], kde byla nalezena na neuronech [15] a astrocytech [16],
a ve stfevnim epitelu [1, 6, 17]. GCPII byla nalezena také v jatrech, sleziné [6,
9] a v nékterych studiich také v krvi [18].

GCPII je nadéjnym cilem pro diagnostiku a 1é¢bu nékolika onemocnéni.
In-znaena GCPII rozeznévajici protilatka zndma pod obchodnim ndzvem
ProstaScint je pouzivana pro zobrazovani karcinomu prostaty in vivo [19]. V
klinickém vyvoji jsou nyni nové generace latek cilicich GCPII skladajici se
z nizkomolekularniho inhibitoru konjugovaného s radionuklidem, které jsou
vyuzitelné nejen pro zobrazovani ale i pro 1é¢bu karcinomu prostaty [20, 21].
Zaroven, sérova hladina GCPII by mohla byt vyuzZitelna pro diagnostiku tohoto
onemocnéni [18]. Navic bylo ukazano, ze inhibice GCPII je neuroprotektivni

ve zvitecich modelech fady neuropatii [22-24]. V poslednich letech byla také
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zjisténa pfi¢innd souvislost mezi hydrolytickou aktivitou GCPII a vyvojem
zanétlivého onemocnéni sttev (zkracené IBD) [25, 26]. Racionalnim vyvojem
byly nalezeny vysokoafinni inhibitory GCPII [27-29], které jsou ale bohuzel
vicenasobné zaporné nabité a neprochazi ani pfes bunéénou membranu ani ptes
hemoencefalickou membranu [30, 31]. To znemoziuje jejich klinické vyuziti
a nalezeni novych inhibitortt GCPII je proto nutnym pfedpokladem pro cileni
GCPII v lidském mozku.

Glutamat karboxypeptidasa III (GCPIII) je nejblizSim homologem
GCPII. Je to také homodimerni integralni membranovy glykoprotein nalézajici
se na cytoplasmatické membrané. GCPIII ma stejnou topologii jako GCPII a

sdili s ni ~70% aminokyselinové sekvence.

GCPIII je méné prozkoumana nez GCPII. Byla charakterizovana teprve v
roce 1999. GCPIII stejné jako GCPII vykazuje "N-acetylated-alpha-linked
acidic" dipeptidasovou aktivitu (odtud NAALADase 2) [32, 33]. NAAG stépi
s priblizné desetkrat nizsi efektivitou nez GCPII, nicméné¢ je inhibovana GCPII
inhibitory s podobnou u¢innosti [34]. Nedavno bylo zjisténo, ze mys$i GCPIII
je schopna stépit f-citryl-L-glutamat (BCQG) za tvorby citratu a L-glutamatu
[35] a Ze se jedna o totozny enzym s membranové vazanou BCG hydrolasou

isolovanou z krysiho varlete pfed vice nez tficeti lety [36, 37].

Tkanova exprese GCPIII neni podrobné prozkoumana, protoze chybi
protilatky selektivné rozeznavajici GCPIII. Pomoci RT-PCR a northern blotu
byla mRNA GCPIII nalezena ptedevsim v lidském varleti a méné ve vajecniku,
slezing, placenté a srdci [32]. Northern blot prokazal GCPIII expresi také v
mys$im vajecniku, varleti a plici [33]. Nejsiln€jsi BCG hydrolyticka aktivita
byla pozorovana v my$im varleti, déloze a moovém méchyii a v mens§im
mnozstvi také v ledving, plici a dalSich tkanich [35]. U krysy byla nejsilnéjsi
BCG hydrolysa pozorovana ve varleti, plicich a srdci, ale detekovana byla také
v ledving, stfevu, mozku a dalSich tkanich [36]. Bohuzel byly v téchto studiich
analyzovany razné sety tkani a pfimé porovnani tak neni mozné, nicméné
GCPIII ¢i BCG hydrolyticka aktivita byla konzistentn¢ nalezena v organech
reproduktivniho systému (varle, vaje¢nik a dé¢loha).



Cile prace
Vyvoj gqRT-PCR metod umoziujicich selektivni detekei lidské a mysi
GCPII a GCPIII a jejich kvantifikace v setu lidskych a mySich tkani.
Porovnani tkanové exprese GCPII v lidech a mysich.
Vyvoj nékolika vzajemné ortogonalnich metod umoziujicich
selektivni kvantifikaci GCPII v lidské krvi (sendvicové ELISA,
DIANA a radioenzymové detekce). Ovéfeni moznosti vyuziti GCPII

jako krevniho markeru karcinomu prostaty.

Vyvoj nové metody pro ultracitlivou detekci enzymt a pro G¢inné
hledani jejich inhibitort vyuzivajici konjugatti nizkomolekularnich
ligandti aktivniho mista cilovych enzymi a DNA. Ovéfeni funkénosti
metody na dvou modelovych enzymech GCPII a CAIX, které jsou

potencialnimi rakovinnymi markery a terapeutickymi cili.
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Vysledky a diskuze
Selektivni kvantifikace GCPII a GCPIII v lidskych a mySich tkanich

Zatimco byla publikovana fada studii exprese GCPII v lidskych tkanich [6,
10-13], pouze zékladni informace jsou znamé o expresi lidské GCPIII [32]
nebo mysi GCPII [15, 35, 38], a to pfestoze mysi jsou bézné pouzivany pro
studium funkce a 1é¢ebné vyuziti GCPII [20, 23, 39-41].

Proto jsme vyvinuli metody pro selektivni kvantifikaci GCPII a GCPIII na
urovni mRNA ¢i proteinu v lidskych a mysich tkanich. Nejprve jsme vyvinuli
selektivni qRT-PCR stanoveni lidské a mys$i GCPII a IIT a ur¢ili jejich mnozstvi
v setu tkanovych cDNA knihoven. Poté jsme ur¢ili mnozstvi obou enzymu také
v tkanich stanovenim enzymov¢ aktivity za vyuziti jejich rozdilné substratové
specifity v pfitomnosti vapenatych iontu.

Jako prvni jsme stanovili mnozstvi GCPIII na proteinové trovni v lidskych
tkanich a tato data byla ve shodé s daty ziskanymi pomoci qRT-PCR stanoveni.
To bylo nicméné citlivéj$i a umoznilo tak stanoveni mnozstvi GCPIII mRNA
v obsahlejsim setu tkani. Nejvyssi exprese GCPIII jsme pozorovali ve varleti,
vajecniku a placenté. Namétené hladiny lidské GCPII se pak shodovaly nejen

vavavava

Nejvyssi exprese GCPII jsme nalezli v prostaté, ledving, mozku a jatrech.

V mysi jsme na proteinové urovni stanovili pouze GCPII, zatimco mRNA
obou proteind jsme detekovali pomoci qRT-PCR. Nejvyssi expresi GCPII jsme
pozorovali obéma metodami v ledvin€, mozku a slinnych zlazach, zatimco
zadnou expresi GCPII jsme nepozorovali v prostaté a tenkém stievu. To je ve
shodé s predchozimi studiemi [15, 38], ale pfedstavuje zdsadni rozdil oproti
lidem. GCPII tak zfejmé u mysi neni potieba pro vstiebavani folath ze stravy,
obdobné¢ jako je tomu naptiklad u krys [42]. Na druhou stranu absence GCPII
v mys$i prostaté nemusi znamenat odlisnou funkci u mysi a ¢lovéka. GCPII je
u ¢loveéka sekretovana do semenné plasmy [12] a GCPII jsme nalezli v mySim

varleti (na rozdil od ¢lovéka), kde miize byt sekretovana do semenné plasmy.
Vysledky jsou shrnuty v publikacich I a II.

Muj prispévek: vyvinul jsem qRT-PCR stanoveni a urcil mnozstvi GCPII a
GCPIII v lidskych a mysich tkaniovych cDNA knihovnach.



Kvantifikace GCPII v krvi a jeji funkce jako marker karcinomu prostaty

GCPII je nadéjny protein pro cilené zobrazovaci metody a cilenou 1écbu
karcinomu prostaty (PCa) [43-45]. Bylo ukazano, ze je i sérovym markerem

PCa [18], nicméné€ neexistuji spolehlivé metody pro validaci této hypotézy.

Proto jsme vyvinuli nékolik vzajemné ortogonalnich metod pro kvantifikaci
GCPII v lidské krvi. Nejprve jsme ovéfili, ze NAAG je v krvi §tépen pouze
GCPII a to jsme vyuzili pro kvantifikaci GCPII v krvi pomoci radioenzymové
eseje. Krome toho jsme pro detekci GCPII v krvi vyvinuli sendvi¢ovou ELISA.
Nakonec jsme vyvinuli nové DIANA stanoveni (podrobnéji popsané pozdéji).
Byli jsme tak schopni stanovit mnozstvi GCPII ve vzorcich lidské krvi dokonce
ttemi riznymi metodami.

Vsechny tfi metody davaly téméf totozné vysledky a zjistili jsme, ze GCPII
je v krvi zdravych jedincti v koncentraci mezi 0.1 az 10 ng/ml, coZ je mnohem
méiie nez bylo pozorovano diive pomoci mén¢ spolehlivych metod. ELISA a
DIANA stanoveni jsme vyuzili pro stanoveni GCPII v malém setu klinickych
vzorkli (n=36) a nepozorovali jsme zadny rozdil mezi PCa a zdravymi jedinci

(Obr. 1). GCPII tak zfejmé neni vyuzitelna jako sérovy marker PCa.

71

61 ° Obriazek 1: Hladina GCPII v séru zdravych lidi
= 51 a onkologickych pacienti.
Eﬂ 4] Sérové hladiny GCPII stanovené DIANA metodou
5 =~ ve vzorcich 12 zdravych muzi, 12 muzi
8 s histologicky potvrzenym PCa a 10 muzi a 2 zen
21 . s histologicky  potvrzenym  svétlo  bunéénym
= 22 2 . karcinomem ledviny (ccRCC). Vodorovné linie
0 % == & ukazuji median koncentrace.
~ O 3
'\/&5\ 080 ¢

Abychom potvrdili, Ze hladina GCPII skute¢né neni vyssi v séru pacienti
s PCa, tak jsme stanovili jeji koncentraci radioenzymovou eseji a sendvicovou
ELISA v séru odebraném 110 lidem, ktefi spadali do n¢kolika skupin, pficemz
v kazdé skupiné bylo podobné mnozstvi lidi: lokalizovany PCa, metastaticky
PCa, benigni hyperplasie prostaty (BPH), pacienti po radikalni prostatektomii

s nedetekovatelnou hladinou PSA v séru, zdravi muzi a zdravé zeny. U vétSiny



vzorkl jsme urcili také hladinu PSA, které se dnes vyuziva jako marker PCa.
Prestoze jsme mezi skupinami vidéli obrovské rozdily v hladinach PSA, tak
jsme nepozorovali zadné rozdily v hladiné¢ GCPIIL. To nam potvrdilo, ze GCPII
neni vyuzitelné jako sérovy marker PCa. Protoze jsme nevidéli vyznamné
snizeni koncentraci GCPII ani u pacienti po radikalni prostatektomii, tak
predpokladame, ze sérové GCPII pochazi nikoliv z prostaty, ale z jinych
organt (vysledky uvedené v tomto odstavci nejsou soucasti této prace, ale byly
ziskany vyuzitim metod vyvinutych v této praci).
Vysledky jsou shrnuty v publikacich III and I'V.

o

Muj prispévek: Provedl jsem prvotni zkuSebni pokusy pro radioenzymové
stanoveni a zejména jsem vyvinul ELISA a DIANA stanoveni. Urcil jsem

sérové hladiny GCPII v prvnim setu vzorkd zdravych lidi a pacientd s PCa.
DIANA stanoveni pro detekci enzymu a hledani jejich inhibitora

V publikaci IV jsme ukazali vyvoj DIANA stanoveni vhodného pro detekci
enzymu a hledani jejich inhibitord. Toto stanoveni je analogické immuno-PCR
metod¢ popsané v [46], ve které je cilovy protein zachycen imobilizovanou
protilatkou a nasledn¢ se na néj z roztoku navaze druha protilatka konjugovana
s DNA, ktera je nakonec detekovana v qPCR. V DIANA jsme nahradili DNA-
konjugovanou protilatku detekéni sondou skladajici se z DNA oligonukleotidu
kovalentné spojeného s nizkomolekularni latkou vazajici se do aktivniho mista

cilového enzymu (Obr. 2).

DIANA jsme vyvinuli pro stanoveni GCPII, GCPIII a CAIX, ktera je
dal$im potencialnim 1é¢ebnym cilem a rakovinnym markerem. Ukézali jsme,
ze DIANA dokaze detekovat subfemtogramové mnozstvi cilového enzymu
v komplexnich biologickych matricich (napfiklad v krevnim séru) s linearnim
rozsahem pét az Sest fadu (Obr. 2). Ukazali jsme také, ze velky dynamicky
rozsah a vazba sondy do aktivniho mista enzymu Ize vyuZit pro ur€eni inhibi¢ni
potence testovanych latek z jediné jejich koncentrace, coz neni mozné jinymi
metodami. Diky selektivit¢ DIANA stanoveni je mozné testovat inhibitory i

s nepurifikovanym enzymem ¢i dokonce s nezpracovanym lidskym sérem.

o

Muj piispévek: Navrhl jsem tuto studii a provedl vétSinu experimenta.
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Obrazek 2: Schematické znazornéni detekce enzymii metodou DIANA.

DNA oligonukleotid kovalentné pfipojeny k nizkomolekularnimu kompetitivnimu inhibitoru
enzymu se pouzije jako detekéni sonda. Ta se vaze do aktivniho mista stanovovaného enzymu,
ktery je ptedtim zachycen na mikrotitraéni desti¢ku skrze imobilizovanou protilatku. Mnozstvi
navazané detekéni sondy je stanoveno pomoci PCR ve formé poctu cykli (C,), které jsou nepiimo
umérné logaritmu koncentrace sondy.

Zavéry

Vyvinuli jsme radioenzymové a qRT-PCR stanoveni pro selektivni detekci
GCPII a GCPIII v lidskych a mysich tkanich. Provedli jsme prvni srovnavaci
studii exprese obou proteind v setu lidskych a mysich tkani. Potvrdili jsme
diivejsi data naznacujici vyznamné rozdily v expresi GCPII mezi lidskymi a
mys$imi tkanémi, zejména v prostaté, varleti a tenkém strevu.

Vyvinuli jsme také n€kolik ortogonalnich metod pro stanoveni GCPII
v lidském krevnim séru. Ukazali jsme, ze GCPII je v krvi v pfiblizné stokrat
nizs§i koncentraci, nez bylo doposud predpokladano. Ukazali jsme také, Ze
sérova hladina GCPII neni vyssi u pacientil s PCa v porovnani se zdravymi
lidmi a neni tak vyuzitelna jako sérovy marker PCa. PSA tak ztistava zdaleka

nejlepsim markerem pro diagnosu PCa.

Nakonec jsme vyvinuli novou DIANA metodu pro detekci enzymui a
hledani jejich inhibitorti. Ukazali jsme, ze je vhodna pro ultracitlivou detekei
s velkym linedrnim rozsahem a ze dokaze urcit inhibi¢ni potenci latek z jediné
jejich koncentrace. DIANA se navic ukazala jako vyjimecné robustni metoda
pro testovani inhibitori nevykazujici faleSn€ positivni a negativni vysledky.

Vétime, Ze se proto stane Siroce vyuzivanou metodou v akademickém prostiedi

1 v komer¢ni sféfe.
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Abstract
Glutamate carboxypeptidase II (GCPII) usually called prostate specific

membrane antigen (PSMA) is membrane bound metallopeptidase expressed
mainly in prostate carcinoma (PCa). Agents targeting GCPII suitable for both
imaging and treatment of PCa are in development and they show promising
results in advanced clinical trials. Some studies showed that GCPII may serve
also as PCa blood serum marker, but this has not been validated due to the lack

of methods suitable for accurate detection of GCPII in human blood.

Moreover, GCPII is also expressed in brain, where it cleaves inhibitory N-
acetyl-a-L-aspartyl-L-glutamate (NAAG) to release excitatory L-glutamate
and GCPII inhibition has been shown to be neuroprotective in animal models
of several neuropathies. Tight binding inhibitors of GCPII have been identified
by rational design, but all have poor bioavailability and thus cannot be used in
clinics. Identifying new scaffolds by 'brute force' screening methods is thus

essential; however, no such method for GCPII has been developed so far.

Glutamate carboxypeptidase III (GCPIII) is also expressed in brain and
cleaves NAAG. It is thus an important protein for understanding of GCPII
function as well as GCPII targeting in medicine.

Here, we focused on development of novel methods for quantification of
both enzymes and screening of their inhibitors. First, we developed qRT-PCR
and radioenzymatic assays to quantify GCPII and GCPIII in human and mice
tissues and proved lack of GCPII in murine prostate and intestine. We also
developed several orthogonal assays for detection of GCPII in blood and
determined GCPII blood levels in healthy and PCa individuals. Unfortunately,
we showed that GCPII is not useful as a serum marker of PCa. Finally, we
developed a novel method for enzyme detection (DIANA), which is based on
dual recognition of the enzyme by immobilized antibody and DNA-linked
inhibitor. We showed on the example of GCPII and CAIX, which is also a
putative cancer marker and potential drug target, that this method is useful not
only for ultrasensitive enzyme detection but also for screening of enzyme
inhibitors without the need to purify the target enzyme. This makes DIANA a

superior tool for biomarker detection and drug discovery.
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Introduction
Glutamate carboxypeptidase II (GCPII) is homodimeric type II integral

membrane glycoprotein located on the cytoplasmic membrane with active site

facing to the extracellular space.

GCPII was first described independently as three distinct proteins: (i) as
pteroyl-poly-glutamyl hydrolase sequentially cleaving off the y-glutamates
from folyl-poly-y-glutamate (FPG) isolated from human intestine in 1986
(hence folate hydrolase, FOLH1) [1], (ii) as N-acetylated-alpha-linked acidic
dipeptidase cleaving N-acetyl-a-L-aspartyl-L-glutamate (NAAG) to N-acetyl-
L-aspartate (NAA) and L-glutamate isolated from rat brain in 1987 (hence
NAALADase) [2] and (iii) as an antigen overexpressed in a prostate carcinoma
cell line also in 1987 (hence its name prostate specific membrane antigen,
PSMA) [3]. In the pre-genomics era, it took almost ten years for the scientific

community to realize that all three represent an identical protein [4, 5].

GCPII is in humans predominantly expressed in prostate [6-9] and its
expression is confined to the secretory epithelial cells [6]. Prostate carcinoma
is derived from these cells and carcinoma cells preserve the high expression of
membrane bound GCPII [10, 11]. It is also secreted to the seminal plasma [12].
GCPII has been observed also in neovasculature of non-prostatic solid tumors
but not in normal vasculature [11, 13, 14]. GCPII is also highly expressed in
kidney [10] where it localizes to luminal side of the proximal tubules [6, 11,
15], in brain [6, 16] where it has been found on neurons [15] and astrocytes
[16], and in jejunal brush border [1, 6, 17]. GCPII has been found also in liver,
spleen [6, 9] and in some studies also in blood [18].

GCPII represents a promising target for diagnosis and treatment of several
diseases. An !"'In-labeled anti-GCPII antibody known under the trade name
ProstaScint is used for imaging of prostate carcinoma in vivo [19]. New
generation of tracers consisting of small molecule inhibitor conjugated to
radionuclide, which are suitable not only for imaging but also for targeted
treatment, are in clinical development [20, 21]. At the same time, GCPII serum
levels may also be used for diagnostics [18]. Moreover, it has been shown that
GCPII inhibition may be neuroprotective in some pathological conditions of

central nervous system [22-24]. Recently, its role in the development of
14



inflammatory bowel disease has been also proposed [25, 26]. To enable clinical
exploitation of GCPII, high-affinity competitive inhibitors of GCPII have been
identified by rational design [27-29]. However, they bear multiple negative
charges and show poor bioavailability [30, 31] and therefore identifying new

inhibitor scaffolds is essential to target GCPII in human brain.

Glutamate carboxypeptidase III (GCPIII) is the closest homolog of
GCPIL It is also a homodimeric integral membrane glycoprotein located on the
cytoplasmic membrane, which shares ~70% amino acid sequence identity and

the same topology with GCPII.
Much less information is known about GCPIII than about GCPII. It has

been cloned and characterized only in 1999 for the first time. It has been shown
that it also possesses N-acetylated-alpha-linked acidic dipeptidase activity
(hence its name NAALADase 2) [32, 33]. However, it cleaves NAAG with
about 10 fold lower efficiency than GCPII, but at the same time is inhibited by
GCPII inhibitors with similar potency [34]. Recently, it has been shown that
mouse GCPIII can cleave also f-citryl-L-glutamate (BCG) to form citrate and
L-glutamate [35] and that it is identical to the membrane bound BCG hydrolase
initially isolated from rat testis more than thirty years ago [36, 37].

GCPIII tissue expression is not well described, as antibodies selective for
GCPIII are lacking. Using RT-PCR and northern blot, highest amount of
GCPIII mRNA has been found in human testes and to a lesser extent in ovary,
spleen, placenta and heart [32]. Northern blot analysis showed GCPIII in
mouse ovary, testes and lung [33]. The highest BCG hydrolysis was observed
in mouse testis, uterus and bladder and to a lesser extent also in kidneys, lungs
and other tissues [35]. In rat, highest BCG hydrolyzing activity was observed
in testis, lung and heart, but it was detected also in kidney, intestine, brain and
other tissues [36]. Unfortunately, different sets of tissues were analyzed in
these studies and direct comparison is not possible, however, GCPIII or BCG
hydrolyzing activity was consistently observed in reproductive system (testis,

ovary and uterus).
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Aims of the thesis

Development of qRT-PCR methods enabling selective detection of
GCPII and its closest homolog GCPIII in human and mice and their
quantification in a set of human and mice tissues. Comparison of

GCPII tissue expression between human and mice.

Development of several orthogonal assays enabling selective
quantification of GCPII protein in human blood (sandwich ELISA,
DIANA and radioenzymatic assay). Validation of the possibility to

use GCPII as a blood serum marker of prostate cancer.

Development of novel method for ultrasensitive detection of enzymes
and screening for their inhibitors based on the use DNA-linked low
molecular weight active site binders of target enzymes. Assessment of
its performance on two model targets GCPII and CAIX, which are

potential drug targets and potential cancer markers.
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Results and discussion
Selective quantification of GCPII and GCPIII in human and mice tissues

There are many reports on GCPII expression in human tissues [6, 10-13],
however, only little is known about the expression of human GCPIII [32] or
mouse GCPII [15, 35, 38], even though mice have been extensively used to
study GCPII function and its therapeutic targeting of GCPII [20, 23, 39-41].

We thus developed several orthogonal methods for selective quantification
of GCPII and GCPIII at mRNA and protein level in human and mouse tissues.
We first developed selective qRT-PCR assays for human and mouse GCPII and
[T and determined their amounts in a set of cDNA tissue libraries. We then also
exploited the different substrate specificities of both enzymes in the presence

of calcium ions for direct quantification of both proteins in tissue homogenates.

We were the first to quantify GCPIII in human tissues at protein level and
these results were in an excellent agreement with the qRT-PCR data, which
was more sensitive and was thus used for a larger set of tissues. Highest GCPIII
levels were in testes, ovary and placenta. Levels of GCPII obtained by the two
methods were again in excellent agreement and also with previous studies. The

highest GCPII expression was in prostate, kidney, brain and liver.

In mice, only GCPII was detected directly on protein level, whereas both
proteins were detected only via qRT-PCR assay. The highest GCPII expression
was observed by both methods in kidney, brain and salivary glands, which is
in agreement with the tissue expression in human. However, little or no GCPII
was detected in prostate and small intestine. This is in line with previous reports
[15, 38], but represents a striking difference to human. GCPII may thus not be
responsible for the folate absorption in mice, as it is the case in rats [42]. On
the other hand, the lack of GCPII expression in mouse prostate does not
necessarily mean a different function of GCPII in mice. GCPII is secreted to
the seminal fluid in humans [12] and we have found GCPII expression in mouse

testis (in contrast to human), where it may be also secreted to the seminal fluid.
Results are summarized in publications I and II.

My contribution: I developed qRT-PCR assays and quantified GCPII and
GCPIII in human and mice tissues and tissue cDNA libraries.
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GCPII quantification in blood and its role as PCa serum marker

GCPII is extremely promising target for targeted imaging and targeted
therapy of prostate carcinoma (PCa) [43-45] and it has been shown that it may
be also used as a serum marker of PCa [18]. However, suitable methods for

validating this hypothesis are missing.

We have thus developed several orthogonal assays for the detection of
GCPII in human blood. First, we validated that the NAAG cleaving activity is
in humans unique to GCPII and used this fact to quantify GCPII in blood via a
radioenzymatic assay. At the same time, we also developed a sandwich ELISA
to detect GCPII in human blood. Later, we developed also our novel proprietary
DIANA assay (described in more detail later). Consequently, we were able to

quantify GCPII in human samples by three orthogonal assays.

First, all three methods were in excellent agreement and showed that GCPII
levels in blood are about 0.1-10 ng/ml in healthy subjects, which is much less
than previously reported. We then used ELISA and DIANA to determine
GCPII levels in a small set of clinical samples (n=36) and we have seen
virtually no difference between PCa and healthy individuals (Fig. 1), which
suggest that GCPII is not useful as PCa blood serum marker.

T
6] Figure 1: GCPII serum levels in healthy and
diseased state.

E Plot of GCPII serum levels determined by
sf:': 41 DIANA in samples from 12 healthy males, 12
E 31 ’ males with histologically proven PCa and 10
o males and 2 females with histologically proven

clear cell renal carcinoma (ccRCC). Horizontal

14 o .y . lines are median concentrations.
" < o o
S SO
® &

To confirm that GCPII is not elevated in serum in PCa, GCPII levels were
determined by the radioenzymatic assay and ELISA in 110 individuals approx.
evenly distributed in several groups of subjects with conditions: localized PCa,
generalized PCa, benign prostate hyperplasia, patients after prostatectomy with
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undetectable prostate specific antigen (PSA) levels, healthy men and healthy
women. We determined also PSA, which is currently used PCa marker, in most
of the samples. Even though we have seen tremendous differences in PSA
levels between the groups, we did not observe significant difference in GCPII
levels between any of the groups, which confirmed, that GCPII serum levels
are not useful as PCa marker at all. As we have not seen lowering of GCPII
level in patients after radical prostatectomy, we suggest that most of serum
GCPII originate from an extraprostatic source (data mentioned in his paragraph

are not part of the thesis).
Results are summarized in publication III and IV.

My contribution: I did proof of principle experiments for radioenzymatic
assay, developed ELISA and DIANA assays and determined GCPII blood

levels in the first set of healthy volunteers and PCa patients.
DIANA assay for detection of enzymes and screening for their inhibitors

In publication IV, we reported the development of DIANA assay suitable
for enzyme detection and screening of enzyme inhibitors. This assay is
analogous to the immuno-PCR assay described in [46], in which the target
protein is captured by an immobilized antibody and then probed by another
DNA-linked antibody, which is detected in qPCR. In DIANA assay, the DNA-
linked antibody has been replaced by detection probe consisting of a DNA
oligonucleotide covalently linked to a small molecule that binds to the active

site of a target enzyme (Fig. 2).

We developed DIANA assay for GCPII, GCPIII and CAIX, which is also
a potential drug target and cancer marker. We showed that DIANA can detect
subfemtogram amount of the target enzyme in complex biological matrices,
such as blood serum and with a linear range of five to six orders of magnitude
(Fig. 2). We also showed that its dynamic range and the binding of the probe
to the enzyme active site can be exploited to determine the inhibition potency
of tested compound from a single tested concentration, which is unique to this
method. Moreover, its selectivity enabled us to test inhibitors even with

unpurified protein endogenously present in human serum.

My contribution: I designed the study and did majority of the experiments.
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Figure 2: Schematic representation of enzyme detection by DIANA.

A covalent conjugate of an oligonucleotide (marked as reporter DNA) and low molecular weight
competitive inhibitor of the target enzyme is used as a detection probe. This probe binds to the
active site of the target enzyme, which has been captured on the solid support by an immobilized
antibody. The amount of detection probe bound to the enzyme is detected by qPCR in terms of the
threshold cycles (C,), which are indirectly proportional to the logarithm of its concentration.

Conclusions

We developed radioenzymatic and qRT-PCR assays for selective detection
of GCPII and GCPIII in human and mice tissues. We did the first comparative
study of expression of both proteins in a set of human and mice tissues. We
have found significant differences in GCPII expression between human and

mouse, most notably in prostate, testis and small intestine.

We developed several orthogonal assays for detection of GCPII in human
blood serum. We showed that GCPII is present in blood in approximately 100-
fold lower concentration than previously reported. We also showed that GCPII
is not elevated in blood of PCa patients and is not useful as PCa marker. PSA

thus remains by far the best serum marker for PCa diagnosis.

Finally, we also developed novel proprietary DIANA assay suitable for
enzyme detection and screening for enzyme inhibitors. We showed that it can
be used for ultrasensitive enzyme detection with broad linear range and that
inhibition potency of a tested compound can be determined from a single well
measurement. This assay proved as extraordinarily robust assay for screening
of inhibitors, showing negligible false negative and false positive rate. We
believe that it will become a widely used method both in academic environment

and in industrial applications.
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