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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.



Abstrakt

Glutamat karboxypeptidasa II (GCPII), znamé také jako prostaticky specificky
membranovy antigen (PSMA), je membranova metalopeptidasa exprimovana zejména na
bunkach karcinomu prostaty (PCa). Latky cilici GCPII pro zobrazovani a 1¢cbu PCa jsou ve
vyvoji a ukazuji nadéjné vysledky v pokrocilych fazich klinického testovani. Nékteré studie
ukézaly, ze GCPII by mohla byt vyuzita také jako krevni marker PCa, coz ale zatim nebylo

potvrzeno kviili absenci metod vhodnych pro ptesnou detekci GCPII v krvi.

GCPII je exprimovana také v mozku, kde Stépi 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 motivii je tedy nezbytné, nicméné zatim nebyla vyvinuta

7adna metoda vhodna pro ucinné testovani inhibitord GCPIL.

V mozku se naléza také malo prozkoumana glutamat karboxypeptidasa III (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 enzymi a
pro hledani jejich inhibitorti. 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 ¢lovéka nenachazi v prostaté€ a tenkém stfevu. Déle jsme vyvinuli nékolik vzajemné
se doplilyjicich stanoveni pro detekci GCPII v krvi a ur¢ili jsme jimi hladiny GCPII v krvi
zdravych lidi a pacientl trpicich PCa. Bohuzel jsme ukazali, Ze GCPII patrné nelze vyuzit
jako sérovy marker PCa. Nakonec jsme vyvinuli zcela novou metodu detekce enzymi
DIANA zaloZenou na vazbé enzymu na protilatku a jeho detekci skrze inhibitor navazany na
DNA oligonukleotid. Na piikladu GCPII a CAIX, coz je dalSi nadorovy marker a potencialni
terapeuticky cil, jsme ukézali, Ze tato metoda je vhodna nejen pro ultracitlivou detekci
enzymd, ale také pro U€inné hledani jejich inhibitor bez potieby purifikovaného enzymu.

To déla DIANA metodu vyjimeénym nastrojem pro detekci biomarkert a vyvoj 1€Civ.
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1. Introduction

1.1. Glutamate carboxypeptidases II and III (GCPII and
GCPIII)

Glutamate carboxypeptidase II (GCPII) is homodimeric type II integral membrane
glycoprotein located on the cytoplasmic membrane with active site facing to the extracellular

space (uniprot entry FOLH1 HUMAN).

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 its name folate hydrolase, FOLH1) [1],
(i) 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 its name 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]. PSMA remained the mostly used
name despite recommendation of International Union for Biochemistry and Molecular

Biology to call this enzyme GCPII.

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] (see
Fig. 1 on page 10). 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
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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 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. The possibilities of

therapeutic targeting of GCPII will be described in more detail in later sections.

Figure 1: GCPII expression in selected healthy and cancerous tissues

Immunochemical staining of GCPII in selected tissues obtained from www.proteinatlas.org. (A) GCPII is
expressed in proximal tubules of healthy kidney, (B) in secretory epithelial cell of prostate gland and (C) in
prostate carcinoma cells (PCa), which are derived from the secretory epithelia.

Glutamate carboxypeptidase III (GCPIII) is the closest homolog of GCPIL. It is also
a homodimeric integral membrane glycoprotein, which is also located on the cytoplasmic

membrane and shares ~70% amino acid sequence identity and the same topology with GCPII

(uniprot entry NALD2 HUMAN).

GCPIII has been much less thoroughly studied than GCPII and 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].
This activity has been later confirmed also for murine GCPIII [33]. However, both studies

used unpurified GCPIII in lysates of transfected cell. Purified recombinant human GCPIII
10



has been vigorously characterized later by Hlouchova et al. This study confirmed that human
GCPIII cleaves NAAG, however with about 10 fold lower efficiency than GCPII. It also
showed that GCPII inhibitors inhibited GCPIII 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, they consistently showed GCPIII presence in reproductive system

(testis, ovary and uterus).

1.1.1. Substrates of GCPII and GCPIII and their physiological role

1.1.1.1. N-acetyl-a-L-aspartyl-L-glutamate (NAAG)

Both GCPII and GCPIII cleave neurotransmitter N-acetyl-a-L-aspartyl-L-glutamate
(NAAG) to create N-acetyl-L-aspartate (NAA) and L-glutamate (Fig. 2 on page 12), though
GCPIII with about ten fold lower efficiency [34, 38]. NAAG is present in brain in up to
milimolar concentrations, which makes it one of the most abundant peptide neurotransmitters
in human brain [39, 40]. Both GCPII and GCPIII are also expressed in the brain [16, 32] and
human GCPII has been shown to be present on outer membrane of astrocytes in humans [16]
in mice [41] and in rats [42]. Astrocytes are cells supporting neurons and their projections
surround most glutamatergic synapses [43]. GCPII on astrocytic membrane can thus
participate in the modulation of synaptic transmission by cleaving NAAG and producing
another neurotransmitter glutamate, which is likely the physiological role of GCPII in the
brain [38, 44]. The key to understand the physiological role of NAAG cleavage are the
different effects of NAAG and glutamate within the brain [45] (Fig. 3 on page 14).

11
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Figure 2: Cleavage of NAAG by GCPII or GCPIII in brain

Neuroprotective NAAG is cleaved by both GCPII and GCPIII and N-acetyl-aspartic acid and excitatory L-
glutamic acid is produced.

The excitatory role of glutamate

Glutamate is an excitatory neurotransmitter, which activates both ionotropic and
metabotropic glutamate receptors and excess of glutamate signaling leads to excitotoxicity.
Ionotropic glutamate receptors are ligand gated ion channels and are subdivided into groups
based on glutamate analogs activating them: NMDA (activated by N-methyl-D-aspartate),
AMPA (activated by a-amino-3-hydroxy-5-methyl-4-isoxasolepropionate) and kainate
receptors (reviewed in [46]). These receptors are located mostly on synaptic membrane of
the downstream neuronal dendrite and are responsible for the transmission of the signal [46,
47]. Metabotropic receptors are G-coupled proteins and are also divided into three classes:
group I consisting of mGluR1 and 5, group II consisting of mGIluR2 and 3 and group III
consisting of mGluR4, 6, 7 and 8. They act via second messengers and their response to
glutamate is thus more complex; group I is activatory and promotes glutamate release when
present, group II and III inhibit release of glutamate. Group I receptors are mostly located
postsynaptically, whereas group II and III presynaptically; mGluR3 and 5 are also present
on astrocytes (reviewed in [48]). Under normal conditions, extracellular glutamate
concentration in brain is very low (<1uM) and its concentration in the synaptic cleft rises to
milimolar levels only after release of the presynaptic vesicles and is again rapidly lowered
by the action of excitatory amino acid transporters (EAATSs) on both neurons and astrocytes
[47, 49, 50]. Excessive glutamate release leads to NMDA receptor mediated increase of
calcium ions in postsynaptic neurons and consequently their death followed by additional

release of glutamate, which starts cascade effect of cell death [51, 52]. This process is known
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as glutamate-mediated excitotoxicity and its implication has been reported in several central
nervous system (CNS) disorders, including ischemic stroke [50] and neurodegenerative
disorders such as Parkinson disease, Alzheimer disease and Huntington disease [53]. These
effects may be, in principle, counteracted by administration of NMDA receptor antagonists
such as phencyclidine or ketamine. However, these compounds elicit severe side effects in

animal models and it is unclear, whether NMDA receptor can be targeted [49, 54, 55].
The neuroprotective role of NAAG

NAAG, on the other hand, has neuroprotective effects and is inactivated by GCPII.
NAAG is synthetized in neurons from NAA and glutamate, is packaged to vesicles by sialin
[56] and is released upon stimulus to the synaptic cleft [57]. Two reasons make the study of
physiological role of NAAG very difficult: (1) contamination of NAAG preparations with
glutamate, which activates with high-potency all glutamate receptors and (2) the presence of
GCPII in neuronal tissues, which cleaves NAAG and produces glutamate. It is therefore
necessary to use ultra-pure NAAG preparations and to employ GCPII inhibitors in
physiological studies. The contamination of NAAG with glutamate may have been indeed
responsible for some of the reported NAAG activities [44, 58-60]. Nevertheless, there is
strong evidence that NAAG both in vitro and in vivo selectively activates mGIluR3 and not
other metabotropic receptors (reviewed in [24, 44, 57]). On neurons, NAAG activates
presynaptic mGluR3 causing inhibition of glutamate release and thus providing a negative
feedback loop [57, 61, 62]. mGluR3 is also present on the surface of astrocytes, where its
activation by NAAG leads to secretion of transforming growth factor B (TGF-B) which has
neuroprotective effects [63-66]. The role of NAAG in acting on NMDA receptors is less
clear. Some studies showed that NAAG is not binding to NMDA receptors [60, 67], some
showed it is an antagonist [68] and some showed it is even an agonist, which does not bind
to other ionotropic glutamate receptors [69] and most recent study suggested that these

effects may be pH dependent [70].

After release, NAAG is cleaved by GCPII and resulting NAA and glutamate are
removed from extracellular space by EAATs on both neurons and astrocytes; glutamate is
then transported back to the neurons in the form of glutamine [57]. NAAG is thus acting as

neuroprotective agent and inhibition of its inactivation by GCPII inhibitors has been shown
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to be neuroprotective [22]. Importantly, beneficial effects of GCPII inhibition are abolished
in mGluR3 KO but not in mGluR2 KO mice [24] and are blocked by the administration of
mGIluR3 antagonists (such as LY341495) in wild type animals [61, 71, 72], which confirm
that NAAG acts via this receptor.

Presynaptic Astrocyte
neuron

@ glutamate

“NMDA receptors

Postsynaptic
neuron

Figure 3: Proposed mechanism of action of V-acetyl-a-L-aspartyl-L-glutamate (NAAG)

During synaptic transmission, both glutamate and NAAG are released from presynaptic vesicles. Glutamate
acts as excitatory neurotransmitter via its activation of ionotropic postsynaptical NMDA receptors. NAAG can
activate mGluR3 both on presynaptic neuron, where it inhibits release of glutamate, and on glial cell, where it
leads to secretion of neuroprotective transforming growth factor f (TGF-B). NAAG is inactivated by GCPII,
which hydrolyzes NAAG to release L-glutamate and N-acetyl-L-aspartate (NAA), which are reabsorbed by the
excitatory amino acid transporters (EAATSs) on both neurons and glial cells. Adapted with changes from [73].

1.1.1.2. Folyl-poly-y-glutamates (FPG)

Poly-y-glutamylated forms of folate (vitamin B9) are other substrates of GCPII [4, 74]
and its cleavage by GCPII is essential for absorption of dietary folates [75, 76]. Folate is an
essential enzyme cofactor serving as a source of single carbon units in different oxidative
states in single carbon transfer. Humans cannot synthetize folate and the only source is thus
dietary folate, which is present in the poly-y-glutamylated form. The y-linked glutamates are
sequentially cleaved off at the jejunal brush border by GCPII in humans and pigs [75, 76]
but not in rats and possibly also in other organism, in which they are cleaved by y-glutamyl

hydrolase (GGH) which is localized in the lysosomes of enterocytes [77, 78].
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Cleavage of yp-glutamyl chain yields folate, which is the only form which can be
transported by the enteral folate transporter in human and mouse (proton-coupled folate
transporter, PCFT1; reviewed in [79]). Folate is then directly exported to bloodstream and
later absorbed by the liver, where it is either transformed to the poly-y-glutamylated form by
folyl-poly-y-glutamate synthetase (FPGS) and stored (y-glutamyl chain may be later
removed by the action of liver GGH) or transformed to 5-methyltetrahydrofolate (SMeTHF)
by the action of dihydrofolate reductase (DHFR), serine hydroxymethyl transferase (SHMT)
and methylenetetrahydrofolate reductase (MTHFR) and then exported to the bloodstream.
Folate is absorbed by the peripheral tissues by reduced folate carrier (RFC) where it is stored
in the form of poly-y-glutamylated folate (reviewed in [79-81]) (see Fig. 4 on page 16 for
summary). While SMeTHF is the primary form of folate in blood plasma, the poly-y-
glutamylated folate is present at about 50-fold higher concentration in red blood cells [82].
In case poly-y-glutamylated folate would leak out of senescent red blood cells, then
glutamates needs to be cleaved off before reabsorption; the GGH present in plasma probably
cannot cleave at neutral pH [82] and GCPII expressed in renal tubules may thus play a role

in reabsorption of such folates.
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Figure 4: Metabolism of folate

(A, B) Dietary folyl-poly-y-glutamate (FPG) is cleaved in small intestine by GCPII and folate and L-glutamate
is produced. (B) Folate is then transported by the enteral folate transporter (proton-coupled folate transporter,
PCFT1) and then directly exported to bloodstream and later absorbed by the liver, where it is either transformed
to the FPG form by folyl-poly-y-glutamate synthetase (FPGS) and stored (y-glutamyl chain may be later
removed by the action of liver GGH) or transformed to 5-methyltetrahydrofolate (SMeTHF) by the action of
dihydrofolate reductase (DHFR), serine hydroxymethyl transferase (SHMT) and methylenetetrahydrofolate
reductase (MTHFR) and then exported to the bloodstream. Folate is absorbed by the peripheral tissues by
reduced folate carrier (RFC) where it is stored in the form of FPG. SMeTHF is the primary form of folate in
blood plasma. Inspired by [81].

1.1.1.3. p-citryl glutamate (BCG)

BCG has been recently identified as a novel substrate of murine GCPIII enzyme, but
not murine GCPII [35] (Fig. S5 on page 17). BCG was first identified in newborn rat brain,

where its concentration reaches up to 1 milimolar while decreasing with age [83]. High levels
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of BCG were detected also in other organs of newborn rats such as kidneys, heart, intestine,
testis and lung and its levels decreased with age with the exception of testes, where its
concentration was higher in adult rats [84]. Physiological role of BCG is not known, but there
is some evidence it may play an important role during neuronal development and

spermatogenesis [84, 85] and that it could serve as metal chelator [86, 87].
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Figure 5: Cleavage of BCG by GCPIIIL.
p-citryl-L-glutamic acid (BCG) is cleaved to citric acid and L-glutamic acid by the action of GCPIII.

1.1.1.4. Biosynthesis of NAAG and BCG

NAAG and BCG are synthetized by Ribosomal Modification Protein RimK Like
Family Members A and B (RIMKLA and RIMKLB) and N-acetyltransferase 8 like protein
(NATSL) in mice. RIMKLA (also called NAAGS-II) and RIMKLB (also called NAAGS-I)
share 85% sequence identity and both are able to ligate NAA and glutamate to NAAG by the
consumption of ATP with similar effectivity, but only RIMKLB is able to ligate citrate and
glutamate to form BCG (the efficiency of RIMKLA is about 100 fold lower) [88-90]. Even
though both enzymes are able to prepare NAAG, this reaction can happen only at sites
expressing simultaneously also NAT8L, which is synthetizing NAA [88, 89]. Additionally,
it has been shown that RIMKLA is able to catalyze also ligation of two glutamates to NAA
and thus forming tripeptide N-acetyl-a-L-aspartyl-a-L-glutamyl-L-glutamate (NAAG3),
which is also present in mouse brain and is probably also substrate of murine GCPII [90].
The role of NAAG: is completely unclear and it has to be noted that it is synthetized by
RIMKLA with about 1000-fold lower efficacy than NAAG and its concentration in the
mouse brain regions is about 100-fold lower than of NAAG [90-92].
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It is not much known about the expression profiles of these enzymes. By Northern blot,
the highest expression of RIMKLA has been shown in mouse brain and spinal cord [90],
while highest RIMKLB expression has been shown in mouse thymus [89]. Human RNA
expression data shown at www.proteinatlas.org show high expression of NAT8L in cerebral
cortex, adipose tissue, testis and kidney, highest expression of RIMKLA is observed in
cerebral cortex while the expression in other tissues is low and RIMKLB is expressed quite
ubiquitously, at highest levels in brain, smooth muscle, testis, endometrium and placenta.
This putative RIMKLB tissue distribution coincides well with the reported GCPIII tissue
profile [32].

1.1.2. Molecular structure of GCPII and GCPIII

GCPII is a homodimeric integral membrane glycoprotein located on the cytoplasmic
membrane [93, 94]. Each monomer consists of 750 amino acids that form short cytoplasmic
tail at N-terminus (19 amino acids), a single pass transmembrane helix (24 amino acids) and
a large extracellular part (707 amino acids) bearing the active site. It is heavily N-
glycosylated and molecular weight of each monomer is thus about 110KDa, deglycosylation

leads to the complete loss of enzymatic activity [95-98].

This full-length protein usually called PSMA is the most prevalent form of GCPII but
also truncated variant termed PSM' missing amino acids 1-59 was discovered. In contrast to
membrane bound PSMA, PSM' protein is in the prostate carcinoma cell line LNCaP located
in cytosol, but it is also able to cleave NAAG and is glycosylated. It is therefore product of
posttranslational modification of the PSMA protein [99] rather than product of alternatively
spliced mRNA variant, which is also called PSM' [100]. It is unclear, whether this soluble
form is present in the blood and seminal plasma; however, GCPII was detected in these
matrices by 7E11 antibody recognizing an intracellular epitope, which suggests that mostly

the full-length protein is present [12, 18, 101, 102].

Crystal structure of the extracellular portion of GCPII (amino acids 44-750) has been
solved and revealed active site with dinuclear zinc center coordinated by His377, Asp387,
Glu425, Asp 453 and His553 and catalytic Glu424. It consists of three domains: apical
(amino acids 117-351), C-terminal (591-750) and protease-like domain (57-116 and 352-
590) [103, 104] (Fig. 6 on page 19). Overall fold of all three domains is very similar to the
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Transferrin receptor 1, which is not enzymatically active and shares ~25% amino acid
sequence identity [105]. The fold of the protease-like domain and spatial organization of zinc
coordinating residues and catalytic glutamate is common even with the distant human
homolog Glutaminyl cyclase, which converts glutaminyl into pyroglutamyl peptides and
shares as little as ~10% identity [ 106, 107]. The active site, which is formed by residues from
all three domains, is deeply buried and is accessible via ~20A long tunnel [104]. Catalytic
mechanism has been modelled via QM/MM and confirmed by the crystal structure of the
inactive mutant Glu424Ala in complex with NAAG. It showed carboxyl of Glu424 as proton
shuttle and hydroxide anion coordinated by the zinc ions as the attacking group hydrolyzing
the peptide bond. In the Michaelis complex, NAAG is bound by several positively charged
residues (Arg210, Arg534, Arg536 and Lys699) [108]. Multiply positively charged active
site represents a challenge for the design of non-polar inhibitors, which would be brain

penetrant.

Figure 6: Crystal structure of extracellular portion of GCPII in complex with inhibitor.

Only extracellular part of GCPII homodimer is shown, one monomer is depicted in the cartoon and second in
the surface representation. Each monomer consist of three domains: the C terminal (green), the apical (blue)
and the protease like (pink). The deeply buried active site is created by residues from all three domains. The
two zinc cations in the active site are represented as cyan spheres, calcium and chloride ions as red and magenta.
Urea-based inhibitor with a polyethylene glycol linker reaching to the surface of the protein is depicted in ball
and stick representation (carbon atoms in yellow, oxygen atoms in red and nitrogen atoms in blue). Structure
PDB code: 4NGP [109].
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GCPIII is also a homodimeric integral membrane glycoprotein. It shares also the same
topology with GCPII: each monomer consists of a single transmembrane helix (24 amino
acids) which connects short cytoplasmic N-termini (7 amino acids) with large extracellular
part bearing the active site. Crystal structure of GCPIII has been solved and it showed very
similar fold to GCPII and almost identical active site, with biggest differences being N509S
substitution and lower occupancy of one of the zinc atoms [110]. This amino acid substitution
between GCPII and GCPIII is common between human and mice and it is probably
responsible for the ability of GCPIII to cleave BCG. Collard ef al. showed that GCPII cannot
cleave BCG and that SS09N substitution in GCPIII completely abolish BCG cleaving activity
but not NAAG cleaving activity [35].

1.1.3. Other putative functions of GCPII

The role of GCPII in prostate is not known and it has been speculated that it could
serve as a receptor for yet undiscovered ligand [111]. This is based on the observations that
(1) GCPII has similar fold as Transferrin receptor [105], (2) it undergoes both constitutive
and antibody induced internalization [94, 112] and (3) it is transported after endocytosis back
to the cell surface via recycling endosomal vesicles [113] (analogously to Transferrin

receptor). However, no ligand has been identified so far.

GCPII was reported to participate in regulation of several cellular processes. In line
with its expression in endothelial cells in neovasculature, GCPII has been shown to promote
angiogenesis [114] and this regulation is linked to GCPII enzymatic activity via generation
of pro-angiogenic peptides via cleavage of laminin peptides produced by the matrix
metalloproteases [115, 116]. It has been also shown to promote cell proliferation [117] or to
be associated with the anaphase-promoting complex [118] but these reports are still waiting

to be validated by other groups.
1.1.4. Mouse is an important model organism to study GCPII function

Mouse represents an important model organism for study of physiological role of
GCPII and of its possible role for treatment of different diseases. It has been most widely
used for evaluating GCPII directed imaging agents of prostate cancer on xenografts (e.g. in

[119-128]), for evaluating GCPII targeted therapy in prostate cancer (e.g. [20, 129-133]) and
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for evaluating of beneficial effects of GCPII inhibition in several neurological disorders
(reviewed in [57]). Mouse genome contains both GCPII and GCPIII orthologs, which share
85 and 88% identity to its human counterparts. It has been shown that GCPII tissue
expression profile is in mouse very similar to humans, which is important for its use as a
model organism. Most notably, mice express high levels of GCPII in brain, kidney and testis

[35, 38, 134], but not in prostate or small intestine [15, 134].

The role of GCPII has been also studied on mice with deleted GCPII. GCPII knockouts
were prepared independently by three different groups. While the Coyle group reported that
GCPII deletion lead to early embryonic death [135, 136], the Neale and Zhong groups
reported mice with deleted GCPII developing normally to the adulthood [38, 137]. These
studies clearly showed the absence of GCPII protein in the homozygous GCPII null mice
and therefore there is no clear explanation for this striking discrepancy. Both studies also did
not report any significant neurological defects of the knockout mice and they even reported
that knockout mice were less susceptible to traumatic and ischemic brain injury [23, 38, 137,
138]. These findings suggest that GCPII is likely a valuable target of therapeutic intervention

in neurological disorders and that its targeting should not cause severe side effects.
1.1.5. Inhibitors of GCPII

Several classes of GCPII inhibitors have been discovered so far and all bind to the
substrate cavity. Since the active site of GCPII is multiply positively charged and GCPII thus
prefers acidic residues, the inhibitors also bear multiple negative charges [34, 104, 139]. The
inhibitors also have a functional moiety, which binds to the dinuclear zinc center, while
displacing the coordinated hydroxyl. Based on this group, GCPII inhibitors are divided into
four major groups: phosphorus containing compounds (phosphonates, phosphinates and
phosphoramidates) [27], urea derived compounds [28], thiol based compounds [29] and
hydroxamates [140].

GCPII inhibitors can have low nanomolar to subnanomolar potency. This is not
surprising as GCPII binds also its substrates tightly: Ky value of NAAG is ~200nM and of
FolGlui ~20nM; moreover, GCPII is also inhibited by the reaction product glutamate (K; ~
20uM) and its analog quisqualate (K; ~ 200nM). 2-phosphonomethyl-pentandioic acid (2-
PMPA, ICso = 0.3nM) was the first synthetized subnanomolar inhibitor [27] and later also
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phosphinate analogs with similar potencies were prepared [141]. More recently, also
phosphoramidate inhibitors with mid nanomolar potency have been synthetized [142].
Several years after 2-PMPA, first urea based inhibitors with nanomolar potencies were
synthetized [28], which turned out to be useful compounds due to straightforward synthesis
and modularity [143]. Urea based compound ZJ-43 with subnanomolar potency was also
synthetized [71, 72]. Later, a basic scaffold consisting of Lys-Urea-Glu was established
[123]; amino group can be easily modified, which enabled easy radiolabeling of these
compounds and fluorinated or iodinated compounds with mid to low picomolar potencies
later called DCFPyI (see Fig. 8 on page 27) and DCIBzL were prepared [122, 144]. The first
orally available inhibitor was 2-(3-mercaptopropyl)-pentandioic acid (2-MPPA; ICso =
90nM) [29]. Recently, hydroxamate inhibitor 4-Carboxy-a-[3-(hydroxyamino)-3-
oxopropyl]-benzenepropanoic acid with mid nanomolar potency was prepared [140, 145].
Detailed reviews of the development of GCPII inhibitors are in [146, 147], structures of

discussed inhibitors are shown in Fig. 7.
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Figure 7: Structures of selected GCPII inhibitors

Structures of inhibitors discussed in text are shown, see text for more details. Inhibition potencies expressed as
ICso or K; are taken from publication IV for L-glutamic acid and quisqualic acid, from ref. [148] for 2-MPPA
and 2-PMPA, from ref. [142] for phosphoramidate inhibitor, from ref. [72] for ZJ-43, from publication X for
Ac-Lys-Urea-Glu scaffold, from ref. [144] for DCIBzL and from ref. [145] for hydroxamate inhibitor.

1.1.6. GCPII is therapeutic target in brain

The physiological role of GCPII inactivating neuroprotective NAAG and forming

excitatory glutamate and thus modulating neuronal activity makes it an attractive target for
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exploration as possible drug target. First, it has been shown that GCPII inhibitors decrease
concentrations of extracellular glutamate after ischemia, while increasing NAAG; at the
same time, high doses of GCPII inhibitors do not cause adverse behavioral changes or
deficits in learning and memory in animals [22]. Later, it has been shown that deletion of
murine GCPII leads to healthy phenotype, which is more resistant to brain damage after brain
injury [23, 137]. Finally, positive effects of GCPII inhibition has been demonstrated over the
past two decades in a number of animal models of different neurological conditions including
stroke and traumatic brain injury, pain and peripheral neuropathy, drug addiction,

schizophrenia and multiple sclerosis (reviewed in [23, 44, 57, 67, 149, 150]).

However, development of human drugs targeting GCPII is challenging due to the
molecular structure of known inhibitors. All potent GCPII inhibitors bear multiple negative
charges, which leads to poor bioavailability. Even though fosfonate inhibitors (mainly 2-
PMPA) and urea based inhibitors (mainly ZJ-43) proved very valuable in studying role of
GCPII in animal models of neuropathies [22, 71, 72, 151], none of them is orally available.
Even the prodrug of ZJ-43 had to be administered intraperitoneally to mice [152]. The only
orally available analogs are the thiol-based compounds [29, 153] and 2-MPPA (GPI-5693,
Fig. 7) was administered in an exploratory Phase I study to 25 healthy individuals. This study
showed that it was possible to achieve plasma exposures that were effective in animal model
of neuropathic pain without severe side effects on the CNS. However, gastrointestinal side
effects were observed more frequently (38% of cases) and this compound was not further
clinically developed [30]. There are other ongoing efforts to achieve safe and efficient GCPII
inhibitor plasma and CNS concentrations. One study examined CNS levels of the most potent
GCPII inhibitor 2-PMPA (Fig. 7) after intranasal administration and showed higher brain
penetrance compared to intraperitoneal administration [31]. Another promising approach to
increase oral availability and brain penetrance being investigated in animal models is the
administration of prodrugs producing thiol compounds [154] or 2-PMPA [155, 156] or even
hydroxamate inhibitors [157].

None of these efforts fully solved the pharmacological issues of the GCPII inhibitors
and the search for novel scaffolds is thus still relevant. Recently, one effort to identify novel

scaffolds via high-throughput screening using fluorescence polarization assay was reported
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[158]. However, this assay was unable to identify novel inhibitory scaffolds, which may be

the result of its low sensitivity as seen on the used reference compounds.
1.1.7. GCPII is theranostic target in prostate cancer

Prostate carcinoma (PCa) is the most prevalent cancer in men in western world.
Fortunately, it usually forms slow growing tumors and most of the PCa affected individuals
does not die due to the disease. On the other hand, it readily forms metastases in other organs
including bones, it does not respond to the most chemoterapeutics and growth of the tumor
is usually reduced only by androgen-deprivation therapy. In the course of the treatment, the
tumor stops to respond to this therapy and metastatic castration-resistant PCa (mCRPC)
develops, which eventually kills the patient. The only curative treatment is surgical removal
of prostate (radical prostatectomy), but it has to be performed before the disease has spread
out of the prostate, otherwise it has no beneficial effect. Therefore, an early and accurate
diagnosis and the ability to discover (micro) metastases in the lymph nodes and other organs

is critical [159-161].

Accurate diagnosis and imaging of both primary and metastatic PCa is challenging.
Most PCa are discovered by PSA test, but the disease have to be confirmed by prostate biopsy
followed by histopathological examination [162]. The primary tumor cannot be accurately
imaged by usual imaging techniques due to its slow metabolic rate and its diffuse growth,
which is further complicated by the low blood flow in the prostate. The slow metabolic rate
complicates also the detection of metastases. Clinicians are thus seeking for techniques,
which would complement the anatomic information provided by MRI or CT and would
enable to discover PCa lesions. Such functional information may be provided by bone scan
or positron emission tomography (PET) or single photon emission computed tomography
(SPECT). Bone scan usually gives two-dimensional information and uses either '®F-NaF or
PTc-MDP (methylenediphosphonate), can detect only bone lesions and suffers from low
selectivity. On the other hand, PET provides three-dimensional information and is suitable
for the whole body scan. However, '*F-FDG (fluoro-deoxyglucose), which is used for PET
of other malignancies, does not perform well in PCa. Today, ''C and 'F choline derivatives
are used as PCa tracers, but they suffer from several drawbacks and there is a clear need for

the development of new tracers (reviewed in [160, 163]).
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Development of a PCa targeted imaging agent would not only improve PCa diagnostics
and disease staging; but it may also be used for targeted treatment when loaded with
appropriate radionuclide. While the soluble PSA protein secreted by the prostate carcinoma
cells has turned out to be a useful serum marker and an excellent tool to monitor residual
disease after radical prostatectomy [161], membrane bound GCPII (PSMA) may be the ideal
anchor to target imaging and/or therapeutic agents to the prostate carcinoma (reviewed in
[160, 163-167]). Many agents suitable for both diagnostics and therapy of PCa (hence

theranostic agents) are now in clinical development and are briefly discussed below.
1.1.7.1. Imaging of prostate cancer

Primary challenges of PCa imaging are: (1) to detect primary tumor in the prostate to
facilitate an early diagnosis; (2) to detect (micro)metastases in lymph nodes and other organs
to enable correct selection of patients suitable for radical prostatectomy and (3) to detect

metastases in the patients after radical prostatectomy to enable early start of their therapy.
Antibodies for PCa imaging

First GCPII targeted imaging agents were radiolabeled antibodies. An '''In-labeled
antibody 7E11 suitable for SPECT sold under the trade name ProstaScint is used for imaging
of prostate carcinoma in vivo [19]. However, this antibody recognizes an intracellular
epitope, which is hidden on live cells [102]. It is thus used only marginally in clinical praxis
[168]. To overcome these limitations, antibody J591 recognizing an extracellular epitope was
prepared [14]. Its conjugates with !''In and 3°Zr suitable for imaging were prepared and
tested in clinical trials [169, 170]. Even though the 3°Zr labeled antibody showed promising
sensitivity, interests of the clinicians moved to the development of small molecule imaging
agents. They have at least one big advantage compared to antibodies: thanks to their fast
pharmacokinetics, it is possible to image PCa shortly after injection of the tracer (few hours)
[171], while it is necessary to wait several days after injection of antibody conjugates [170,
172] and radioisotopes with much shorter half-life can be used, which minimizes the

radiation dose (hours vs. days).
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Small molecules for PCa imaging

The use of radiolabeled GCPII inhibitors to target prostate cancer is being intensively
studied during the recent few years. Fig. 8 on page 27 shows structures of selected
synthetized and tested compounds, which are discussed in this text. They consist of the
"targeting moiety" which is mostly the scaffold Lys-Urea-Glu and which is linked through a
various linker to the halogenated or metal chelating moiety. The structure of the linker is
important for the potency and biodistribution [127] and the metal chelator is usually either
HBED-CC [128] or DOTA [126]. Mostly used radioligands are suitable either for SPECT
(*Tc, or "In or '2I) or for PET (**F, ®®Ga, '>*I). Several fluorinated agents have been
synthetized: DCFBC [124], which is an example of targeting moiety distinct from the Lys-
Urea-Glu moiety used in all other compounds listed in Fig. 8, DCFPyl [144] and newer
PSMA-1007 [173]. Several *T¢ containing compounds were also prepared: *™Tc-L1
[123], series of compounds around MIP-1404 (Molecular insight pharmaceuticals code)
[174, 175] and newest **"Tc-PSMA-1&S [176]. lodinated compound DCIBzI (Fig. 7) and
almost identical MIP-1095 were prepared with several different isotopes [122, 144, 177].
Finally, agents chelating ®*Ga were also prepared: *®Ga-PSMA-HBED-CC also called as
8Ga-PSMA-11 or ®*Ga-DKFZ-PSMA-11 [128] and newer compounds with optimized linker
moiety *Ga-PSMA-617 [126, 127] or ®*Ga-PSMA I&T [20], both with DOTA chelator
enabling also binding of !7"Lu or ?*>Ac for therapy (see Fig. 8).

All these compounds were tested not only in animals, but also in human trials and many
of them showed promising results. The state of the art is summarized for example in [160,

163-165, 167] and only selected compounds and clinical trials will be discussed here.
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Figure 8: Structures of small molecules for PCa imaging and treatment

Structures of compounds discussed in text are shown, see text for more details. Tested radionuclides for each
compound are also listed.

Clinical evaluation of ®Ga-PSMA-11

Definitely, the most tested agent is the ®*Ga-PSMA-11 (Fig. 8) which is approaching

phase III clinical trial. Many retrospective and prospective trials with imaging of tumor
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metastases in patients with biochemically recurrent cancer (BCR, defined as the rise of PSA
serum level above 0.2 ng/ml in patients after radical prostatectomy and meaning that further
treatment is necessary) were done, each with tens to hundreds patients [178-183] in total with
more than thousand patients [184]. These studies consistently showed detection of at least
one lesion in ~90% of patients with PSA level above 2.0 ng/ml, in ~75% with PSA above 1
ng/ml and in ~50% with PSA under 1.0 ng/ml or even 0.5 ng/ml. At the same time, no false
positives were observed and specificity was virtually 100% [163]. A case study report

comparing imaging by ®*Ga-PSMA-11 and generic '*F-FDG is shown in Fig. 9 on page 31.

Several studies also compared **Ga-PSMA-11 performance side by side with the state
of the art imaging with !'C or '*F choline derivatives [179, 181, 182, 185, 186]. ®3Ga-PSMA--
11 was much more sensitive especially at low PSA levels: it was able to find up to 4-fold
more lesions in patients with low PSA levels [181] and in most studies all choline positive
lesions were positive also with ¥Ga-PSMA-11 (with the exception of few lesions in [182]),
while ®*Ga-PSMA-11 was able to find lesions in up to 44% of choline negative patients [179].
However, the tracer shows also some background: intense staining is observed in kidney and

salivary glands, moderate in lacrimal glands, liver, spleen, small and large intestine.

These promising results lead to the evaluation, whether ®*Ga-PSMA-11 may be useful
even for the discovery of primary tumors, i.e. primary diagnosis. In these studies comprising
almost 100 individuals, patients were imaged before radical prostatectomy and PET/MRI
was correlated to the histopathological results and MRI. PET imaging had higher sensitivity
of about 70-90% and specificity 90% [187-190].

Finally, its ability to discover lymph-node metastases was also tested on a cohort of
130 patients undergoing prostatectomy with pelvic lymphadenoctemy [191]. ®*Ga-PSMA-11
PET was superior to morphological imaging with CT or MRI and it was able to find ~68%
of the histologically positive lymph nodes with 99% specificity. These data show
consistently superior performance of this tracer and many clinical studies are currently under

way, including Phase II/III study (clinicaltrials.gov ID NCT02678351).
Clinical evaluation of other **Ga ligands

Another ®®Ga tracer is the recently prepared **Ga-PSMA-I&T (Fig. 8). It showed
similar performance to %*Ga-PSMA-11 in first study with 83 patients [192]. It has been also
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loaded with slower decaying isotope '''In for radioguided surgery. Such surgery could
remove also small lymph node metastases during or after prostatectomy and lead to longer
disease free survival. The proof-of-principle was shown on five patients (one with primary
PCa, four with BCR) in [191]. Follow-up study with 31 patients with BCR (PSA level 0.5-
2.5) showed decrease of PSA level after surgery by at least 50% in 77% of patients, PSA
dropped below 0.2 ng/ml in 60% of cases [193].

In addition, ®*Ga-PSMA-617 tracer has been prepared (Fig. 8). It has been primarily
designed for loading with !”’Lu for treatment, but also **Ga loaded variant was prepared. The
linker region was thoroughly optimized, which lead to better biodistribution and, in contrast
to PSMA-11, it does not accumulate in kidney or spleen (up to 50-fold decrease) and tumor

get the highest dose [126, 127]. This is extremely important for its intended use for therapy.
Clinical evaluation of '8F ligands

Several 8F compounds have been prepared and tested. The first '*F-DCFBC (Fig. 8)
was tested in small studies with less than 20 patients and it showed poor performance
compared to the gallium tracers. Its high background is probably caused by its slow clearance
from blood [194-196]. Nevertheless, there is at least one larger active study on
clinicaltrials.gov (90 individuals, NCT03173924).

Much better is the compound '8F-DCFPyL (Fig. 8) which showed better performance
than ®*Ga-PSMA-11 in sensitivity and tumor to background ratio. Its low background is
probably thanks to its rapid renal clearance [197-199]. However, it has been tested only on

limited number of patients (<50) but several clinical trials with hundreds of subjects are

active (NCT03471650, NCT03160794, NCT03181867, NCT03173924 and NCT03232164).

An even improved '®F tracer have been synthetized in 2017: '®F-PSMA-1007 (Fig. 8)
is cleared from blood rapidly, but not via kidney and it does not accumulate in urinary
bladder, which may be especially useful for finding primary tumors in prostate. It is cleared
with similar rate as ®*Ga-PSMA-11 (ideal signal to background is therefore 2-3 hours after
tracer injection). Imaging of only ~10 patients has been reported so far [171] but also a case
study has been reported showing the detection of micro metastasis in patient with PSA <
0.08ng/ml [200]. Studies with larger number of patients will probably follow to evaluate the
potential of '*F-PSMA-1007.
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Clinical evaluation of other ligands

The first imaging agents tested in human were the 2’1 loaded MIP-1072 and MIP-1095
[201] (Fig. 8). The latter also showed very low renal clearance and retention of up to 48
hours, which may be important for its possible therapeutic use with *'1[201]. Later, also '2*I
loaded MIP-1095 was tested with 28 patients and it showed high uptake only in salivary and

lacrimal glands, whereas only moderate in kidney, liver and intestine [202].

Technetium loaded tracers were also prepared for SPECT imaging. ™ Tc-MIP-1404
showed good performance in patients [203] and now finishes Phase III study

(NCT02615067) under the trade name Trofolostat (Fig. 8).

There is also one another PCa tracer under clinical evaluation, which is not GCPII
targeted: '8F-fluorocyclobutane-1-carboxylic acid (fluciclovine), which is a synthetic analog
of L-leucine and is preferentially taken up by the PCa cells and gliomas via the amino acid
transporter ASCT2. Such tracer may be useful in imaging of dedifferentiated PCa which have
lost GCPII expression (reviewed in [163]) and there is indeed at least one active clinical trial
evaluating simultaneous administration of ®Ga-PSMA-11 and '8F-fluciclovine

(clinicaltrials.gov identifier NCT03515577).

Finally, also fluorescent conjugates targeting GCPII made from both small molecules
and antibodies have been developed and tested in animals [120, 125, 204]. They may find
use in fluorescence guided surgery (see e.g. da Vinci system from Intuitive surgical, Inc.)
which would be superior to the radio-guided surgery thanks to the real-time imaging [205].
In addition, certain nanoparticle based systems have been developed for both antibodies and
small molecules targeting GCPII [206-208]. Some of these systems are designed to be useful
also for therapy, nice example is the conjugate of GCPII inhibitor and maytansinoid 1 (DM-
1) loaded with ®Ga [133]. Any of these conjugates have yet been tested in human trials.
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Figure 9: Case study of 3F-FDG vs. ®Ga-PSMA PET in metastatic prostate cancer

Upper part shows intense staining of metastatic PCa with ®*Ga-PSMA ligand while the bottom part shows very
weak staining of metastatic PCa with '8F-FDG (fluoro-deoxyglucose). Note the intense staining of brain with
F-FDG vs. virtually no staining with ®*Ga-PSMA. Adopted from ref. [166].

1.1.7.2. Detection in blood serum

While the targeting of GCPII for imaging of PCa is extremely promising, its possible
role as a serum marker is unclear. Since we focused on this topic in the studies presented in
this thesis, the current state of knowledge is thoroughly discussed later in the introduction to

publication III as well as in discussion and is therefore skipped here.
1.1.7.3. Treatment of prostate cancer

There 1s only small step from targeted imaging agents to targeted therapy: to replace a
positron emitting radionuclide suitable for PET having half-life of ~1-2 hours ('*F, ®Ga)
with toxic o (***Ac) or B emitter ('3'I or !”’Lu) having half life of ~5-10 days. The half-life
of the isotope has to be shorter than the stability of the antibody in plasma to lower the
toxicity. Another possibility is to ligate the antibody or targeting moiety to a toxic compound
to form antibody drug conjugates (ADCs) or small molecule drug conjugates (SMDCs).
Small molecules have some advantages: (1) they are not immunogenic (antibodies have to

be humanized), (2) have shorter clearance time and non-selective toxicity due to the cleavage
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of the conjugates is low and (3) have larger availability and tissue penetrance, which may be

especially important in the prostate tissue which has low blood supply.
Antibodies for PCa treatment

First agents tested for targeted PCa therapy were antibodies. The antibody 7E11 labeled
with *°Y was tested in phase I and phase II [209, 210] but it failed to elucidade any PSA

decline while showing significant toxicity and its development has thus been stopped.

The antibody J591 conjugated with !7’Lu was tested in Phase II trial with 47 patients
suffering from mCRPC. It elucidated both PSA decline and significantly higher overall
survival (22 vs. 12 months in the group with lower dosis, p=0.03) in 32 patients treated with
Phase I maximum tolerated dose (MTD) of 70mCi/m?, but many patients suffered from dose
limiting toxicities (DLT): as much as ~50% suffered from grade 4 thrombocytopenia
necessitating blood transfusions. At the same time, even slightly lower dose (65mCi/m?)
showed much lower efficacy and the adverse side effect are thus limiting the use of this
conjugate [211, 212]. Even though there are still several active trials evaluating J591
antibody (unconjugated, 7"Lu or ?2°Ac labeled) at clinicaltrials.gov, there was no Phase III

trial and no approval.

Also ADCs with various toxins were prepared and tested in human trials: e.g. (1)
conjugate with DM-1 showed little efficacy and dose-limiting neurotoxicity in human trial,
probably due to the cleavage of disulfide bond between antibody and toxin [129, 213]; (2)
conjugate of monomethyl auristatin E (MMAE) [131, 132], which was recently tested on
very limited number of patients (n=6) and four of them showed decline of PSA of at least
30% but detailed results have not yet been disclosed (clinicaltrials.gov identifier

NCT02020135).
Small molecules for PCa treatment

Most recent advances are in the field of small molecule conjugates and most thoroughly
tested is the '”’Lu-PSMA-617 conjugate (Fig. 8). It has been tested on several hundreds
patients in different hospitals [214-224]. These studies on mCRPC showed up to 80%
response rate, at least 50% decline in PSA level in 30-60% patients, up to 12 months

progression free survival and some complete responders, while low serum levels of alkaline
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phosphatase were predictive of better response and longer survival (see also [166]). The
toxicity was acceptable, with grade 4 toxicities in less than 10%. Highest dose was reached
in tumor, while the dose in kidney and parotid was about 3-fold lower [217]. Several trials
with hundreds of patients are active (e.g. NCT03042468, NCT03042312 and
NCT03454750). This conjugate was also prepared and tested with a-emitting >*>Ac. First
results look very promising showing similar response rate as with '"’Lu and ~10% of

complete responses lasting over two years [225-227].

A newer 7"Lu-PSMA-1&T (Fig. 8) has been tested in 100 mCRPC patients. It showed
acceptable toxicity with grade 4 in less than 10% with the most prevalent side effect being
dry mouth. At least 50% decline in PSA level has been observed in 32% and median
progression free survival was 4 months [21, 228]. These data suggest lower efficacy than
with '7"Lu-PSMA-617. Finally, '3'1 MIP-1095 (Fig. 8) was tested in two studies and it
showed reduction in PSA of at least 50% in 60-70% patients and tolerable toxicity [202,
229].

These data confirm that GCPII is a valuable target for targeted therapy and hopefully
it is just a matter of time until anti-GCPII agents will help PCa patients. The possibility of
both imaging and targeting the same protein is appealing, since it may be easy to select the

most responsive patients in advance [230].
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1.2. Methods for selective protein detection

Many diseases are screened by detecting blood levels of selected target proteins, e.g.
liver or heart damage or prostate cancer, and selective and sensitive detection of protein in

complex biological matrices is thus major challenge in clinical analytics.
1.2.1. Immunoassays

Nowadays golden standard for selective protein detection in biological matrices are
immunoassays with sandwich ELISA being the most prominent example [231]. They have
been developed in 1960s and 1970s [232, 233]. Their huge impact is evidenced by the fact,
that Rosalyn Yallow has been awarded with Nobel prize in 1977 for her pioneering work in
the field of immunoassays, which enabled the first detection of insulin in human plasma
[233]. Web of Science search for ELISA returns about 150,000 results (10,000 per year in

recent years), which shows its extensive and persisting use in research.

In sandwich ELISA, an analyte is captured by an immobilized antibody, then probed
with a second enzyme-linked antibody and quantified via a reaction catalyzed by the linked
enzyme [231]. The linked enzyme is most commonly horseradish peroxidase and is detected
mostly with chromogenic substrates such as OPD (o-phenylenediamine dihydrochloride) or
TMB (3,3',5,5'-tetramethylbenzidine) [234] or with chemiluminescent substrate luminol (5-
amino-2,3-dihydro-1,4-phthalazinedione) [235]. Such detection usually yields detection
limits as low as 10 pg/ml of target protein (see e.g. Quantikine ELISA for human CAIX from
RnD Systems). In automated assays used in the clinics, the enzyme is usually substituted by
acridinium esters which produce chemiluminescent signal upon addition of alkaline
hydrogen peroxide [236]. Such automated immunoassays are capable of detecting several
pg/ml of prostate specific membrane antigen (PSA) in blood serum (see e.g. Abbott Architect
total PSA kit, IVD Ref. 7K70).

To increase the sensitivity, enzyme-linked antibodies have been replaced by DNA-
linked antibodies allowing detection by quantitative polymerase chain reaction (qPCR) in
the so called immuno-PCR methods [237] (Fig. 10 on page 35). Ruzicka ef al. showed the
use of non-covalent DNA-antibody conjugate [238] while Hendrickson et al. showed the use

of covalent DNA-antibody conjugate [239]. A number of different immuno-PCR protocols
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for a number of distinct targets have been developed [240, 241] and they have been shown

to detect serum levels of PSA lower than 1 pg/ml [242].

In some cases ELISA tests do not provide the result with sufficient sensitivity and/or
selectivity. In such cases, Western blot (WB) is commonly used. Typical example is the use
of WB to confirm diagnosis of Lyme disease in which borrelia specific antibodies in patients
serum are detected directly on antigens from lysed borrelia cultures [243-245]. WB was also
the first diagnostic test for HIV detection and has long been used as confirmatory test for
HIV infection [246, 247]. It has been also used in the early attempts to detect GCPII in human
blood [101].
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Figure 10: Sandwich ELISA and direct immuno-PCR

Comparison of sandwich ELISA, where the amount of the assayed protein is determined via enzymatic reaction
of horseradish peroxidase, which is covalently attached to the detection antibody. Peroxidase catalyzes either
chemiluminescent or chromogenic reaction. In immuno-PCR, the enzyme has been replaced by a DNA
oligonucleotide, which is determined in quantitative PCR (qPCR).

1.2.2. Enzymatic assays

In many cases, the target protein is an enzyme, which enables its direct quantification
via its enzymatic activity. Notoriously known example is the detection of Alanine amino
transferase (ALT) and Aspartate amino transferase (AST) to asses liver damage [248, 249].
These tests are usually simple spectrophotometric assays, while the detected chemical is
usually formed from the target enzyme product via coupled (enzymatic) reactions [250].

Higher sensitivity and selectivity is achieved by the use of radiolabeled substrate enabling
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direct quantification of the product [251]. The downside is the more complex protocol due

to the necessity of separation of the product and the use of harmful radioisotopes.
1.2.3. Detection of mRNA via qRT-PCR

Alternatively, cellular or tissue expression of a target protein can be determined via the
quantification of its messenger RNA (mRNA) via quantitative reverse transcription
polymerase chain reaction (QRT-PCR). The advantages are sensitivity, selectivity and
dynamic range and there is no need for target recognizing antibodies, while the downsides
are complexity of the protocol as well as the fact that in some cases mRNA levels do not
correlate to the protein level due to posttranslational regulation. The protocol consists of
multiple steps: (1) tissue extraction, (2) tissue homogenization, (3) RNA isolation, (4)
analysis of RNA degradation, (5) reverse transcription of mRNA into complementary DNA
(cDNA) and (6) quantitative PCR (qPCR). In qPCR, the target cDNA is selectively amplified
by a pair of primers and detected mostly either via SYBR Green (which fluorescence lights
up after intercalation into double stranded DNA) or via double hydrolysis probe
complementary to the amplified sequence (also called TagMan probe, which fluorescence
lights up after cleavage by the polymerase). Fluorescence is read during each PCR cycle and
a threshold cycle (C;) is determined as the cycle in which the fluorescence raised above
arbitrary threshold, which is indirectly proportional to the logarithm of initial target DNA
concentration [252, 253]. Newer and more reproducible way is determining of C, via second
derivative maximum introduced by Roche. The amount of target cDNA is then determined

by comparing determined C; to the serially diluted standard of known concentration.

Unfortunately, many steps are prone to confounding errors and have to be performed
in a standardized fashion. Tissues have to be processed or deep frozen immediately after
dissection, otherwise changes in gene expression occur. The isolated RNA has to be pure and
intact. Reverse transcription is inhibited by some tissue contaminants such as heparin and
internal controls have to be introduced (most useful is the incorporation of reference genes).
Finally, primers have to be designed and tested to selectively amplify the target sequence

and not homologous sequences as well as genomic DNA [254].
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1.3. Methods for screening of enzyme inhibitors and

receptor ligands

Enzymes and receptors are important targets in medicine due to their involvement in
many human diseases [255]. There are numerous examples of diseases treated by enzyme
inhibitors: high blood pressure, certain cancer types, several infectious diseases such as
influenza, HIV or hepatitis efc. About half of the marketed drugs target five main protein
families: proteases, kinases, ion channels, G-protein coupled receptors (GPCRs) and nuclear
receptors (NRs) [256]. One of the major scopes of drug discovery is thus the search for
enzyme inhibitors and receptor ligands, which is usually done by screening large libraries of

low molecular weight compounds [257].
1.3.1. In vitro assays

Inhibition potency of compounds toward an isolated enzyme is determined directly by
measuring the change of its catalytic activity in the presence of the compound. Typically,
pro-fluorescent peptides are used as probes for proteases [258, 259]. Signal producing
product may be produced also by coupled enzymatic reactions, which is a strategy frequently
used by kinases [260] and which is also commercially available (Kinase-Glo assays from
Promega). The disadvantage of using coupled enzymatic detection is the appearance of false
positives inhibiting these coupled enzymes and the necessity to run counterscreens on those
enzymes [261]. An alternative way to detect ADP produced by kinases has been developed
by Bellbrook labs [262]. In this approach, anti-ADP antibody binds fluorescently labeled
ADP, which is outcompeted by the ADP produced by tested kinase, which result in the

change of fluorescence polarization (FP).

Binding potency of compounds toward enzymes and receptors can be determined also
via detection of its ability to displace active site probe. Typically, such probe is fluorescently
labeled and its displacement is measured by the changes in FP and unbound probe does not
need to be separated from the protein [158, 263, 264]. Their simple protocol is compensating
higher false positive rate of FP assays. Other ways of labelling the active site probe are also

possible, but they usually necessitates immobilization of the target protein and separating
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bound and unbound labeled probes. Such approaches are used due to their applicability to

screen whole enzyme families such as kinases [265] or serine proteases [266].

Finally, the interaction between a purified protein and compound can be determined
also based on the thermal stabilization of the protein after the binding of the compound in a

thermal shift assay [267].
1.3.2. Cellular assays

Unfortunately, assays listed in previous section require purified proteins, which can be
a great obstacle, because (1) certain proteins cannot be prepared in purified form and (2)

cellular context and binding partners are crucial for many targets.

Therefore, cellular assays are becoming increasingly popular. Assays using fluorescent
sensors measuring intracellular Ca** levels for measuring ion channel activation have been
developed [268, 269]. Moreover, assays based on enzyme fragment complementation [270]
or bioluminescence (fluorescence) resonance energy transfer; BRET (FRET) [271] have
been developed for screening of ligands of GPCRs. In addition, phenotypic screens observing

multiple parameters at once (i.e. high-content screening) are being commonly used [272,

273].

Even though these assays proved to be a valuable addition to the screening toolbox,
they sometimes suffer from low reproducibility due to the fact, that cells are living organisms

influenced by environmental factors.
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2. Results

2.1. Aims of the thesis

1.

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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2.2.3. Publication 1: Comparison of human glutamate carboxypeptidases

IT and III reveals their divergent substrate specificities

Motivation of the study

GCPIII has been for a long time considered a twin-protein of GCPIL. It has been shown
that it has preference for similar N-acetylated dipeptides as GCPII and that it is also able to
cleave NAAG, but with lower efficiency than GCPII [34, 274]. It has been also shown that
it 1s responsible for a significant portion of NAAG cleaving activity in vivo [38]. Only
recently, it has been shown that GCPIII cleaves BCG, which is not cleaved by the GCPII
[35]. This novel observation may represent the physiological role of GCPIII and may also
enable selective quantification of this enzyme in human tissues, which was not possible until
now due to lack of selective antibodies. Since Collard ef al. studied only the mouse proteins,
we decided to examine whether his findings apply also to recombinant human purified GCPII

and GCPIIL.
Summary

Here, we determined kinetic parameters for human GCPII and GCPIII for all three
known substrates of the two enzymes NAAG, BCG and y-glutamylated folates (designated
as FolGlux). We also examined, whether the GCPII and GCPIII activities show the same
dependence on concentrations of selected bivalent cations as reported for their mouse
counterparts [35]. We also made use of the determined substrate selectivities of GCPII and
GCPIII to quantify both enzymes in homogenates of human tissues. Finally, we also

determined amount of GCPII and GCPIII mRNA levels in human tissues via qRT-PCR.

First, we have shown that both enzymes are able to cleave all three substrates, but with
various efficiencies. Moreover, GCPIII displayed a strong dependence of activity on bivalent
cations, which was dependent not only on the type of cation used but also on the substrate.
BCG cleavage was activated ~100-fold by calcium or manganese cations but not by zinc
cations, whereas NAAG cleavage was activated ~10-fold by manganese or zinc cations but
not by calcium cations. The maximum catalytic efficiency for BCG was ~10-fold higher than
the maximum efficiency for NAAG. On the other hand, GCPII activity was completely

independent on the concentration of any of the bivalent cations tested. The magnitude of
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GCPII NAAG cleaving activity equaled to the maximum BCG activity of GCPIII, while its
BCG activity was about five orders of magnitude lower. GCPII was also more effective in

cleavage of y-glutamylated folates.

To understand the mode of binding of BCG to both enzymes, we have also solved
crystal structure of GCPII inactive form with bound BCG and built a QM/MM model of
GCPIII in complex with BCG. In both cases, the glutamate moiety was bound to the S1'
pocket as it is usual with other substrates. The crystal structure showed only few interactions
of citrate moiety with GCPII, which may explain its low potency as a GCPII substrate. The
QM/MM model showed more interactions of BCG with GCPIII than in with GCPIIL. We also
tried to address the possibility of exchange of one of the active site zinc ions by calcium ion.
This was suggested previously by Collard et al. and may explain the calcium dependent
activation of BCG cleavage; however, our QM/MM model did not clearly answer this

question.

Finally, we have exploited the fact, that GCPIII catalyzed BCG cleavage is in the
presence of calcium ions much faster than the NAAG cleavage and vice versa for GCPII
catalyzed cleavage, to quantify the amount of both proteins in human tissue homogenates.
We have found the highest GCPII amount in brain, kidney and prostate, while the highest
concentration of GCPIII was in testis (Fig. 11 on page 44). To corroborate these results, we
have developed selective qRT-PCR assays for both enzymes and quantified their amount in
a panel of human tissue cDNA libraries obtained from Clontech (Human MTC Panel I and
IT). We have chosen this commercially available set, because this panel has been normalized
to expression of several housekeeping genes and each tissue library was pooled from several
individuals and should thus represent a population mean. Obtained expression profile
corresponded well to the activity-based profile; highest GCPII expression was observed in

prostate, liver, kidney and brain, while GCPIII was observed in testis, ovary and placenta.
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Figure 11: GCPII/III protein and mRNA levels of in human tissues.

(a) GCPII and GCPII levels in selected human tissues determined via NAAG and BCG hydrolyzing activity
compared to total protein level in tissue homogenates. (b) Levels of GCPII and GCPIII mRNAs determined via
gPCR. The “No. of transcripts” represents the amount of transcripts determined in 1.0 pL of 10-fold diluted
tissue cDNA library obtained from Clontech (Human MTC Panel I and II), with values representing the mean
from triplicate measurements. Error bars represent standard deviation.

My contribution

I developed the qRT-PCR assays for human GCPII and GCPIII, tested their selectivity
and determined the amount of GCPII and GCPIII via qPCR in cDNA libraries. I also
analyzed all amplification reactions on agarose gel electrophoresis. I contributed to the data

analysis and writing of the manuscript.
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2.2.4. Publication 2: Mouse glutamate carboxypeptidase Il (GCPII) has a
similar enzyme activity and inhibition profile but a different tissue

distribution to human GCPII

Motivation of the study

GCPII is a promising target for multiple conditions and mouse is an important model
organism. Mice have been used to study targeting of human prostate carcinoma xenografts
in vivo as well as to study its role in brain. Murine GCPII knockouts have been developed to
address the role of GCPII and the influence of GCPII inhibition in a variety of mouse models

for neuropathologies have been examined (see section 1.1.4. for more details).

It is therefore necessary to understand the biology of murine GCPIL. Is it expressed in
the same organs as in humans? Does it have the same substrate specificity? Do the inhibitors
inhibit murine GCPII with the same potency as human GCPII? These are some of the
questions, which have to be answered before the results of a mice study can be generalized
to human biology. Such characterization was done for rat and pig orthologs [6] but only little
information is available for mouse ortholog [35, 38, 134]. Most importantly, no direct
comparison for mouse vs. human GCPII is available and we therefore decided to prepare

purified recombinant murine GCPII and compare it to its human counterpart.
Summary

Here, we present an enzymological characterization of purified recombinant murine

GCPII and a study of GCPII expression profile in mice tissues.

First, we cloned, expressed and purified murine GCPII and determined its kinetic
parameters, substrate specificity and inhibition profile. Both human and murine GCPII
cleave NAAG and FolGlu; substrates with the same kcq:, while human GCPII has ~5-10 times
lower K)s values for both substrates and thus higher catalytic efficiencies. Both enzymes were
more >10-fold effective in cleaving FolGlu; compared to NAAG. They also cleaved
randomized library of N-acetylated dipeptides with similar selectivity, however, the
preference of glutamate in C-terminal position seemed more pronounced for the mouse
ortholog. Moreover, our test set of inhibitors showed the same potency against both proteins.

Both proteins thus showed a very similar enzyme characteristics and inhibition profiles.
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We then focused on analysis of tissue expression via multiple orthogonal assays. We
employed radioenzymatic assay, western blot, qRT-PCR and for selected tissues also
immunohistochemistry. Multiple methods have been used, because the antibody-based
methods cannot distinguish between GCPII and GCPIII due to the slight crossreactivity of
the GCP-04 antibody with GCPIII (see publication VIII). Fortunately, radioenzymatic assay
detecting NAAG cleavage is about 100-fold more sensitive for GCPII than GCPIII (see
publication I for more details) and it has been shown that GCPII accounts for most of the
NAAG activity in mouse [38]. Finally, data from these methods were correlated with qRT-
PCR determination, which was able to selectively detect both GCPII and GCPIII mRNAs.

The expression profiles from all methods correlated well in most tissues.

We have found highest GCPII expression in brain and kidney, which is consistent with
previous reports [35, 38, 134] and corresponds to GCPII expression in human [6].
Interestingly, the expression in kidney is localized to proximal tubules, which suggest that
GCPII may indeed play a role in reabsorbing folate from urine. We have also found
significant amount in salivary glands, which corresponds well to the human, where high
GCPII expression in the salivary glands was demonstrated by the high uptake of GCPII
targeted radiotracers [165]. Generally, the GCPII expression correlated well to humans with
two important exceptions: we observed no expression of GCPII in prostate, which is in line
with previous reports [15, 134], and only little or no expression in small intestine, which may
suggest that GCPII does not play important role in dietary folate absorption in mice. These
discrepancies represent an important warning when considering mice as models for prostate

cancer or when deciphering GCPII biological role from mouse models (Fig. 12 on page 47).

Taken together, murine GCPII does not differ significantly in its enzymatic properties
from human GCPII and its expression profile is similar to human in most tissues with the

exception of prostate and small intestine.
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Figure 12: Quantification of murine GCPII and GCPIII transcripts using qPCR.

(a) Quantification of murine GCPII and GCPIII trascripts (designated as mGCPII and mGCPIII) using gPCR
in commercial mouse tissue cDNA libraries from Clontech. The ‘No. of transcripts’ corresponds to the amount
of transcripts in 1.0 pl of 10-fold diluted cDNA libraries. (b) and (¢) Quantification of mGCPII and mGCPIII
transcripts using qQRT-PCR in cDNA libraries prepared from mouse tissues dissected from one female (b) and
one male mouse (¢). The ‘No. of transcripts’ corresponds to the amount of transcripts per 10 ng of total RNA
as a starting material for cDNA synthesis. (a-¢) Error bars show standard deviations from triplicate
measurements. * Not determined.

My contribution

I was responsible for the qRT-PCR part of the study. I developed the qRT-PCR assays
for murine GCPII and GCPIII, tested their selectivity and then determined GCPII and GCPIII
amounts via qPCR in cDNA libraries and analyzed all amplification reactions on agarose gel
electrophoresis. I also isolated RNA, tested its integrity and reverse transcribed it to cDNA.

I contributed to the data analysis, discussion of the results and writing of the manuscript.
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2.2.5. Publication 3: Detection and quantitation of glutamate

carboxypeptidase II in human blood

Motivation of the study

Prostate cancer (PCa) is the most prevalent cancer among men and it is most commonly
diagnosed via quantification of PSA in blood serum [275]. However, it suffers from false-
positives leading to unnecessary prostate biopsies [162]. It also cannot precisely distinguish
patients who would benefit from radical prostatectomy treatment [276] and the reduction of
the rate of death in patients who undergo treatment because of positive PSA test remains
elusive [277-279]. PSA test in men without symptoms has thus been questioned by some

authorities such as U.S. Preventive services task force [161].

Therefore, there is a strong need to discover new PCa markers with higher predictive
value and GCPII might represent such marker. Initial studies determining GCPII levels in
blood serum by western blot led to inconsistent results and some studies even claimed that
there is no GCPII in human blood [17, 101, 280], however a newer study showed
significantly elevated GCPII serum levels in PCa patients compared to healthy individuals
[18]. However, this study analyzed only limited number of patients and relied on SELDI
method, which is not suitable for diagnostics. Reliable methods has to be developed in order
to validate those findings and potentially enable the use of GCPII for improving diagnostics

of prostate carcinoma.

We thus decided to develop several orthogonal assays suitable to detect GCPII in

human blood samples, which we reported in this publication and publication IV.
Summary

In this report, we showed that the ability to cleave NAAG in human blood is unique to
GCPII. We utilized this fact to develop radioenzymatic assay to quantify GCPII in human
blood plasma samples. In this manner, we validated that GCPII is indeed present in human

blood, but its levels are lower than reported in study by Xiao et. al [18].

First, we validated that GCPII is present in human blood and that we can detect NAAG
hydrolyzing activity. The presence of GCPII was probed by immunoprecipitating the GCPII

from blood plasma via our biotinylated 2G7 antibody and bound protein was then analyzed
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on western blot and mass spectrometry. GCPII was detected in both methods: 11-04 antibody
showed intense band on western blot of expected molecular weight for full length GCPII
(>100KDa) and mass spectrometry identified peptides covering 34% of the GCPII sequence
including peptide covering intracellular part of GCPII. These results suggest, that GCPII is
present in blood as a full length form. Next, we tested dilution series of three plasma samples
and were able to detect NAAG hydrolyzing activity in all of them with linear dose response
in the range of 10- to 100-fold diluted plasma. Moreover, we selected one sample and tried
whether its activity can be inhibited by a series of known GCPII inhibitors. We found that
the activity was almost completely inhibited by each compound, which provided us basic

evidence that the activity comes from GCPII.

We then determined the GCPII levels in plasma samples of 19 healthy individuals
(4 women and 15 men) by measuring their NAAG activities and comparing them with a
dilution series of our recombinant purified GCPII standard. The median concentration was
1.7 ng/ml in women (range 1.3 to 4.3 ng/ml) and 3.2 ng/ml in men (range 1.3 to 17.2 ng/ml),
see Tab. 1 on page 50 for more details. Interestingly, there is only weak difference between
men and women and also these concentrations are 10 to 100 fold lower than determined by

Xiao [18].

Finally, we wanted to confirm whether all of the NAAG activity comes from GCPII,
or whether there is a contribution from another enzyme. The only other enzymes reported to
have NAAG cleaving activity are GCPIII [34], and plasma glutamate carboxypeptidase
(PGCP) [281]. We did several additional experiments to exclude those two enzymes. First,
we tested the influence of 500 nM 2-PMPA, which is a potent known GCPII inhibitor (K; =
0.3 nM), and found out that the activity is completely abolished in all 19 individuals.
Unfortunately, GCPIII is potently inhibited by 2-PMPA and other GCPII inhibitors as well
[34]. To exclude GCPIII, we determined BCG hydrolyzing activity of all samples diluted in
buffer containing 5 mM CaCl,. Under such conditions, GCPIII cleaves BCG with about 100
fold higher efficiency than it cleaves NAAG (efficiency of NAAG cleavage is the same with
or without calcium ions, see Table 2 in Publication I for more details). The observed BCG
cleaving activity was in all samples much lower than the NAAG cleaving activity and GCPIII
thus cannot be the enzyme responsible for NAAG cleavage. To exclude PGCP, we cloned,

purified and characterized this enzyme. The PGCP protein showed a strong SerMet cleavage
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activity as described previously [281, 282], but this activity could not be blocked by 500 nM
2-PMPA. Moreover, we were not able to detect any NAAG cleaving activity, even by using
5 ug of the purified PGCP (10° fold more than the amount of GCPII needed to produce

significant activity).

Taken together, we have shown evidence that the enzyme responsible for NAAG
cleavage in human serum is indeed GCPII and that we are able to determine its levels by

examining rate of NAAG hydrolysis with our radioenzymatic assay.

Table 1: Radioenzymatic detection of GCPII levels in the blood plasma of healthy volunteers.

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+0.3
male 1 20 3.7+ 0.6
male 2 22 40+0.6
male 3 24 23+04
male 4 25 5.7+0.8
male 5 26 1.8+£0.3
male 6 26 1.4+£0.3
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+0.3
male 11 33 32+0.5
male 12 34 17.2+5.0
male 13 45 24+0.6
male 14 50 3.0+04
male 15 52 99+1.0

Quantification of NAAG cleaving activity was used to determine GCPII concentration in the heparin blood
plasma samples of healthy volunteers. 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 significant correlation between GCPII levels and the age or sex was observed.

My contribution

I conceived the study. I made first proof-of-principle experiments evaluating the
possibility to detect low amounts of GCPII via enzymatic activity. I tested binding affinity
of several novel anti-GCPII antibody clones, selected the 2G7 clone and optimized its
purification protocol; this clone showed much better performance than our previous II-05

clone. I also contributed to the data analysis and writing of the manuscript.
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2.2.6. Publication 4: DNA-linked Inhibitor Antibody Assay (DIANA) for

sensitive and selective enzyme detection and inhibitor screening

Motivation of the study

Enzymes are important targets in diagnostics and treatment due to their involvement
in etiology of most human diseases. Currently, many diseases are diagnosed by quantification
of disease-related enzymes in biological samples, with sandwich ELISA being the golden
standard. Moreover, many diseases are treated by drugs inhibiting disease-related enzymes
and therefore the search of such inhibitory molecules is one of the major scopes of drug
discovery. To find these inhibitors, small-molecule libraries are commonly screened by
methods based on enzyme kinetics or on displacement of fluorescent active site probe.
However, such screens usually consume large amounts of purified enzyme, which is in some
cases not possible to prepare. Therefore, we combined approaches used in both fields and
attempted to develop "first assay of its kind" which would be suitable for both ultrasensitive
enzyme quantification and screening of enzyme inhibitors and which would overcome the
current state of the art technologies in sensitivity and its applicability to screen inhibitors

with unpurified enzyme.

Moreover, such method would be especially useful for our protein of interest, GCPII.
Nowadays, there is no reliable and sensitive assay useful for detection of GCPII in blood in
clinical setting and the development of such assay would facilitate validation of GCPII as
prostate carcinoma serum marker. At the same time, novel GCPII inhibitors with improved
pharmacokinetics are urgently needed for the development of brain penetrant neuroprotective
agents, but no assay is available, which would enable sensitive screening of GCPII inhibitors

(see section 1.1.6. for more details).
Summary

Here, we describe the development of a novel multi-well plate based method for
ultrasensitive enzyme quantification and quantitative inhibitor screening and evaluation of
this method on two putative cancer markers and potential drug targets: GCPII and CAIX. In
the DNA-linked Inhibitor ANtibody Assay (DIANA), the target enzyme is captured by an

immobilized antibody, probed with the detection probe consisting of a small-molecule
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inhibitor attached to a reporter DNA, and subsequently detected by qPCR (Fig. 13A). The
dual recognition by antibody and inhibitor provides selectivity, while qPCR provides
sensitivity and broad linear range. Moreover, the detection probe binds to the active site of

the enzyme, which can be used to evaluate the inhibition potency of other compounds.

First, we prepared the detection probes recognizing GCPII and CAIX. We were able
to covalently link known inhibitors of these enzymes to a DNA oligonucletoide without the
loss of their activity. However, the affinity of original CAIX inhibitor was much lower than
that of GCPII inhibitor. We thus prepared an oligonucleotide with two inhibitor moieties,
which lead to an increase in potency of about 50 fold. Therefore, we used this bivalent probe

for all CAIX experiments. The structures of the probes are shown in Fig. 13B.
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Figure 13: Schematic representation of enzyme detection by DIANA.

(a) 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. (b) Structures of the detection probes used for
quantification of GCPII (marked here as PSMA) and CAIX. Each probe consists of reporter DNA (green box)
covalently attached via a linker region (black box) to a competitive inhibitor of GCPII or CAIX (magenta box).
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Next, we tested the ability of the proposed sandwich of immobilized antibody and
detection probe to quantify both target enzymes. We detected as little as 1.1 zeptomole of
GCPII standard (100 ag) and as little as 46 zeptomoles (2.5 fg) of CAIX standard. The linear
range was more than six orders of magnitude for GCPII detection and more than five orders

of magnitude for CAIX detection (see Fig. 14A-B on page 54).

Next, we analyzed the amount of GCPII and CAIX in serum samples from 12 healthy
men, 12 men with prostate carcinoma (PCa), and 10 men and 2 women with clear cell renal
cell carcinoma (ccRCC). GCPII concentrations in serum ranged from 0.10 to 6.0 ng/ml, with
a median value of 0.45 ng/ml. Interestingly, mean concentration did not differ significantly
among the three groups, suggesting that serum GCPII is not elevated in either ccRCC or PCa.
CAIX concentrations ranged from 0.034 to 0.61 ng/ml, with a median value of 0.12 ng/ml.
Mean CAIX concentration was significantly elevated not only in patients with ccRCC, which
is in line with previous reports [283, 284], but also in PCa patients which is novel observation

(see Fig. 14C-D on page 54).

We also evaluated the sensitivity of DIANA assay in serum samples by outcompeting
the selective binding of the probe by free inhibitor. In this manner, we estimated the average
limit of detection of GCPII in a 1-pul sample to be 0.8 pg/ml (range 0.4 to 2.4 pg/ml) and of
CAIX in a 10-pl sample to be 1.1 pg/ml (range 0.7 to 2.8 pg/ml). These detection limits were
two to three orders of magnitude below the actual GCPII and CAIX enzyme concentrations
for most of the analyzed clinical samples. To put this in context, the detection of GCPII via
sandwich ELISA was about 100-fold less sensitive even though 10-fold higher volume was
used, while CAIX sandwich ELISA was about 10-fold less sensitive by using 10-fold higher

volume. The linear range of both ELISA assays was approximately two orders of magnitude.

We have shown that DIANA assay can detect extremely low amounts of enzymes and
with broad linear range in complex biological matrices. At the same time, it recognizes only
the active form, because the probe binds to the intact active site. We therefore decided to
explore also the possibilities to determine inhibition potencies of other compounds by
incubating the target enzyme with the probe in the presence of such test compounds. Based
on the superior performance characteristics, we proposed that we could be able to determine

inhibition potency of the test compound by testing just a single well (Fig. 15A on page 55).
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Figure 14: Ultrasensitive detection of GCPII (marked as PSMA) and CAIX by DIANA and
comparison of their serum levels between healthy and diseased individuals.

(a,b) Plots of average C, values vs. amount of human recombinant purified GCPII standard diluted in buffered
solution (a), or average C, values vs. amount of human CAIX present in HT-29 cell lysate diluted in buffered
solution (b). Upper x-axes indicate molar concentration, while lower x-axes indicate the corresponding molar
amount per well. Horizontal lines show the average background signal; dashed horizontal lines show the
average background signal plus 2 s.d. Error bars show s.d. of quadruplicate measurements. (¢,d) Plots of GCPIL
(¢) and CAIX (d) serum levels determined by DIANA in samples from 12 healthy males, 12 males with
histologically proven PCa and 10 males and 2 females with histologically proven ccRCC. Horizontal lines
indicate median concentrations; * indicates statistically significant differences between the groups with p < 0.05
as determined by the two tailed Mann-Whitney test.

First, we examined a dilution series of selected known inhibitors and calculated their
potency from each tested concentration. The determined K; values of GCPII inhibitors were

constant over six orders of magnitude of the compounds' concentration. We have seen similar
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behavior also for CAIX inhibitors, only the range of the useful inhibitor concentration was
narrower due to the use of cell lysate containing only a little of endogenous CAIX and also
due to the bivalency of the probe. These results confirmed the possibility of determining

inhibitor potency just from single well, which we later evaluated on larger set of inhibitors.
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Figure 15: Determination of inhibitor potencies from single well by DIANA.

(a) Detection probe was incubated with target enzyme in the presence of evaluated compound. In case the test
compound binds to the enzyme, the amount of bound probe is lowered. This change in the amount of bound
probe (determined as AC, between well with the compound and control well without any compound) and
concentration of the compound were then used in calculation of its inhibition constant (K;; formula valid for
monovalent probe is shown): K; = (2"2¢7 / (1 — 2°2¢9)) * o, / (1 + (Prot / Ka)). Lo is the total concentration of the
tested inhibitor, Py is the total concentration of probe and Ky is the dissociation constant of the probe. Constant
is equal to the term 1 + (P« / K4), which can be approximated by one if probe concentration Py is held below
its K4. (b) Plot of K; values of 41 GCPII (marked as PSMA) inhibitors determined by titrating recombinant
purified GCPII with inhibitor and measuring kinetics (x-axis) vs. K; values determined by DIANA from a single
well containing 100 pM inhibitor and recombinant purified GCPII (y-axis). (¢) Plot of K; values of 41 GCPII
inhibitors determined by DIANA from a single well containing 100 uM inhibitor with recombinant purified
GCPII (x-axis) vs. K; values determined by DIANA from two measurements with unpurified endogenous GCPII
in 1 pl of human serum in the presence of either 100 uM or 100 nM inhibitor (y-axis). (b-¢) Lines show linear
regression of log-transformed values; dashed lines indicate values that are 1.5-fold higher or lower than the
linear fit. Error bars show s.d. of duplicate measurements in the case of DIANA, or s.e. of the titration in the
case of enzyme kinetics.
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Finally, we selected 41 known competitive inhibitors of GCPII and determined their
K; values by single-well measurements at a constant concentration of inhibitor (100 uM). We
compared these values with values determined by regular substrate cleavage assay with serial
dilution of inhibitor and HPLC readout (Fig. 15B). The two methods showed excellent
agreement (R?=0.991) over the entire range of K; values covering seven orders of magnitude
from mid-picomolar to mid-micromolar. The high selectivity and sensitivity of DIANA even
allowed us to determine K; values for this set of GCPII inhibitors in the same manner using
human serum rather than purified GCPIIL. The values measured in this way agreed well with
those determined using recombinant GCPII (Fig. 15C) over the entire range of K; values (R?
=0.989). We performed similar comparison of K; values determined by single-well DIANA
measurements and enzyme kinetics assay also for a set of known CAIX inhibitors and we
observed good correlation as well. This showed us that DIANA accurately measures K;

values from a single inhibitor concentration and that purified enzyme is not needed.

We have shown that DIANA is suitable for both ultrasensitive enzyme quantification
and quantitative evaluation of inhibitors with unpurified enzyme, which overcomes the limits
of current state of the art methodologies in sensitivity and linear range. It is multi-well plate
based, automatable and it has the unique ability to determine the compound’s potency from
a single well, which makes it an ideal candidate for screening of enzyme inhibitors in
compound libraries. These performance characteristics make it a superior tool for disease

detection and drug discovery.
My contribution

I designed the study. I developed the DIANA protocol and conducted all DIANA
experiments. I derived the theoretical background for inhibitor screening and validated it
experimentally. I also developed the sandwich ELISA for GCPIIL. I analyzed the data and

wrote the manuscript.
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3. Discussion and conclusions

Selective quantification of GCPII and GCPIII in human and mice tissues

In publication I, we have done thorough enzymatic characterization of human GCPII
and GCPIII and exploited their divergent substrate specificities to determine their amounts
in human tissues. We also determined their tissue expression by qRT-PCR assay. This study
thus represents a first comprehensive quantification of both enzymes in human tissues at both

mRNA and protein level.

Results from both enzymatic assay and qRT-PCR assay were in a good agreement.
GCPII levels were consistent with our previous data obtained by western blot [6] and with
data available from other groups [10-12]. The expression of GCPIII mRNA in testis, ovary
and placenta is in good agreement with previous report [32]. There are no previous data on
quantification of human GCPIII in tissues at protein level, but the predominant expression in
testis agrees well with GCPIII expression in mouse and even collocalizes with the BCG
which has been also found predominantly in testes of rat adults [84]. Since GCPIII reaches
its maximum BCG cleaving activity at near physiological two-milimolar concentration of
calcium cations and collocalizes with BCG, the cleavage of BCG is likely the physiological
function of GCPIIL

In publication II, we presented an enzymological characterization of purified murine
GCPII and a study of GCPII expression profile in mouse. We have shown that murine GCPII
does not differ significantly in its enzymatic properties from human GCPII and its expression
profile is similar to human in most tissues with the exception of prostate and small intestine

as determined by several orthogonal methods.

Using qRT-PCR and other methods, we have seen GCPII expression also in mouse
testis, while we have not detected any GCPII in human testis (publication I). We speculate,
that this may be connected to the lack of GCPII in mouse prostate and that it may represent
a difference in mouse anatomy rather than in GCPII physiology. While human GCPII enters
the seminal plasma via secretion in the prostate gland [6, 12], murine GCPII may enter
seminal fluid at a different occasion in mouse, i.e. in seminiferous tubules, efferent ducts or

epididymis and still play the same physiological role.
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Using qRT-PCR, we have also quantified the amount of GCPIII in mouse tissues. We
have found significant expression of GCPIII in testes, ovary, uterus, heart and embryo. This
is in line with previous reports [33, 35] and corresponds to the expression of GCPIII in human
tissues as we have seen in publication I and as was previously reported [32]. It also

corresponds to the prevalence of BCG in mouse tissues [84].
Methods for GCPII quantification in blood and its role as PCa serum marker

In publication III, we have developed a radioenzymatic assay to quantify GCPII in
human serum. First, we have shown that NAAG cleaving activity in human serum is unique
to GCPII as we excluded the only known possible enzymes having the same activity: GCPIII
and PGCP. We then quantified the rate of NAAG hydrolysis in blood plasma samples drawn
from 19 healthy individuals and calculated the amount of GCPII present in these samples,
while using recombinant purified GCPII as standard. The median serum concentration was

1.7 ng/ml in females (range 1.3 to 4.3 ng/ml) and 3.2 ng/ml in men (range 1.3 to 17.2 ng/ml).

At the time we started working on methods for GCPII quantification, it was not only
unclear, whether its concentration is elevated in prostate cancer patients, but even the fact
that GCPII is present in human blood was not quite consistently demonstrated and the
absolute GCPII level remained unclear. First reports using western blot yielded inconsistent
results and they were not able to quantify the GCPII amount [17, 101, 280, 285, 286]. The
only sandwich ELISA was reported by Sokoloff et al. [12]. Unfortunately, this report only
stated that this ELISA is able to detect GCPII in blood, but did not showed any GCPII
concentrations. Another report using SELDI assay was published by Xiao et al. and stated
that GCPII is present in blood at 100 to 1,000 ng/ml and is significantly elevated in PCa
patients compared to BPH group [18]. After we started working on this project, a plethora of
new reports was published [287-293]. However, they did not shed light on the GCPII
concentrations in blood, only few reached sufficient sensitivity and actually determined
GCPII in blood, but they analyzed very limited number of samples (~10) [288, 289]. They
confirmed the serum levels of about 100-1,000 ng/ml reported previously by Xiao et al.

During the last years, we have developed several methods for GCPII quantification in
human blood samples: radioenzymatic assay (exploiting NAAG cleavage and described in

publication III), sandwich immunoassay recognizing native GCPII (ELISA described in
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publication IV and XI) and DIANA assay recognizing active GCPII, which could be seen as
a combination of previous methods (publication IV). We first compared the results from
these methods to each other. The radioenzymatic assay gave on average about four fold
higher blood concentrations than our sandwich ELISA, but otherwise these two methods
correlated very well (these results are not part of this thesis, see page 65 for comparison of
the two methods on blood samples from 110 human individuals in ref. [294]). At the same
time, DIANA gave about 0.85 fold lower values than sandwich ELISA with perfect
correlation between the two methods as tested on 36 human serum samples (publication IV).
All three methods thus showed similar results and we therefore believe, that the
concentrations of GCPII in human serum is in the range of approx. 0.10 to 10 ng/ml, with a

median value below 1.0 ng/ml.

These values are, however, about 100-fold lower than previously reported. There might
be at least three reasons for such discrepancies: (1) use of different standards; we have used
our own and well characterized recombinant purified GCPII or (2) all our methods recognize
native protein, whereas previously reported methods may detect also denature protein or
protein fragments, which may have lead to higher detected GCPII levels or (3) different
handling of the blood samples. To investigate the second possibility, we developed a method
for denaturing GCPII in blood serum and a sandwich ELISA consisting of our 11-02 and II-
04 antibodies, which recognize epitopes on denature GCPII in near proximity in the
extracellular domain (see publication VIII for epitope mapping). This sandwich is thus able
to detect total GCPII amount including denature and/or fragmented species. We have then
compared the results from native and denature sandwiches on 110 blood samples (both
healthy and PCa affected individuals) and we have seen a perfect correlation between the
two methods and the denatured sandwich gave about 70% of the levels of native sandwich
(development and use of this ELISA recognizing denature GCPII is not part of this thesis,
see results on page 66 in ref. [294]). To exclude the third possibility, we have tested the blood
levels in all our subjects in heparin (radioenzymatic assay) and citrate (sandwich ELISA)
plasma and in serum (DIANA assay) and have not seen any significant difference.
Consequently, we have not identified the reason for the observed discrepancies of GCPII

serum levels.
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However, even such levels are quite high if we expect that blood GCPII comes from
prostate. They are comparable to concentrations of PSA, which is actually used to diagnose
PCa. Both PSA [295] and GCPII [6, 11] are expressed by the epithelial cells lining the
secretory glands and are found in high concentration in the prostatic fluid, which becomes
part of the seminal plasma. However, PSA is a soluble protein present in seminal plasma in
concentration of about 1 mg/ml [296] whereas GCPII is a membrane bound protein and is
present in seminal plasma at only 0.01 mg/ml [12]. As we have detected similar levels of
GCPII in blood of men and women, which is in line with report from Sokoloff et al. [12]
(unfortunately this study did not reported the absolute values), we speculate that the source

of GCPII may be an extraprostatic tissue.

To finally tackle the question, whether GCPII concentration is elevated in blood of PCa
patients, we determined the GCPII blood levels in both patient samples and samples from
healthy individuals. Using ELISA and DIANA, we determined GCPII levels in small groups
of healthy individuals and PCa patients (12 individuals in each group) and we have not seen
any difference between the groups (publication IV). To shed more light on this question, we
collected and analyzed with our three methods (radioenzymatic assay, sandwich ELISA for
both native and denature GCPII) 110 samples from generalized PCa cases (n=8), localized
PCa cases (n=33), cases with benign prostate hyperplasia (BPH; n=23), healthy males
(n=15), PCa cases after radical prostatectomy with undetectable PSA levels (n=11) and
females (n=20); these results are not part of this thesis, see ref. [294] for more details. We
have found out that median GCPII levels were around 0.8 ng/ml in first four groups and
around 0.4 ng/ml in the last two groups, but these differences were not statistically
significant. GCPII did thus not significantly decreased after surgical removal of the prostate
even though the PSA levels dropped to undetectable values. To confirm these results, we
collected paired samples from six patients drawn before and after prostatectomy, and we
have not seen any decrease in GCPII levels even more than a year after surgery. We also
made ROC analysis for the ability of PSA or GCPII to distinguish between PCa and BPH
and while PSA worked quite well for our samples (cutoft 4.0 ng/ml with 90% sensitivity and
35% false positives; area under curve 0.775), GCPII levels were not useful at all (area under
curve 0.455). Taken together, these data strongly suggest that GCPII in blood originate from

extraprostatic tissue and that its detection cannot be used for prostate cancer diagnosis.
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DIANA assay for ultrasensitive 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 [239], 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. We showed that DIANA represents a powerful method with some important

implications, which are discussed in following paragraphs.

We showed that DIANA can detect very low amount of target enzyme in complex
biological matrices and has very broad linear range. We detected (sub)femtogram amount of
GCPII and CAIX which was by several orders of magnitude less than was detected with
corresponding sandwich ELISA. Such sensitivity is comparable or even better to the most
sensitive sandwich immunoassays, including immuno-PCR [239], immuno-PCR on gold
nanoparticles (Bio-Barcode assay [242]), proximity ligation assay [297], and proximity
extension assay [298]. The linear range of DIANA for GCPII and CAIX detection ranged
between five and six orders of magnitude; this means that it is not necessary to test different
dilutions of the samples, as it is sometimes necessary with sandwich ELISA. DIANA also
selectively detects only the active form of the enzyme, which is likely to be the more

clinically relevant form.

The binding of the detection probe to the enzyme active site, the high sensitivity,
selectivity and wide linear range of DIANA make it well-suited for screening of competitive
inhibitors of target enzymes which ability to outcompete the detection probe is measured.
We have shown that it is possible to accurately evaluate inhibitor potencies even when using
untreated biological matrices such as human serum, which contains very low amounts of
endogenous target enzyme. We have also shown that it is possible to accurately determine
inhibitor potency from single well, which is unique to this method. We have also shown that
both weak (up to submilimolar) and tight inhibitors (up to subnanomolar) are accurately

ranked by DIANA. The solid-phase assay format also allows testing of notorious trouble
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makers, such as fluorescent or colored compounds, since they are washed out before analysis

and therefore cannot interfere with the qPCR readout.

As with other ultrasensitive solid-phase assays, the sensitivity of DIANA is limited by
non-selective adsorption of the detection probe, which leads to the necessity of using a high
potency probes. In our hands, the non-selective adsorption of the probe was much lower than
the non-selective adsorption of a DNA-linked antibody (unpublished data), which is likely
the cause for higher sensitivity of DIANA compared to immuno-PCR. Nevertheless, this
background binding still limited the sensitivity and subnanomolar probe affinity was needed
to detect zeptomole amounts of GCPII. However, such potent ligands have been prepared
only for a limited number of targets. As we showed here for CAIX, in some cases, tight-
binding probes can be prepared from weaker ligands by including several copies of the ligand
moiety in order to induce multiple binding of the probe. Otherwise, the sensitivity will
decrease in proportion to the decreasing affinity of the ligand, which may limit the use of
weaker ligands for DIANA-based diagnostics. However, we propose that this will not limit
the use of DIANA for screening of inhibitors and that up to micromolar ligands can be used

to prepare the detection probe, as it is possible to use higher enzyme concentration.

DIANA can be rapidly developed for a number of targets. Many potent class-specific
inhibitors are known, e.g. pepstatin [299], staurosporin [265], or acetazolamide [300] and
they can be used to prepare detection probes for screening of inhibitors. In such cases,
recombinant target enzyme can be captured not only via selective antibody, but also via an
expression tag, as we have shown on the example of GCPII and GCPIII, which enables
straightforward development of DIANA for new targets. Detection probes prepared from
promiscuous inhibitors are still useful for detection of enzymes in complex biological
matrices, in such cases a selective antibody is used for capturing the enzyme, which
complements the assay selectivity. We have shown that this works for highly homologous
proteins and we were able to selectively detect GCPII and not GCPIII, though we used probe
binding to both proteins. Similarly, we used a selective antibody for CAIX, which can
distinguish this isoform from all other isoforms. Finally, we propose that DIANA can be
used not only for enzymes, but also for any functional protein, including receptors or
transporters, for which a sufficiently potent small-molecule ligand is available (details are in

supplementary information of publication 1V).
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Besides assays for GCPII, GCPIII and CAIX shown in publication IV, we developed
DIANA assay also for several other targets (unpublished data). We also partially automated
DIANA and used it to screen for inhibitors of GCPII and CAIX at our IOCB facility and we
indeed identified several novel scaffolds for both enzymes, which are now being further
developed (unpublished data). During these screens, we confirmed that DIANA is very
robust and is very sensitive in hit discovery and test compounds can be screened at lower

concentrations than in other assays. At the same time, it has very low false positive rate.

We therefore believe in a big potential of DIANA not only in diagnostics, but also in
screening for enzyme inhibitors, where it can be applied to difficult targets, which are hard
to tackle with other methods. Thanks to its multi-well plate based straightforward protocol,
it can be run both manually and in automated setting. It can thus become a widely used

method both in academic environment and in industrial applications.
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4. Abbreviations

2-MPPA
2-PMPA
SMeTHF
ADC
AMPA
BCG
BCR
BPH
CAIX
ccRCC
CNS

CT
DIANA
DHFR
DM-1
EAATs
ELISA
FDG
FOLHI1
FDG

FP

FPG
FPGS
GGH
GCPII (PSMA)
GCPIIL
GPCRs
mCRPC
mGIuR3
MTHFR
MRI

2-(3-mercaptopropyl)-pentandioic acid
2-phosphonomethyl-pentandioic acid
5-methyltetrahydrofolate

Antibody drug conjugate
a-amino-3-hydroxy-5-methyl-4-isoxasolepropionate
B-citryl-L-glutamate

Biochemically recurrent (prostate) cancer
Benign prostate hyperplasia

Carbonic anhydrase IX

Clear cell renal cell carcinoma

Central nervous system

Computed tomography

DNA-linked Inhibitor ANtibody Assay
Dihydrofolate reductase

Maytansinoid 1

Excitatory amino acid transporters
Enzyme-Linked ImmunoSorbent Assay
Fluoro-deoxyglucose

Folate hydrolase (GCPII)
Fluoro-deoxyglucose

Fluorescence polarization
Folyl-poly-y-glutamate
Folyl-poly-y-glutamate synthetase
v-glutamyl hydrolase

Glutamate carboxypeptidase II (Prostate specific membrane antigen)

Glutamate carboxypeptidase II1
G-protein coupled receptors
Metastatic castration-resistant PCa
Metabotropic glutamate receptor 3
Methylenetetrahydrofolate reductase

Magnetic resonance imaging



NAA

NAAG
NAALADase
NAALADase 2
NATSL
NMDA

PCa

PCFT1

PET

PSA

PSMA (GCPII)
PSM'

qgPCR
gRT-PCR
RIMKLA
RIMKLB
RFC

ROC
RT-PCR
SHMT
SELDI
SMDC
SPECT
TGF-B

N-acetyl-L-aspartate

N-acetyl-a-L-aspartyl-L-glutamate

N-acetylated-alpha-linked acidic dipeptidase (GCPII)
N-acetylated-alpha-linked acidic dipeptidase 2 (GCPIII)
N-acetyltransferase 8 like protein

N-methyl-D-aspartate

Prostate carcinoma

Proton-coupled folate transporter

Positron emission tomography

Prostate specific antigen

Prostate specific membrane antigen (Glutamate carboxypeptidase II)
Truncated form of PSMA (GCPII)

Quantitative polymerase chain reaction

Quantitative reverse transcriptase and polymerase chain reaction
Ribosomal Modification Protein RimK Like Family Member A
Ribosomal Modification Protein RimK Like Family Member B
Reduced folate carrier

Receiver operating characteristics

Reverse transcriptase and polymerase chain reaction

Serine hydroxymethyl transferase

Surface-enhanced laser desorption/ionization

Small molecule drug conjugates

Single photon emission computed tomography

Transforming growth factor 8
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Glutamate carboxypeptidase III (GCPIII) is best known as a homologue
of glutamate carboxypeptidase I1 [GCPII; also known as prostate-specific
membrane antigen (PSMA)], a protease involved in neurological disorders
and overexpressed in a number of solid cancers. However, mouse GCPIII
was recently shown to cleave PB-citrylglutamate (BCG), suggesting that
these two closely related enzymes have distinct functions. To develop a tool
to dissect, evaluate and quantify the activities of human GCPII and
GCPIII, we analysed the catalytic efficiencies of these enzymes towards
three physiological substrates. We observed a high efficiency of BCG cleav-
age by GCPIII but not GCPII. We also identified a strong modulation of
GCPIII enzymatic activity by divalent cations, while we did not observe
this effect for GCPII. Additionally, we used X-ray crystallography and
computational modelling (quantum and molecular mechanical calculations)
to describe the mechanism of BCG binding to the active sites of GCPII
and GCPIII, respectively. Finally, we took advantage of the substantial dif-
ferences in the enzymatic efficiencies of GCPII and GCPIII towards their
substrates, using enzymatic assays for specific detection of these proteins in
human tissues. Our findings suggest that GCPIII may not act merely as a
complementary enzyme to GCPII, and it more likely possesses a specific
physiological function related to BCG metabolism in the human body.

Database
The X-ray structure of GCPII Glu424Ala in complex with BCG has been deposited in the
RCSB Protein Data Bank under accession code 5F09.

Abbreviations

3D, three-dimensional; AAS, atomic absorption spectroscopy; ABS, arene-binding site; ACN, acetonitrile; BCG, Bcitryl-L-glutamic acid (-
citrylglutamate, beta-citrylglutamate, beta-citryl-L-glutamic acid, beta-citryl-L-glutamate); BSA, bovine serum albumin; C12E8, octaethylene
glycol monododecyl ether; DBU, 1,8-Diazabicycloundec-7-ene; DIEA, N,N-Diisopropylethylamine; EtOAc, ethylacetate; Fol Glu, folyl-n-y-u-
glutamic acid; G3PDH, glyceraldehyde 3-phosphate dehydrogenase; GCPIl, glutamate carboxypeptidase Il; GCPIII, glutamate
carboxypeptidase lll; HPLC, high-performance liquid chromatography; HRMS, high-resolution mass spectrometry; MeOH, methanol; MD/
MM, molecular dynamical/molecular mechanical calculations; NAAG, Macetyl-l-aspartyl-.-glutamic acid; NMR, nuclear magnetic resonance;
OPA, orthophtalaldehyde; ORF, open reading frame; Pd(C), palladium on activated charcoal, PSMA, prostate-specific membrane antigen;
QM/MM, quantum mechanical and moelecular mechanical calculations; QM/MM/MD, quantum mechanical, molecular mechanical and
molecular dynamical calculations; gPCR, quantitative polymerase chain reaction; rhGCPII, recombinant human glutamate carboxypeptidase |I;
SDS/PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid; TLC, thin-layer chromatography.
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Introduction

Glutamate carboxypeptidase IIT (GCPIII) is a binu-
clear zinc metallopeptidase that belongs to the MER-
OPS M28B peptidase subfamily (ID M28.012) [1].
GCPIII shares 67% sequence identity and 81%
sequence similarity with glutamate carboxypeptidase II
(GCPII, EC 3.4.17.21), one of the most well-character-
ized members of the M28B subfamily [2]. Additionally,
GCPIII adopts an almost identical 3D structure and
possesses very similar enzymatic activity to GCPII [3].
It is also predicted to be a type II transmembrane pro-
tein with amino acids 9-31 forming the transmem-
brane part of the structure [4] and its protease domain
facing the extracellular milieu.

The physiological functions of GCPII include degra-
dation of N-acetyl-r-aspartyl-L-glutamate (NAAG,
Fig. 1), the most abundant peptide neurotransmitter in
the brain [3,5], and processing of polyglutamylated
folates (FolGlu,. Fig. 1), vitamin B9 precursors,
enabling the absorption of free folate in the small
intestine [6,7]. Furthermore, GCPIIL, also known as
prostate-specific membrane antigen (PSMA), has been
investigated as a promising prostate cancer marker
[8.9] and an interesting molecular address for specific
anticancer drug delivery [10,11]. Because both GCPII
and GCPIII have similar enzymatic activities and there
is no specific monoclonal antibody against GCPIII
[12], unravelling the distinct physiological functions of
GCPII and GCPIII has been challenging.

Until recently, GCPIII was recognized mainly as a
potentially complementary enzyme to GCPII. How-
ever, in 2011, Collard et al. [13] identified a novel
physiological substrate for mouse GCPIII, B-citryl-r-
glutamic acid (BCG, Fig. 1), which is cleaved to citrate
and r-glutamate by GCPIII but not GCPIIL. Interest-
ingly, the study also showed that the efficiency of
NAAG wvs. BCG cleavage by GCPIII is metal-
dependent. The presence of zinc or manganese ions
facilitates NAAG cleavage, and the presence of

OY O
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0 NH OH bl
OH NH NH;
o}
07 oH
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calcium or manganese ions facilitates cleavage of
BCG. The researchers hypothesized that the ability of
GCPIII to cleave BCG in the presence of specific
metal ions may be caused by replacement of one of its
two active site zinc ions by these metals [13].

BCG was first identified as a physiologically relevant
molecule in the 1970s, when it was isolated from new-
born rat brains [14]. Additionally, BCG-hydrolysing
activity, as well as BCG itself, has been detected in rat
testes [15,16]. Although BCG has been known for sev-
eral decades, its precise physiological function remains
unclear. One hypothesis suggested that BCG may serve
as an endogenous low-molecular-weight chelator of
iron or other biogenic metals [17]. However, the recent
unambiguous assignment of BCG-hydrolysing activity
to GCPIII increased the potential for elucidation of
BCG’s physiological role. Furthermore, the identifica-
tion of GCPIII as a BCG hydrolase suggests that
GCPIII may not function merely as a compensatory
enzyme for GCPII, but may play a different, physio-
logically relevant role in humans.

We have shown previously that the GCPII tissue
expression profile differs in human and animal models,
which might have implications for its specific roles
[18]. The findings concerning GCPIII/BCG metabolism
have been obtained using animal models, mostly mice
or rats. GCPIII tissue distribution in the human body
is unknown, and it is crucial to validate and properly
characterize this novel metal-dependent enzymatic
activity for human GCPIII. Therefore, we set out to
perform a careful comparative analysis of human
GCPII and GCPIII activities towards their physiologi-
cal substrates NAAG. BCG and polyglutamylated
folates. Additionally, we describe the binding of BCG
into the active sites of GCPII and GCPIII using X-ray
crystallography and high-level (QM/MM) molecular
modelling, respectively. Finally, employing the enzy-
mological data, we were able to specifically detect
GCPII and GCPIII protein levels in human tissues, a
feat that had been impossible to achieve so far.

o HO
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OH NH! OH
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= j/‘NH o
OH
= = NH NH
NN J OH OH
OH o o
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Fig. 1. Chemical structures of investigated substrates. From left to right: N-acetylL-aspartylL-glutamic acid (NAAG), n-y--glutamylated folic

acid (FolGlu.) and B-citryl-L-glutamic acid (BCG).
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Specific molecular recognition of these two close
enzyme homologues will enable the use of GCPII as a
selective molecular address for the anticancer drug
delivery and to validate its potential for the diagnosis

and prognosis of prostate cancer.

Results

BCG hydrolysis by GCPIIl depends on divalent
metal cations

Using recombinant human GCPII and GCPIII [19],
we analysed hydrolysis of three physiological sub-
strates in the presence or absence of calcium, man-
ganese(Il) and zinc cations. The chemical structures of
the tested compounds, NAAG, FolGlu, and BCG are
shown in Fig. 1.

The enzymological data, summarized in Fig. 2, indi-
cate that BCG 1is selectively hydrolysed by human
GCPIII. Although it is also cleaved by GCPII, the cat-
alytic efficiency for the GCPIII-catalysed reaction is up

Substrate specificity of GCPIII

to five orders of magnitude greater [Fig. 2A, keu/Knm
(GCPIT) = 1.7 x 10° s "M ' vs.  kea/Km  (GCPIIL,
Ca’™) =133 x 10" s m']. Additionally, we found
that the catalytic efficiency of human GCPIII is highly
metal-dependent. The presence of calcium ions
increased the BCG cleavage efficiency by two orders of
magnitude [k , /Ky (GCPII) = 1.8 x 10° s "-m ! wvs.
keat/Kn (GCPIIL, Ca® ™) =1.33 x 10" s~ 'm™'], while
zinc ions facilitated NAAG and FolGlu, cleavage [k¢y/
Ky (GCPIIL, NAAG) =216 x 107 s "m ' vs. ke
Ky (GCPIN, NAAG, Zn®7) =227 x 10°s "m ']
Manganese ions seemed to increase GCPIII activity
towards all tested substrates. The activation effect of
these divalent cations is mainly driven by an increase in
k., values, while the K,; values are less affected
(Fig. 2B.C). Importantly, we also tested the ability of
these cations to activate GCPII, and we did not observe
any notable metal-dependent activity (data not shown).

These data suggest that in the presence of calcium
cations, GCPII and GCPIII can be specifically
detected based on their different enzymatic activities.

A 1.E+08
2 1.E+07
5 1.E+06
LT 1E+05
£ |
© "-m 1.E+04
T2 1.E+03
£ 1E+02
© 1E+01
B 1.E+02
1.E+01
— +
Fig. 2. Characterization of BCG-, NAAG- - 1.E+00
and FolGlu-hydrolysing activity of GCPIII in £ 4 .E-01
the absence or presence of divalent cations E
(Ca®*, Mn®* or Zn**) and comparison to o 1.E-02
GCPIL. The reaction buffer was 25 mm 1.E-03
bistrispropane, pH 7.5, supplemented with 1 4
the cations where specified (Ca* 2.5 mm, .E-0
Mn®* 0.26 mm and Zn** 0.10 mm). Error c 1.E+04
bars represent SD. Ky, and k., values were "
obtained by nonweighted hyperbolic fit into
a single saturation curve consisting of 6-11 1.E+03
data points (n = 1). The panels show =
comparisons of (&) catalytic efficiencies, (B) S 1.E+02
koo values and (C) Ky values of GCPII and xz
GCPII towards the panel of substrates BCG, 1.E+01
NAAG and FolGlu, in the presence or
absence of calcium, manganese and zinc
g 1.E+00
ions. Asterisks indicate that the Ky value Cati .
was lower than the lowest substrate auan: A
concentration (see Materials and methods Enzyme:
Substrate:

for more information).
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GCPII processes NAAG or FolGlu; with a two order
of magnitude higher catalytic efficiency than GCPIIL,
while GCPIII processes BCG with a five order of mag-
nitude higher catalytic efficiency than GCPIIL.

The GCPIl arene-binding site facilitates
processing of polyglutamylated folates

The GCPII structure includes an exosite called the
arene-binding site (ABS), which comprises Arg463,
Arg511 and Trp541 and is involved in the binding of
the pteroate moiety during the cleavage of glutamy-
lated folates [7.20]. A similar feature has not been
described in the structure of GCPIII. We investigated
the catalytic efficiency of GCPIIl towards polyglu-
tamylated folates (FolGlu,_g), which bind to the ABS
of GCPII, and compared it with previous data on
GCPII cleavage efficiency of FolGlu, ¢ [7]. As shown
in Fig. 3, GCPIII processes FolGlus ¢ with much
lower catalytic efficiency than GCPII, while processing
of monoglutamylated folate (FolGlu,) is comparable
between the two enzymes (Fig. 3A). The difference
resides mainly in the higher Kyy values for GCPIII
(Fig. 3B.C). These results are in good agreement with
previously reported structural data showing that
GCPII 1s unable to fully utilize the ABS for binding of
the pteroate moiety of FolGlu,, while the FolGlu, 3
substrates are able to bind into this exosite [7].

Occupancy of active site zinc ions is lower for
GCPIIl than GCPII

The previously reported X-ray structures of GCPIII
suggested that the active site Znl and Zn2 atoms have
only partial occupancies in the 0.80-0.95 and 0.45-
0.80 ranges, respectively [21]. To further corroborate
these findings, we applied an atomic absorption spec-
troscopy technique to GCPII and GCPIII to determine
the precise amount of zinc atoms per molecule (for
experimental details, see Materials and methods). We
determined that GCPII contains 1.40 zinc atoms per
molecule and GCPIII contains 1.13. These results fur-
ther support the partial occupancy of Zn2 within the
GCPIII structure.

BCG binding mode in the GCPIl active site: X-ray
structure

To elucidate the differences in BCG cleavage by
GCPII and GCPIII, we prepared a diffraction-quality
crystal of inactive GCPII Glud24Ala in complex with
BCG. We solved the structure by molecular replace-
ment and refined the final model to 1.85 A resolution
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Fig. 3. Comparison of the FolGlu,_ghydrolysing activity of GCPIII
and GCPII: (A) catalytic efficiencies, (B) k.., values and (C) Ky,

values. The reaction buffer was 25 mm Tris/HCI, pH 7.5,
without any added cations. Data for cleavage of FolGlu_g by
GCPIl were measured previously [7]. Error bars represent SD.
K and k.. values were obtained by nonweighted hyperbolic fit
into a single saturation curve consisting of 6-10 data points
(n=1).
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Table 1. Data collection and refinement statistics.

Compound BCG
PDB ID 5F09
Data collection statistics
Space group 1222
Cell parameters
a(A) 100.899
biA) 130.916
c (A) 169.118
o, By (2 90,90,90
MNo. of molecules in AU 1
Wavelength {A) 0.918
Resolution (A) 1.85
Highest resolution shell (A 1.96-1.85
MNo. of unigue refl. 89 051 (13 967)
Multiplicity 4.51 (4.43)
Completeness (%) 98.8 (97.1)
Ia— Y 8.1 (94.7)
Average llo (/) 13.29 (1.96)
Wilson B (A7) 39.43
Refinerment statistics
Resolution range (A 30.00-1.85
Highest resolution shell (A) 1.90-1.85
No. of refl. in working set 84 147 (4444)
MNo. of refl. in test set 6105 (322)
R value (%)° 0.155 (0.311)
Ritree value (9%)° 0.181 {0.336)
RMSD bond length (A) 0.014
RMSD angle () 1.690
MNo. of atoms in AU 6402
MNo. of protein atoms in AU 5804
MNo. of ligand atoms in AU 22
Mo. of ien atoms in AU 4
MNo. of water molecules in AU 562
Mean B value (A2) 21.91
Ramachandran plot statistics®
Res. in favoured regions (%) 97.2
Res. in allowed regions (%) 2.7
Outliers Val382

The data in parentheses denote the highest resolution shell. ®Aeas
is the redundancy-independent merging R factor [26]. PEstimated by
SFcheck [26,27). “R value = ||F)| — |Fd|/|Fs|. where F, and F. are the
observed and calculated structure factors, respectively. %R is
equivalent to A value but is calculated for 5% of the reflections cho-
sen at random and omitted from the refinement process. SAs calcu-
lated by MolProbity [28,29]. The AviTEV-tag and first 11 amino acids
from the extracellular part of GCPIl are not visible in the structure.

(PDB ID 5F09; data collection and refinement statis-
tics are shown in Table 1). The binding mode of BCG
within GCPII is depicted in Fig. 4A. The glutamate
moiety of BCG binds into the S1’ pocket of GCPII in
an identical manner as described for FolGlu, or
NAAG substrates [7,22]. It forms hydrogen bonds
with the side chains of Arg210, Asn257 and Tyr552,
and also with Lys699 and Tyr700 forming the so-
called ‘glutarate sensor’ [23]. However, in this
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structure, the glutamate moiety shows weaker electron
density (see Fig. 4B) than in crystal structures of com-
plexes with better substrates (e.g. FolGlu, or NAAG
[7.22]). Interestingly, the glutarate sensor adopts two
equally populated conformations, the ‘closed” and
‘open’ form (see Fig. 4C). Unlike the glutamate moi-
ety, the citrate moiety of BCG forms only one identifi-
able interaction with the enzyme: a salt bridge between
one of the citrate carboxyl groups and the guanidine
group of Arg534. This lack of interaction in the Sl
pocket may be responsible for the substantially lower
affinity of BCG towards GCPII, compared to that of
other substrates such as NAAG. Accordingly, the
citrate moiety of BCG had much less well-defined elec-
tron density than the glutamate moiety (see Fig. 4B),
suggesting that this portion of BCG is not present in
one particular conformation within the GCPII active
site and likely possesses some degree of rotational free-
dom. These findings suggest that the binding of BCG,
and in particular its citrate moiety, into the GCPII
active site might partially prevent the closing of the
glutarate sensor. Finally, it should be noted that we
refined BCG to 70% occupancy, which is yet another
indication that the binding affinity of BCG for GCPII
is poor.

BCG binding mode in the GCPIIl active site: QM/
MM calculations

The technical difficulties of obtaining diffraction-qual-
ity crystals for GCPIII in complex with BCG led us to
approximate the structure of GCPIII in complex with
BCG by quantum mechanics/molecular mechanics
(QM/MM). We computed a OQM/MM homology
model of GCPIIT in complex with BCG (see Fig. 5A).
The comparison of the obtained GCPII and GCPIII
structures in complex with BCG suggests that the
overall binding mode of this substrate is very similar
in both enzymes (see Fig. 5B). However, in contrast to
the flexibility of the BCG citrate moiety in the struc-
ture of the GCPII-BCG complex, both citrate carboxy-
lates are coordinated — specifically by Serd4d4, Arg524
and Arg526 in the QM/MM model of GCPIII. Addi-
tionally, the orientation of the BCG hydroxyl group in
GCPIII enables its coordination by Gly508. In the
GCPII-BCG structure, the orientation of this hydroxyl
group is different, and prevents such an interaction.

Thermodymamics of Zn%*/Ca®* binding in the
active site: QM/MM calculations

After obtaining plausible QM/MM models of GCPIII
in complex with NAAG and BCG, it is
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computationally straightforward to address the possi-
bility of replacing one Zn>" in the active site with a
Ca?” ion. This hypothesis has been put forward previ-
ously [13], and here, we tested it using advanced QM/
MM modelling, which is arguably more rigorous and
accurate than MD/MM simulations (or even less elab-
orate models [13]). We surmised that the QM/MM
equilibrium structures and associated energetics may
provide structural definition of potential calcium bind-
ing in the GCPII/III active site as well as a clue to
explaining the observed differences in catalytic effi-
ciency of GCPII and GCPIII in the absence or pres-
ence of Ca®”. We carried out 12 QM/MM simulations
varying the enzyme (GCPII and GCPIII), substrate
(NAAG and BCG) and active site metals (Znl-Zn2,
Cal-Zn2, Znl1-Ca2). Eight of the QM/MM equilib-
rium geometries (optimized structures, Znl-Zn2,

Fig. 4. X-ray structure of GCPIl Glud424Ala
in complex with B-citryl-.-glutamic acid
(BCG, PDB ID 5F09). Images are rendered
in cross-eye stereo representation. Active
site zinc ions are shown in violet, GCPII
protein in yellow and BCG in pale cyan. In
panel (A), Tyr700 is truncated to provide an
unobscured view. Distances are shown in
A. Images were created using pvmoL [24].
(A) Detail of the active site of GCPIl with
bound BCG. (B) The electron density map
2F, — F-for BCG in the GCPI-BCG
complex (FDB ID §F09), contoured at 1.06.
(C) The structure of GCPII in complex with
BCG features the glutarate sensor in two
conformations, closed (yellow) and open
{brown). Glutarate sensor is depicted as
main chain only except for LysB39 and
Tyr700 (only stubs are shown for the open
conformation).

Znl-Ca2) for the QM part (~ 280 atoms comprising
the active site) are deposited in Data Sl. In brief,
substitution of Ca®" for Zn®" in the Zn2 position
(which is in all cases favoured by approximately
10-15 kcalmol™' compared to Cal-Zn2 structures)
induces several structural perturbations to the active
site (see Fig. 6). In comparison with the X-ray struc-
ture of GCPII in complex with BCG (PDB 1D 5F09),
the heterometallic cluster Zn1-Ca2 is rotated relative
to the homometallic Znl-Zn2 cluster so that Ca2 can
be bound in a typical pentagonal bipyramidal manner,
whereby His367 and a partially ionized hydroxyl of
the citrate moiety are the axial ligands. An active site
water forms part of the pentagonal coordination base,
and residues Asp443 and Asp377 are correspondingly
shifted to accommodate the Ca2 atom. Finally, we
compared the energetics of calcium binding in the
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A

LYS-b89
Fig. 5. QM/MM model of GCPIIl in GLYZ 033'
complex with BCG and its comparison to .
the X-ray structure of GCPIl Glu424Ala in SER}509
complex with fcitryl-L-glutamic acid (BCG, 4.1
FPDB ID 5F08). Images are rendered in 2.6
cross-eye stereo representation. Numbering '| .....
of amino acid residues in GCPIIl is lower by ARG-.’;"E‘.

10 in comparison to GCPIl. Tyr700/TyrB90 is
truncated to provide an uncbscured view.
Distances are shown in A Zinc atoms are

shown as spheres. Images were created B
using pymoL [24]. (A) The QMMM model of
GCPIIl in complex with BCG shows that
GCPIIl binds BCG in a way that allows more
interactions. Protein is coloured green, BCG GLY:EOB

pale cyan, zinc atoms viclet. (B) Overlay of ‘
GCPII-BCG complex with the QM/MM \.&.
model of GCPII-BCG complex. It shows SEK

that BCG is bound in a very similar manner
to both GCPIl and GCPII. The only two
differences are the presence of Ser509 in
GCPIll instead of Asn519 in GCPIl and how
the citrate moiety is bound. GCPII-BCG
complex is coloured yellow, and GCPII-BCG
in green.

han

GCPII and GCPIII sites in the presence of substrate
(BCG vs. NAAG). Employing the QM (DFT+D3/
TPSSh/def2-TZVP)/MM values, the calculations pre-
dict rather contradictory effects. For NAAG as a sub-
strate, calculated affinity of calcium for the active site
was marginally greater for GCPIIT (~ 0.5 kcal-mol ).
We found the opposite pattern for BCG; the calcium
substitution was ~ 10 kcal-mol™! ‘easier’ for the
GCPII-BCG complex than the GCPIII-BCG complex.
Therefore, the calculations suggest that the observed
differences in the catalytic efficiencies may not depend
on the stability constants of calcium ions that poten-
tially fill the partially occupied Zn2 sites. Further
investigation into the observed metal ion dependence
is beyond the scope of the current study.

GCPIl and GCPIIl expression levels can be
specifically determined by enzymatic assays and
correspond to mBNA levels

Based on the results obtained from the enzymological
characterization of human GCPII and GCPIII, we
employed the NAAG cleavage assay for specific detec-
tion of GCPII and the BCG cleavage assay for specific
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detection of GCPIII in a representative sample of
human tissues, analogously to an earlier report [13]
(Fig. 7A). Both assays were performed in the presence
of calcium ions because it affords the highest differ-
ence in GCPII and GCPIII catalytic efficiencies for the
substrates employed (for quantitative information, see
Materials and methods). Simultaneously, we quantified
the amount of mRNA coding for GCPII and GCPIII
in a set of human tissues to confirm the functionality
of the proposed enzymatic detection assays.

The amounts of GCPII and GCPIII transcripts were
analysed in commercially available panels of human
tissue cDNA libraries (Human MTC Panel 1 and IT)
by quantitative PCR (gPCR). Each transcript was
amplified by a specific assay set consisting of a primer
pair for amplification and a fluorescent probe for visu-
alization. The c¢DNA amplification products were
resolved by agarose gel electrophoresis. Besides the
occasional weak formation of primer dimers in the
GCPII assay set and the occasional weak formation of
higher molecular weight products in the GCPIII assay,
only the product of expected size was observed in all
reactions. No products were formed in the negative
controls without template DNA, indicating that there
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AS Pld a3

LU-414

Fig. 6. OM/MM model of GCPIIl in complex with BCG and with Zn2
atomn replaced by calcium (Il) (GCPII-BCG-Ca2) compared to the X-
ray structure of GCPIl in complex with BCG (GCPII-BCG, PDE ID
5F09). Images are rendered in cross-eye stereo representation. BCG
is depicted in stick representation. Please note that there is also a
hydrogen atom of BCG hydroxyl group shown in light grey, which is
attracted by the ionized carboxyl group of the citrate moiety, so that
the hydroxyl becomes partially ionized to coordinate the CaZ2 atom.
Metal atormns are shown as spheres. (A) A comparison of GCPII-
BCG-Ca2 QMMM model (blue) with GCPI-BCG (yellow). (B) The
same as in (A), but rotated along y axis by 180°. (C) Detailed view of
the coordination matrix of Ca2 in the GCPII-BCG-Ca2 QM/MM
maodel. BCG is coloured pale cyan, protein blue, and Zn1-CaZ2 cluster
grey. Coordination distances are shown in A. (D) The same as in (C),
but rotated along y axis by 180°.
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were no false positives or negatives due to amplifica-
tion of other nontargeted sequences (data not shown).

We also tested the selectivity of each assay set by
amplification of plasmids with subcloned sequences of
full-length GCPII or GCPIII and of isolated genomic
DNA. Both assay sets amplified only the target of
interest, and not the homologous transcript, and they
did not tend to detect the genomic sequence. We tested
selectivity against the genomic sequence because
cDNA libraries are often contaminated with the gen-
ome. To this point, we also quantified the amount of
the genome in the cDNA libraries by another assay
set, which showed us that the contamination was very
low to undetectable.

Amplification of a dilution series of plasmids with
subcloned sequences of either GCPII or GCPIII
showed linear dependency of determined C, values on
the logarithm of template concentration over the com-
plete range of concentrations used. It also revealed a
PCR efficiency of over 80% for both assay sets.

The absolute amounts of both transcripts detected
in tissue ¢cDNA libraries are shown in Fig. 7B. Because
the cDNA libraries were normalized to several differ-
ent housekeeping genes (G3PDH, alpha-tubulin, phos-
pholipase A2, beta-actin) and are mostly pooled from
multiple individuals, the results between tissues should
be comparable and should represent tissue distribution
of both transeripts.

As shown in Fig. 7, the protein levels of GCPII and
GCPIII (Fig. 7A) determined by enzymatic assays cor-
relate with the mRNA levels determined by qPCR
(Fig. 7B). These data indicate that the enzymatic
assays can be used for specific discrimination of
GCPII and GCPIII expression levels in various human
tissues. We detected a greater than one order of mag-
nitude higher amount of GCPIII compared to GCPII
in the testes. On the other hand, GCPIII expression in
the brain, kidney and small intestine is one to two
orders of magnitude lower than that of GCPIL

Discussion

In this study, we demonstrated that human GCPIII
shares a similar metal-dependent enzymological profile
as previously described for its mouse orthologue [13].
We observed facilitation of BCG-hydrolysing activity
by Ca’’ ions and NAAG-hydrolysing activity by
Zn’" ions. Additionally, we discovered that GCPIII
also processes polyglutamylated folates (FolGlu,) and
that this activity is facilitated by Zn>" ions in a similar
manner as NAAG hydrolysis.

The concentration of calcium cations used for the
enzymological studies, 2.5 mm, was chosen to
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cations in human plasma (despite its free, so-called
ionic, concentration is usually two times lower [30]).
Although free zinc concentration is very low in blood
plasma [31], 0.10 mMm concentration was used in our
study, mainly because we wanted to characterize the
saturation kinetics and because GCPIII is half-satu-
rated by zinc at a relatively low concentration
(approximately 6 pm, unpublished observation). Fur-
thermore, zinc in the CNS serves as an orthograde,
transcellular messenger [32], and it is also secreted by
pancreas at the amount 1-2 mg-day™' [33] (see also
below). Because both metals substantially facilitated
the corresponding enzymatic activities of GCPIIL,
GCPIII has the potential to act as either a BCG-
or NAAG/FolGlu,-hydrolysing enzyme. Its activity
could likely be fine-tuned by the Ca®” and Zn®" con-
centrations in a particular tissue. Therefore, we sug-
gest that GCPIII may have different enzymatic
functions within the human body based on its tissue
localization, the accessibility of its substrates and the
concentration of divalent cations in that particular
tissue. For a proper estimation of the function of
GCPIII, its expression profile will need to be
correlated with the distribution of its endogenous sub-
strates, in particular BCG.
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differences in substrate specificities between these two
homologues. Inspection of the GCPII and GCPIII 3D
structures revealed that, although their active sites are
structurally almost identical, there are two notable dif-
ferences: substitution of Asn519 in GCPII with Ser509
in GCPIII and substitution of Trp541 in GCPII with
Lys531 in GCPIII. The Asn to Ser substitution enables
two conformations of the Zn2-coordinating amino acid
Asp443 and is thus likely responsible for the lower occu-
pancy of the Zn2 ion within the GCPIII active site [21],
while the Trp to Lys substitution likely disrupts the
ABS [7.,20]. Disruption of the ABS in GCPIII can be
exploited for development of inhibitors that are highly
specific towards GCPII [34]. We corroborated these
results by showing that endogenous substrates such as
FolGlu,, which utilize the ABS in GCPII [7], have
substantially lower affinity (higher Ky; value) towards
GCPIII compared to GCPII. These findings suggest
that even though GCPIII is also expressed at low levels
in small intestine, the processing of polyglutamylated
folates will likely be performed primarily by GCPIIL.
GCPII inhibitors are currently heavily investigated as
potential theranostic agents against prostate cancer [10]
and various neurological disorders. Therefore, it is
advisable to design compounds that would not hinder
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the BCG-hydrolysing activity of its homologue GCPIII,
although its physiological relevance is not quite clear
yet.

Furthermore, we attempted to elucidate the mecha-
nism of calcium-dependent BCG cleavage by determin-
ing structures of GCPII and GCPIII in complex with
BCG. Unfortunately, due to experimental difficulties,
we were able to prepare only protein crystals of GCPII
in complex with BGC. Therefore, we built a QM/MM
model of the GCPIII-BCG complex. As a control for
our QM/MM approach, we also built a QM/MM
structural model of GCPII in complex with NAAG
and BCG (which are available as X-ray structures,
PDB IDs 3BXM [22] and 5F09, respectively). The
QM/MM models of GCPII in complex with NAAG
or BCG and X-ray structures of inactive GCPII
(Glu424Ala) in complex with these compounds are
almost identical, with root-mean-square deviation val-
ues of 0.069 and 0.189 A, respectively (except for the
citrate moiety, which adopts a different conformation
— the same conformation as in the GCPIII-BCG
model, data not shown).

Our structural data show an overall similar binding
of BCG into the GCPII and GCPIII active sites,
which was expected because the major difference in
the catalytic efficiencies of these two enzymes comes
from substrate turnover number (k) rather than
substrate binding (Ky) (see Fig. 2B.C). Considering
our observation that GCPII is not activated by diva-
lent cations, we investigated the hypothesis that the
mechanism behind the activation of GCPII-BCG-
hydrolysing activity might presumably involve
replacement of the loosely coordinated Zn2 ion from
GCPIII's active site with a different ion, such as
Ca?”. However, the QM/MM calculations did not
provide a clear indication that the replacement of the
Zn2 ion with Ca®’” would be thermodynamically
more favourable for BCG as a substrate rather than
NAAG and rather exclude this hypothesis. However,
it should be kept in mind that QM/MM calculations
do not provide any information about whether Ca®™
is present or absent in the partially occupied GCPIII
active site. In addition, our computed values do not
provide any indication whether BCG — presumably a
better chelator than NAAG — assists in the Ca®”
uptake into the active site. This issue might be, in
principle, assessed experimentally (X-ray crystallogra-
phy or X-ray absorption techniques) and comple-
mented by QM/MM/MD calculations of the
activation energies of individual complexes (to anal-
yse the kinetic origin of the observed metal ion
dependency) which is well beyond the scope of the
presented work.
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Finally, we utilized enzymological data for specific
detection of GCPII and GCPIII protein levels in sev-
eral human tissues. Because there are no commercially
available specific antibodies against human GCPIII,
this approach represents a method for detection and
discrimination between these two enzymes in human
tissues. The fact that we detected lower levels of
GCPIII than GCPII in brain and small intestine, the
tissues where cleavage of NAAG and polyglutamy-
lated folates, respectively, takes place, supports the
assumption that BCG is the main physiological sub-
strate of GCPIII in humans. The high level of GCPIII
expression in human testes, and the high BCG-
hydrolysing activity also detected in rat testes [16],
further strengthens this hypothesis. We believe that a
reliable determination of the GCPIII expression pro-
file on a protein level, combined with data on BCG
levels in human tissues, will help to dissect and eluci-
date the primary physiological function of GCPIII in
the human body.

Regarding mRNA of GCPII in human tissues, there
is one discrepancy to be addressed. Cunha ez al. [35]
also determined the amount of GCPII (PSMA in the
medical literature) in Clontech tissue ¢cDNA libraries.
Their primers, like ours, were designed to detect only
the PSMA splice variant and not the intracellular var-
iant of PSMA. The relative PSMA expression levels in
various tissues that they determined [35] are in good
agreement with our results, except for PSMA expres-
sion in prostate. We determined the ratio of expression
of PSMA in the prostate and liver (the tissue with sec-
ond highest PSMA expression) to be approximately 2,
compared to 12 in the previous report. Although the
tissue libraries were normalized to four different refer-
ence genes by the vendor, Cunha et al. renormalized
their results to only one of these genes, beta-actin.
Unfortunately, they do not describe the details of the
beta-actin assay or the amounts of beta-actin deter-
mined. Therefore, it is not clear whether the higher
specificity of PSMA expression in their study was
caused by lower levels of beta-actin in prostate, or
whether the different results can be attributed to dif-
ferent tissue library lots.

In summary, we present a thorough enzymatic and
structural characterization of the behaviour of human
GCPII and GCPIII towards their physiological sub-
strates. We also identified metal-dependent enzymatic
activity of human GCPIII, which we did not observe
for human GCPIIL Finally, we confirmed BCG to be
a specific substrate of human GCPIII. Utilizing these
findings, we mapped the expression patterns of GCPII
and GCPIII in a panel of human tissues. Compared
to GCPII expression, we detected higher levels of
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GCPIII in testes and lower levels in brain, kidney and
prostate. Additionally, this study is also the first to
show mRNA levels of GCPIII in the human tissues.

Materials and methods

Crystallization and data collection

Inactive GCPII with the engineered mutation Glud424Ala
[22] and AviTag™ affinity tag (Avidity, Aurora, CO, USA)
[19] was crystallized using the hanging drop vapour diffusion
method as described earlier [36] with the following modifica-
tions: (a) 1.0 pL precipitant was added to a 1.0 pL drop of
protein (concentrated to 3.6 mg-mL~") in 20 mm bistrispro-
pane, 20 mm NaCl, pH 7.4, and sealed over a 0.50 mL reser-
voir of the same precipitant: (b) 0.1 pL of 2.1 mm BCG in
MilliQ water (Merck Millipore, Billerica, MA, USA) was
added to the crystallization drop after 11 weeks and again
after 13 weeks (resulting in a calculated ratio of pro-
tein : substrate equal to 19 pm @ 0.21 mm); (c) the crystal
was frozen in liquid nitrogen after 15 weeks; and (d) precipi-
tant was made up of 33% (v/v) pentaerythritol propoxylate
PO/OH 5/4 (Hampton Research. Aliso Viejo, CA, USA),
1.5% (w/v) PEG 3350 (Merck KGaA., Darmstadt, Germany)
and 0.10 m Tris/HCl (Merck KGaA), pH 8.0, in distilled
water. In the drop, one single crystal appeared after several
weeks. Crystallization approach of adding BCG right at the
setup was unsuccessful. Diffraction data were collected at
100 K at the beamline BL1412 operated by the Joint Berlin
MX-Laboratory at the BESSY II electron storage ring (Ber-
lin-Adlershof, Germany) [37]. using a Pilatus 6M detector
(Dectris, Baden, Switzerland). Scaling and merging was done
with the programs xps [38] and its graphical user interface
xDsapr [39].

Structure determination was performed by molecular
replacement using the program moLrep from the copd soft-
ware package [27.40,41]. The previously solved structure of
recombinant human GCPII (PDB ID 4NGP [11]) without
inhibitor and water molecules was used as the starting
model. Refinement calculations were performed with the
program REFMAC 5.7 [42,43], and the refinement protocol
was interspersed with manual corrections to the model
using wincoor 0.7 [44]. The final models, together with
experimental amplitudes, were deposited into the RCSB
Protein Data Bank under the accession number 5F09. A
summary of structural parameters is displayed in Table 1.
Images were created with the programs pymoL [24] and rer
and mapmask [45].

QM/MM calculations

All QM /MM calculations were carried out with the com-
oum program [46], which combines the quantum mechan-
ical approach. applied to the region most relevant for the
studied process, and the classical mechanical approach
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for the rest of the protein. In the current version, the
program employs TURBOMOLE 6.6 suite [47] for the QM
part and amser 8.0 with the ff74S8 force field for the
MM part [48]. ComQum utilizes the standard hydrogen-
link approach, and the technical details of the QM/MM
computational protocol have been described elsewhere
[22].

All guantum chemical calculations were performed at the
density functional theory (DFT) level. Geometry optimiza-
tions were carried out at the Perdew-Burke-Ernzerhof
(PBE) level [49]. The DFT/PBE calculations were expedited
by expanding the Coulomb integrals in an auxiliary basis
set: the resolution-of-identity (RI-J) approximation. The
def-SV(P) basis set was employed for all atoms. The single-
point energies were then calculated using the TPSSH
method [50] as implemented in TursomoLE 6.6. For these
calculations, the def2-TZVPD basis set was employed for
all atoms.

The protein (GCPII) setup

Structural models used in QM/MM calculations were
based on the 1.71 A X-ray crystallographic structure of the
inactive Glu424Ala mutant of GCPII in complex with
NAAG (PDB ID 3BXM [22]) and the 1.37 A structure of
the GCPIIT with t-glutamate (3FF3 [21]). BCG was posi-
tioned in the active site using the GCPII (Glu424Ala)/
NAAG and GCPII/L-Glu structures as templates. The
protein was equilibrated using the standard approach [22]:
(a) minimizing the positions of all hydrogen atoms in the
initial structure, (b) adding a solvation sphere with a
radius of 50 A (~ 12 700 and 11 500 water molecules in
total for GCPII and III, respectively) and (c) running a
1 ns simulated annealing molecular dynamics followed by
the final minimization of the whole system (with all nonhy-
drogens atoms kept at their crystallographic positions
throughout). Both GCPII and GCPIII structures were neu-
tralized by addition of ions (two Na® for GCPII and four
Cl for GCPIII). We assumed the standard protonation
states at pH 7 for all amino acids. For the histidine resi-
dues, the protonation status was assigned based on a
detailed study of the hydrogen bond network around the
residue and the solvent accessibility. In the GCPII struc-
ture, histidines 82, 347, 377, 553 and 573 were assumed to
be protonated on the N° atom; histidines 56, 112, 124,
203, 396, 475, 689 and 697 on the N° atom; and histidines
345 and 618 on both nitrogens. In the GCPIII structure.
histidines 124, 367, 543, 637 and 721 were assumed to be
protonated on the N® atom; histidines 102, 285, 335, 608,
615, 679 and 687 on the N* atom: and histidine 72 on both
nitrogens.

The quantum system consisted of ~ 280 active site atoms
and is deposited in Data S1. The so-called system 2 (part
of the system that is relaxed in the QM/MM calculations
by MM method) comprised 48 amino acids in the vicinity
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of the quantum system. and it has been selected on a per-
residuc based cut-off distance of 2.5 A from the quantum
system. The rest of the protein (system 3) was kept frozen
in all QM/MM simulations.

Synthesis of B-citryl-L-glutamic acid (BCG)
General information

All chemicals were purchased from Sigma-Aldrich, unless
stated otherwise. p-citrylglutamate (BCG) was purified
using preparative scale HPLC Waters Delta 600 (Waters
Corporation, Milford, MA, USA) (flow rate 7 mL-min ])_.
with column Waters SunFire C18 OBD Prep Column,
5 pm, 19 150 mm (Waters Corporation). The purity of
BCG was tested on the analytical Jasco PU-1580 HPLC
instrument (Jasco, Easton, MD, USA) (flow rate
', R, is shown below) employing the Waters C18
Analytical Column, 5 pm., 250 x 5 mm (Waters Corpora-
tion). The final product was of at least 99% purity. Struc-
ture was further confirmed by high-resolution mass
spectrometry  (HRMS) at LTQ Orbitrap XL (Thermo
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Scientific, Waltham, MA, USA) and by NMR at Bruker
Avance I™ 400 MHz (Bruker, Billerica, MA, USA).

Synthesis of p-citrylglutamate

Ovwerall scheme for the six-step synthesis of BCG i1s shown
below (Scheme 1). Detailed description of each step and its
resulting intermediate or final compound (designated 1 to 5
or 6, respectively) is given in the following text in the order
of the synthesis (Scheme 1).

1. 2-tert-butyl 1,3-dimethyl 2-hydroxypropane-1,2,3-
tricarboxylate

About 5.3 g of dimethyl citrate (24 mmol, prepared as
described in [51]) was suspended in 15 mL of isobutylene
and 0.5 mL of sulfuric acid was added while cooled to
—78 °C. The reaction mixture cleared over time. After 18 h
of stirring at room temperature, the reaction mixture was
cooled down to —78 °C and poured to ice bath saturated
with bicarbonate. The water phase was then washed three
times by ethylacetate (EtOAc) (50 mL) and the organic

L,

o o) HO
o) o o)
o o) o) o
HO a HO b HO c O
H — —_— —_— HO
=0 =0 E . o) i o %

d 3
L,

O\Q %

Scheme 1. The scheme for synthesis of Bcitryl--glutamic acid (BCG). The synthesis proceeded via five intermediate compounds,
designated 1-5, whereby BCG is compound 6. (a) Iscbutylene, H;SO4; (b) NaOH, MeOH/H,0; (c) DBU, benzyl bromide, ACN; (d) TFA; (e)
NHzGIu(OBz/OBzl, O-{Benzotriazol-1-yl}-N, N N, N-tetramethyluronium tetrafluoroborate, DIEA, dimethylformamide; (f) Hz, Pd{C), MeOH.
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phases were combined, dried and evaporated yielding 5.3 g
of pure product (yield = 80%).

2. 3-(tert-butoxycarbonyl)-3-hydroxypentanedioic acid

About 52 g of compound 1 (18.7 mmol) was dissolved in
20 mL of methanol and was cooled down to 0 °C. About
20 mL of 2 m NaOH was then added in portions during
5 min. The reaction was left to proceed for 6 h. The reac-
tion mixture was then diluted by 200 mL of EtOAc and
was extracted two times by 10% KHSO,4 (2 = 100 mL).
The organic phase was then dried and evaporated to yield
3.5 g of product (yield = 75%).

3. 1,3-dibenzyl 2-tert-butyl 2-hydroxypropane-1,2,3-
tricarboxylate

About 1 g of compound 2 (4.03 mmol. 1.0 eq) was sus-
pended in 20 mL of acetonitrile (ACN) along with 1.2 mL
of 1.8-Diazabicycloundec-7-ene (DBU) (8.86 mmol, 2.0 eq).
About 1.05 mL of benzyl bromide was added in one por-
tion and the reaction mixture was refluxed for 2 h. The
TLC analysis (EtOAc) showed no starting material and the
whole mixture was evaporated. The crude product was dis-
solved in 100 mL of EtOAc and was washed two times
with 10% KHSO,, two times with saturated NaHCO; and
once with brine, and the organic phase was dried and evap-
orated to obtain the titled compound as white solid (1.2 g,
yield = 70%). The product was used in next step without
further purification (purity approximately 90%).

4. 1,3-dibenzyl 2-hydroxypropane-1,2,3-tricarboxylate

About 1.1 g of compound 3 (2.57 mmol) was dissolved in
3 mL of trifluoroacetic acid (TFA). The reaction mixture
was stirred and sonicated alternately for 25 min and then
the TFA was removed by flow of nitrogen. The residue was
then dissolved in EtOAc and was washed three times with
water to get rid of the residual TFA. The organic phase
was then dried and evaporated. About 940 mg of com-
pound 4 was obtained (yield = 95%) and it was used in the
synthesis without further purification.

5. 2-{(1S)-[1,3-bis(benzylcarboxy)prop-1-yl]-
carbamoyl}-1,3-bis(benzylcarboxy)-2-carboxy-2-
hydroxy-propan-2-amide

About 500 mg of compound 4 (1.35 mmol, 1.1 eq) was dis-
solved in 5 mL of dimethylformamide along with 564 mg
of 2-(1H-benzotriazol-1-y1)-1,1,3.3-tetramethyluronium hex-
auorophosphate (1.49 mmol, 1.1 eq) and 840 pL of N.N-
Diisopropylethylamine (DIEA) (4.65 mmol, 3.5 eq). The
mixture was left stirring for 15 min and then 486 mg of
HoN-Glu(OBn)-COOBn*Tos (1.49 mmol., 1.0 eq) was
added in one portion. After 2.5 h, all volatiles were evapo-
rated and the residue was dissolved in 50 mL of EtOAc.
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The organic phase was washed two times with 10%
KHSO,, two times with saturated NaHCO; and once with
brine. About 600 mg of compound 5 (yield = 60%) was
obtained as an oily product after evaporation and column
chromatography on silica (EtOAc, TLC R, = 0.25).

6. 3-{[(15)-1,3-dicarboxypropyl]carbamoyl}-3-hydroxy-
pentanedioic acid (B-citrylglutamate, BCG)

About 50 mg of compound 5 was dissolved in 2 mL of
methanol (MeOH) and catalytical amount of palladium on
activated charcoal [Pd(C)] was added. The reaction mixture
was first purged with flow of nitrogen, then with flow of
hydrogen. The benzyl groups were then removed during
3 h using slightly elevated pressure of hydrogen (1.05 Atm).
TLC analysis showed that all the reactants disappeared and
the reaction mixture was filtered and evaporated. The pro-
duct was purified using preparative scale HPLC (isocratic
2.5% ACN, R, = 6 min). About 10 mg was isolated upon
dry freezing (isolated vyield =42%). '"H NMR (401 MHz,
DMSO) & 12.31 (bs, 4H), 7.74 (d, J = 8.0 Hz, 1H), 5.73
(bs, 1H), 425 (td, J=83 48 Hz, 1H), 277 (d.
J =156 Hz, 1H), 2.68 (d, J =157 Hz. 1H), 2.66 (d.
J =152 Hz, 1H), 2.58 (d. J = 15.2 Hz, 1H), 2.37-2.21 (m,
2H), 2.07-198 (m, 1H), 1.89-1.78 (m, 1H). "*C NMR
(101 MHz, DMSO) & 174.01, 173.40, 17294, 171.41,
171.26, 73.47, 51.12, 42.90, 42.45, 29.66, 26.78. Analytical
HPLC R, =4.0 min. HRMS (ESI-) m/z for C;osH207N>
[M—H] calculated 389.13433, found 389.13424.

Expression and purification of recombinant
human GCPII, GCPIIl and GCPIl inactive variant

The expression and purification protocols for all used
human recombinant proteins in this study. Avi-tagged
extracellular portion of GCPII [19], GCPIII [12], the inac-
tive variant of GCPII [7] and tag-free extracellular portion
of GCPII [52], have been described earlier.

GCPIl and GCPIIIl activity assay

Because GCPIII activity is metal-dependent, MilliQ (Merck
Millipore) was used to prepare all solutions. Reactions with
BCG, NAAG (Merck KGaA) and folyl-n-y-L-glutamic
acids (FolGlu, ¢) (Schircks Laboratories, Jona, Switzer-
land) were performed in 25 mm Tris/HCL, pH 7.5, (Merck
KGaA) or 25 mm bistrispropane HCl, pH 7.5, (Merck
KGaA) in a total volume of 215 pL in a 96-well plate
immersed in a water bath (Grant Instruments, Shepreth,
UK) at 37.0 °C Jor in a lower throughput setting in 1.5 mL
eppendorf tubes using a thermo-block Bioer MB120 (MB-
102:; Bioer, Hangzhou. China)]. Concentrations of substrate
stock solutions were determined by amino acid analysis
[53]. All components were pipetted on ice, and reactions
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were started by adding substrate following a 5- to 13-min
preincubation at 37.0 °C. After 20 min, the reactions were
terminated by inhibiting the enzyme and by changing the
pH to 5.8 by addition of 10.0 pL stopping solution com-
posed of 0.37 m phosphoric acid (Penta. Prague. Czech
Republic) and 22 pm  2-(phosphonomethyl)}-pentanedioic
acid in MilliQQ water (Merck Millipore) (when 25 mm bis-
trispropane buffer, pH 7.5, was used) or 3.48 pL of 0.41 m
phosphoric acid (Penta), 72 pm 2-(phosphonomethyl)-pen-
tanedioic acid and 7.2 pm 2-mercaptoethanol (Merck
KGaA) in MilliQ water (Merck Millipore) (when 25 mm
Tris/HCl buffer, pH 7.5, was used). Reaction conditions
were designed to yield 10-30% substrate turnover. The
method for quantifying FolGlu,_g substrates and FolGlug s
products was the same as described elsewhere [7], while
hydrolysis of NAAG and BCG was assessed with a novel
assay (see below for details). Using GraFi1, we fitted a sat-
uration curve to 6-11 data points for every substrate
(whereby each point represented a single or average of a
duplicate experiment). Because of low Ky values, the assay
was sometimes restricted by the limit of quantfication of
the employed analytic method (indicated by an asterisk in
Fig. 2 and below), meaning that the Ky value was smaller
than the lowest experimental substrate concentration. In
Fig. 2, the lowest substrate concentrations were, from left
to right, 1.5, 0.20, 0.20, 0.20, 0.32*, 0.088%, 0.20, 0.20, 0.20,
0.10, 0.14%*, 0.045, 0.031, 0.030, 0.034 pm.

Quantification of glutamate in the enzymatic
assay

To quantify glutamate as a product of NAAG and BCG
cleavage. a novel method was developed. It is based on a
highly concentrated solution of orthophthalaldehyde
(OPA), a commonly used reagent for amino acid derivati-
zation [53]. The new derivatization formulation was a
0.10 m OPA, 0.30 M 3-mercaptopropionic acid, 4% acetoni-
trile (v/v) and 0.94 m bistrispropane. pH 9.6 solution. A
11.0 pL portion of the solution was added to 99 pL of a
reaction containing the cleavage product glutamate. This
improvement made it possible to surpass the need to con-
centrate the sample by lyophilization and redissolving it [7].
Sample denvatization and analysis was performed on an
Agilent 1200 or 1260 instrument (Agilent Technologies,
Santa Clara, CA, USA) similarly as described previously
[7]. except that the analysis method was slightly modified.
The new method consisted of 13.80 min at 0.7% B,
0.05 min transition to 80.0% B, 1.00 min at 80.0%
B. 0.05 min transition back to 0.70% B. 0.60 min at 0.7%
B. injection of 20.0 pL of 16-fold diluted 85% phosphoric
acid (w/w; Penta), pH 2.5, (NaOH; Penta) to dissolve pre-
cipitate of metal hydroxides, and 10.50 min at 0.7% B. The
automatic derivatization procedure and injection performed
by the instrument just prior to analysis took approximately
7 min.

M. Navratil et al.

Atomic absorption spectroscopy to determine Zn
occupancy in the GCPIIl active site

Following purification, approximately 10 pm GCPIT and
GCPIII was dialysed against 10 mm MOPS (Duchefa,
Biochemie, Haarlem, the Netherlands: pH adjusted by
KOH), pH 7.4, using Slide-A-Lyzer™ MINI Dialysis
Devices (Thermo Scientific). The buffer was prepared from
MilliQ water (Merck Millipore) and subjected to Chelex
100 (Bio-Rad, Hercules, CA, USA) before use. Dialysis
devices and glass vials used for protein preparation were
washed twice with EDTA solution and thoroughly with
MilliQQ) (Merck Millipore) water. Samples were analysed on
an Analyst 800 spectrometer (Perkin-Elmer, Waltham, MA,
USA) with electrothermal atomization using an EDL Zn
lamp. Temperatures of pyrolysis and atomization were
700 °C and 1500 °C, respectively. Palladium was employed
as a modifier. The limit of detection for =zinc was
0.1 ngmL~'. For the analysis itself, samples were diluted
200-fold. The analysed volume was 10 mL. Measurements
were performed at least in triplicate. The protein concentra-
tion was quantified by amino acid analysis [53].

Quantification of GCPII/IIl at the protein and
mRNA levels

Enzymatic assay

The total protein concentrations of tissue lysates were esti-
mated by a modified Bradford method (Protein Assay:
Bio-Rad), using BSA (Thermo Scientfic) as a standard
and 97 mm HEPES (Merck KGaA) and 0.15 m NaCl
(Penta) pH 7.5 (NaOH; Penta) as a buffer. For the activity
assay, tissue lysates were diluted 5.3- to 7300-fold overall.
Buffer used for the specific detection of both GCPII and
GCPIIl was prepared from MilliQQ water (Merck Milli-
pore)., composed of 20 mm Tris (Merck KGaA), 0.15 m
NaCl (Penta), 2.5 mym CaCl, (Merck KGaA) and 0.1% (v/
v) Tween 20 (USB. Cleveland. OH, USA), pH 7.4 (HCL,
Penta) and filtered through a 0.22 pm filter (Merck Milli-
pore). As a substrate, [PFHINAAG and FH]BCG were used
at 5 nm final concentration (mixed with cold substrates in
a 19 : 1 molar ratio to yield a total substrate concentration
of 100 nm) in a previously described radiometric assay [5].
in which the column volume was 1.0 or 0.5 mL and elu-
tion was performed with 2.4 or 1.2 mL of 1 m» HCOOH
(Penta), respectively. The usual time of incubation was
17 h at 37.0 °C.

This particular buffer confers the needed differences in
specificities of GCPII towards NAAG and GCPIII towards
BCG: When GCPII is quantified according to NAAG
hydrolysis, GCPIII must be approximately 60-fold more
concentrated to yield a comparable turnover. On the other
hand, when GCPIII is quantified according to BCG hydrol-
ysis. GCPII does not cleave BCG at all even if its concen-
tration is 180-fold higher (data not shown).
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Quantitative PCR

Amounts of GCPII transcript (encoded by the gene
FOLHI!) were quantified by an assay set of forward and
reverse primers (sequences 5'-CGG CTT CCT CTT CGG
GTG-3 and 5-GAT GTT CTC AGC TTT CAA TTC
ATC C-3') and a fluorescent hydrolysis probe (sequence 5'-
ATC CTC CAA TGA AGC TAC TAA CAT TAC TCC
AA-3'). This set was designed to amplify nucleotides 366
471 in the GCPII transcript (NM_004476) to yield an
amplified product of 106 bps, which covers regions of
exons 1 and 2 and corresponds to amino acids 35-70 in the
longest open reading frame (ORF). The forward primer is
complementary to the exon l-exon 2 junction, and it was
designed to enable selective amplification of the wild-type
GCPI protein-coding splice wvariant (usually termed
PSMA). This assay set was also designed to amplify neither
genomic sequences nor the prostate specific membrane anti-
gen like protein transcript, which is encoded by the pseudo-
gene FOLHI1B.

Amounts of GCPIII transcript were guantified by an
assay set of forward and reverse primers (sequences 5'-TTT
GGA CTT CTG GGT TCC AC-3 and 5-TGC TTC TCT
CCT GGA GTA TTT TG-3') and a fluorescent hydrolysis
probe, Universal probe #30 (Roche., 04687639001, Basel,
Switzerland). This set was designed to amplify nucleotides
1291-1354 in the GCPIII transcript (NM_005467) which
covers regions in exons 11 and 12 and corresponds to
amino acids 416-437 in the longest ORF. The expected size
of the amplified product was 64 bases; the size of a possibly
amplified genomic DNA sequence was 5308 bases.

As a standard for absolute quantification, serial 10-fold
dilutions covering concentrations from 107 to 10* copies
per reaction of pcDNA4 plasmid with subcloned protein-
coding sequence of either GCPII (longest ORF from
NM_004476 coding amino acids 1-750, ie. full-length
GCPI) or GCPIII (longest ORF from NM_005467 cod-
ing amino acids 1-740, ie. full-length GCPIII) were
amplified with both assay sets. The mnitial concentration of
plasmid DNA (purified by QIAprep Spin Miniprep Kit;
Qiagen, Venlo, Netherlands) prior to dilution was deter-
mined spectrophotometrically by absorption at 260 nm
(Nanodrop ND-1000; Thermo Scientific). To enable pre-
cise comparison between the determined amounts of both
transcripts, obtained calibration curves were further nor-
malized against each other by quantification of common
regions in both plasmids. The ampicillin resistance gene
region was quantified with a set of primers of sequences
5-GCA GAA GTG GTC CTG CAA CT-¥ and 5-AGC
TIC CCG GCA ACA ATT A-3 and Universal probe
#58 (Roche). In this way. two calibration curves were
obtained for each plasmid, one for the amplification of
target transcript and one for the common sequence.
Finally, the slope and intercept values of both curves were
transformed for each plasmid so that the transformed
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slope and intercept values of the curves for the common
sequence were equal and corresponded to the average
value between the two plasmids.

To assess the selectivity of qPCR amplification, both
pcDNA4 plasmids with subcloned proteincoding sequences
of either GCPII or GCPIII (10° copies per reaction) were
amplified in the same qPCR setup by both assay sets, and
possible products were inspected by agarose gel elec-
trophoresis. For the same reason, amplification of isolated
human genomic DNA was tested in the same way. The
amount of genomic DNA was quantified by a set of pr-
mers of sequences 3'-GAG AAC CGT TTG AAT GAA
ACT GAG-3 and 5-TTG GAT GAA CAG GAA TAC
TTG GAA GA-3 and a fluorescent hydrolysis probe of
sequence 5-ACA GCC TCT GCA ATT CCA CGC CTA
T-3', which detects the intron-exon junction of the FOLH1
gene (gene coding for GCPII).

The amount of both GCPII and GCPIII transcripts was
then measured in 1.0 pL of 10-fold diluted tissue cDNA
libraries obtained from Clontech (Human MTC Panel 1
and II; Takara Bio, Kyoto, Japan).

All gPCR reactions were carried out in triplicate in
FrameStar 480/96 multiwell plates (4titude. Dorking, UK)
sealed with adhesive foil (Roche) using a LightCycler 480 II
instrument (Roche) in a total volume of 10 uL. Each reac-
tion consisted of a LightCycler 480 Probe Master (Roche)
diluted according to the manufacturer’s instructions, forward
and reverse primer (1 pm final concentration each). fluores-
cent probe (final concentration of Roche universal probes
was 50 nm; final concentration of custom probes was
100 nm) and 1 pL of sample or template DNA (positive and
nontemplate controls as well as interplate calibrators were
included on each plate). Initial denaturation for 3 min at
95 °C was followed by 45 cycles of 10s at 95 °C, 30 s at
66 °C and 30 s at 72 °C. The threshold cycle numbers (C,)
were then determined from fluorescence intensities acquired
during the gPCR runs by second derivative maximum
method using LiguTeycLeEr 480 software (Roche). The pres-
ence and the size of PCR products was analysed in all gPCR.
reactions by agarose gel electrophoresis.
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Glutamate carboxypeptidase IT (GCPII), also known as prostate-specific
membrane antigen (PSMA) or folate hydrolase, is a metallopeptidase
expressed predominantly in the human brain and prostate. GCPII expres-
sion is considerably increased in prostate carcinoma, and the enzyme also
participates in glutamate excitotoxicity in the brain. Therefore, GCPII rep-
resents an important diagnostic marker of prostate cancer progression and
a putative target for the treatment of both prostate cancer and neuronal
disorders associated with glutamate excitotoxicity. For the development of
novel therapeutics, mouse models are widely used. However, although
mouse GCPII activity has been characterized, a detailed comparison of the
enzymatic activity and tissue distribution of the mouse and human GCPII
orthologs remains lacking. In this study, we prepared extracellular mouse
GCPII and compared it with human GCPII. We found that mouse GCPII
possesses lower catalytic efficiency but similar substrate specificity com-
pared with the human protein. Using a panel of GCPII inhibitors, we dis-
covered that inhibition constants are generally similar for mouse and
human GCPII. Furthermore, we observed highest expression of GCPII
protein in the mouse kidney, brain, and salivary glands. Importantly, we
did not detect GCPII in the mouse prostate. Our data suggest that the dif-
ferences in enzymatic activity and inhibition profile are rather small; there-
fore, mouse GCPII can approximate human GCPII in drug development
and testing. On the other hand, significant differences in GCPII tissue
expression must be taken into account when developing novel GCPII-based
anticancer and therapeutic methods, including targeted anticancer drug
delivery systems, and when using mice as a model organism.

Glutamate carboxypeptidase II (GCPIL; EC 3.4.17.21)
is a membrane metalloprotease that has been studied
intensively over the past 20 years in three different

Abbreviations

scientific fields: neuroscience, prostate oncology, and
dietology. In humans, GCPII is expressed predomi-
nantly in the brain [1,2], prostate [3,4], small intestine

AwvichGCPIl, recombinant extracellular human GCPII; AviemGCPIl, recombinant extracellular mouse GCPII; GCPII, glutamate carboxypeptidase
Il; GCPIII, glutamate carboxypeptidase lll; NAAG, Macetyl-L-aspartyl-L-glutamate; PSMA, prostate-specific membrane antigen.
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[5], and kidney [4.6]. Because GCPII plays different
physiological roles in these tissues, three alternative
names for the enzyme have historically been used: N-
acetylated alpha-linked acidic dipeptidase (NAALA-
Dase) [7], prostate-specific membrane antigen (PSMA)
[8], and folate hydrolase [5]. The close GCPII homolog
GCPIII [9,10], recently identified as P-citryl-glutamate
hydrolase [11], is also expressed in human tissues.

In the human central nervous system, GCPII
hydrolyzes the most abundant peptide neurotransmit-
ter, N-acetyl-L-aspartyl-L-glutamate (NAAG), into
N-acetyl-L-aspartate and glutamate [7]. Inhibition of
this proteolytic activity with selective GCPII inhibitors
has been shown to be neuroprotective in experiments
with mouse models [12]; NAAG activation of metabo-
tropic glutamate type 3 receptors exerts neuroprotec-
tive effects toward glutamate-mediated excitotoxicity
caused by elevated levels of glutamate released during
stroke, traumatic brain injury, and other pathological
conditions [13—15]. In addition to the brain, GCPII is
expressed on the human jejunal brush border [5.16],
where it cleaves the terminal glutamates from poly-y-
glutamylated folates, enabling their transport across
the intestinal mucosa (folate absorption) [17]. On the
other hand, the function of GCPII in the human pros-
tate is unknown. GCPII is overexpressed in prostate
cancer [3,18]; therefore, it has been suggested as a
promising target for prostate cancer diagnosis and
treatment using targeted strategies [19-21].

An appropriate animal model is necessary for the
development and testing of novel therapeutics. Mice,
rats, and pigs are among the most promising candi-
dates to become such a model for GCPII research.
Several years ago, our laboratory conducted a study
comparing human GCPII with its porcine and rat
orthologs [22]. The orthologs showed similarity in their
enzymatic properties, but considerable differences in
terms of their tissue distribution [22]. However, mouse
GCPII was not included in the study, even though
mice now are the most widely used preclinical models
for GCPII-targeted research (stroke [12], traumatic
brain injury [23,24], amyotrophic lateral sclerosis [25],
inflammatory, and neuropathic pain [26,27], reviewed
in Refs [13,28]). Therefore, a comparative analysis of
mouse GCPII characterization is needed.

Mouse GCPII shares 91% amino acid similarity
with human GCPII and preserves the internalization
signal MXXXL, despite low similarity in the intracel-
lular domain [29]. Mouse GCPII also possesses both
NAAG-hydrolyzing and folate hydrolase activities
[29]. In contrast to the expression pattern of human
GCPIIL, mouse GCPII is expressed in largest amounts
in the kidney and, surprisingly, is absent in the mouse

Characterization of mouse GCPII

prostate [29]. Results from studies with GCPII-knock-
out mice have been contradictory: some reports have
described normal development to adulthood [9,30] and
others have noted early embryonic death [31,32].

In the current study, we prepared and characterized
recombinant mouse GCPII and compared it with its
human counterpart. We put a strong focus on distribu-
tion of GCPII in mouse tissues, as this information is
highly relevant for the development of novel GCPII-
based anticancer and neuroprotective therapies using
mouse models.

Results

Efficient one-step purification method yields
purified recombinant mouse GCPII (Avi-mGCPIl)

As recombinant extracellular human GCPII was
shown to correctly represent the endogenous full-
length GCPII [33,34], we prepared the recombinant
extracellular part of mouse GCPII (Avi-mGCPII)
using a Drosophila S2 expression system, according to
the protocol previously established in our laboratory
[34]. Avi-mGCPIl has a TEV cleavable Avi-tag
sequence attached to the N terminus of the mouse
GCPIT extracellular domain (amino acids 45-752),
enabling fast one-step purification (Fig. 1A).

Avi-mGCPII was purified from the conditioned
medium of cells stably transfected with Avi-mGCPII
by affinity chromatography based on the biotin—strep-
tavidin interaction [34], yielding 3 mg of pure protein
from 1 L conditioned medium (Fig. 1B).

Mouse GCPIl has lower catalytic efficiency than
human GCPII

To characterize the enzyme activity of Avi-mGCPII,
we determined kinetic parameters (Kyy and kg, for
cleavage of both substrates: N-acetyl-r-aspartyl-L-glu-
tamate (NAAG) and pteroyl-di-L-glutamate (Table 1).
The data revealed that the catalytic efficiency of Avi-
mGCPII is lower than that of its human counterpart.
The enzymes had similar turnover numbers but dif-
fered in their K,; values. The differences were more
pronounced for pteroyl-di-L-glutamate than for
NAAG. Surprisingly, both enzymes had higher cat-
alytic efficiencies for cleavage of pteroyl-di-L-glutamate
than for NAAG (Table 1).

Furthermore, to analyze the inhibition profile of
Avi-mGCPII, we determined K; wvalues for several
commonly used GCPII inhibitors (using pteroyl-di-1-
glutamate as a substrate). The set of GCPII inhibitors
included 2-(phosphonomethyl)pentanedioic acid

FEBS Open Bio 7 (2017) 1362-1378 @ 2017 The Authors. Published by FEBS Press and John Wiley & Sons Lid. 1363
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Fig. 1. Schematic structure of AvimGCPIl and affinity purification. (A) Schematic structure of AvimGCPIl containing an Avi sequence (the
biotinylated lysine residue is enlarged and underlined) and TEV protease cleavage sequence (the cleavage site is marked with an asterisk).
(B) Silver-stained SDS/PAGE gel showing affinity purification of AvimGCPIl expressed in Drosophila 52 cells. MWM, molecular weight
marker; load, concentrated S2 cell medium; FT, flow-through; W1-W3, wash fractions; E1-E4, elution fractions. Ten microliter samples was
loaded onto the gel, except for the E2 fraction (1 pL was loaded).

Table 1. Kinetic parameters of recormbinant mouse and human GCPII {Avi-mGCPIl and Avi-hGCPII, respectively) for their substrates. Kinetic
parameters (K, and k.,) of MN-acetyll-aspartylL-glutamate (NAAG) and pteroyldi-L-glutamate cleavage were determined using

radioenzymatic [34) and HPLC assays [39], respectively. The values shown are mean + standard deviation of duplicate measurements.

NAAG Pteroyldi-.-glutamate
Enzymes Kpa [nna] keat [57") Ko/ Kia [ 107 577 M) K [nna] koo 1877 Kot/ Ko [ 107 577 )
Avi-mGCPIl 1900 + 100 1.44 + 0.02 0.077 + 0.001 290 + 20 3.63 £ 0.09 1.26 + 0.08
Avi-hGCPII 550 + 60 1.45 + 0.04 0.265 + 0.007 394 2 5.08 + 0.09 13.2 + 0.8

(2-PMPA) [35], (S)-2-(3-((S)-1-carboxy-3-methylbutyl)
ureido)pentanedioic acid (ZJ-43) [36], (S)-2-(3-((S)-1-
carboxy-(4-iodobenzamido)pentyl)ureido )pentanedioic
acid (DCIBzL) [37], quisqualate, DKFZ-PSMA-11
[38], and beta-citryl-L-glutamate (Table 2). We also
tested three compounds recently prepared in our labo-
ratory: JB-352 and JB-277 (originally reported as com-
pounds 3 and 22a [39]) and JS-686 (originally
compound 7 [40]).

Mouse and human GCPIl exhibit similar
substrate specificities

To obtain information about the substrate specificity
of Avi-mGCPII, we screened 19 different dipeptide
libraries of the general formula N-Ac-A-X [where A
represents a given single N-terminal amino acid and X
represents a mixture of 19 proteinogenic amino acids
(all except for cysteine)]. The N-acetylated dipeptide
libraries were incubated with the enzymes, and the
cleaved amino acids were analyzed by HPLC [41]. As
a negative control, the potent and selective GCPII
inhibitor 2-PMPA was used to block the specific
enzyme activity.

Overall, we found no significant differences in
hydrolysis of dipeptide substrates between mouse and

human GCPII, as illustrated by heat maps showing
mouse and human GCPII processing of individual N-
acetylated dipeptides (Fig. 2). The enzymes exhibited a
clear preference for glutamate in the C-terminal posi-
tion (i.e., glutamate carboxypeptidase activity); mouse
GCPII possesses higher selectivity toward the C-term-
inal glutamate.

GCPIl is highly expressed in mouse kidney, brain,
and major salivary glands

To analyze GCPII distribution in mouse tissues, we
collected tissues samples from six mice (three
females and three males) and analyzed them by
western blot using the anti-GCPII antibody GCP-04
[2.42].

Mouse GCPII was expressed predominantly in the
mouse kidney and brain (Fig. 3), which is in agree-
ment with previous data [9]. Interestingly, we observed
high and variable expression in the mouse major sali-
vary glands. The different apparent molecular weights
are likely caused by different glycosylation of GCPII
in the tissues.

We also determined the NAAG-hydrolyzing activity
in the tissue lysate samples using tritium-labeled
NAAG as a substrate and compared these results with

1364 FEBS Open Bio 7 (2017) 1362-1378 @ 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Table 2. Inhibition of recombinant mouse and human GCPIl (AviemGCPIl and Avi-hGCPIl, respectively) by a panel of GCPIl inhibitors.
Inhibition constants (K; values) were determined using an HPLC-based assay using pteroyl-di-L-glutamate as a substrate. The values shown
are mean <+ standard deviation of duplicate measurements.

Compound K (Avi-mGCPI (nm) K (Avi-hGCPI) (nm)
Quisqualate D 580 + 60 520 + 80
NH, o~/<~
Rant
2-PMPA Hu\f 0.56 + 0.05 0.26 £ 0.03
wo ) e

T

Z2J-43 Hu\i‘j 59 + 0.9 0.58 + 0.07

o
e
H

HO,
JB-352 HO O 0.66 + 0.06 0.17 £ 0.04
Lo} OH
i T/\/\ i
o ) A L
H H H

B-citryl-L-glutamate "o =P 24 000 £ 3000 16 000 £ 5000

HO, o

o
HO,
H OH
T
DCIBzL Ho 20 0.028 £ 0.003 0.017 £ 0.002
HO )l\ !
N N. ﬁh
1
JB-277 HO,_ -0 0.68 + 0.07 0.05 + 0.02
o, OoH
o o
o LT
H H

| S

Br —
DKFZ-PSMA-11 Ho_ O 0.10 + 0.01 0.018 + 0.002

JS-686 Ho._ =0 0.049 + 0.005 0.021 £+ 0.004

HO,

the data obtained by western blot analysis. Recombi- converted to amounts of GCPII, which were then nor-
nant mouse GCPII was used as a standard, and the malized to the total protein concentrations in the
observed levels of NAAG-hydrolyzing activity were homogenates (Fig. 4).
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Fig. 2. Heat maps representing the substrate specificities of mouse and human GCPIl. Recombinant mouse and human GCPII {(Avi-mGCPII
and Avi-hGCPII, respectively) were incubated with 19 dipeptide libraries of the general formula MAc-A-X-OH [where A represents a given
single N-terminal amino acid and X represents a mixture of 19 proteinogenic amino acids (all except for cysteine)l. The samples were
incubated for 1.5 h at 37 °C, and the cleaved C-terminal amino acids were quantified using HPLC. As negative controls, experiments either
with the GCPll-specific inhibitor 2-PMPA or without Avi-mGCPII/Av-hGCPIl were performed. The grayscale key represents the percentage

of conversion of the particular amino acid in the reaction mixture.

The results confirmed high expression of GCPII in
the kidney, brain, and major salivary glands. We did
not detect GCPII in the mouse prostate (Fig. 4).

To further examine the location of GCPII in the
highly expressing tissues, we performed immunohisto-
chemistry using the anti-GCPII antibody GCP-04
[2.42]. We found relatively high expression in the white
matter in the brain, on luminal side of proximal
tubules in the kidney and in the abluminal cells in the
major salivary glands (mainly in the sublingual gland)
(Fig. 5).

mRNA expression profile differentiates GCPIl and
GCPIIl expression levels in mouse tissues

The GCP-04 antibody cross-reacts with GCPIII, which
also cleaves NAAG [11.43]. Therefore, we decided to
further analyze the tissue distribution of both homo-
logs by quantitative RNA determination (qPCR). For
these analyses, we used either commercially available
panels of mouse tissue ¢cDNA libraries (Fig. 6A) or
cDNA libraries prepared from mouse tissues (female 1
and male 1; Fig. 6B,C).

The results from commercial cDNA libraries repre-
sent the average tissue distribution of both transcripts

in the mouse population. Each library was pooled
from several hundred mice and normalized by the ven-
dor to several different housekeeping genes (beta-actin,
G3PDH, phospholipase A2, and ribosomal protein
529). The highest expression of mouse GCPIT mRNA
was in the kidney, brain, and testis, while mouse
GCPIII mRNA was predominantly expressed in the
testis, heart, lung, and skeletal muscle (Fig. 06A).

To gain insight into expression of both transcripts
in individual mice, we also quantified mRNA tran-
scripts in ¢cDNA libraries prepared from mouse tissues
dissected from one female and one male mouse. The
results were normalized to the starting amount of total
RNA and are in good agreement with findings from
the pooled libraries (Fig. 6B,C).

Discussion

GCPII is a potential pharmaceutical target for a num-
ber of pathological conditions caused by glutamate
excitotoxicity in the central nervous system, including
stroke and traumatic brain injury. Moreover, GCPII
has been intensively studied as a target for diagnosis
and treatment of prostate cancer, as it is overexpressed
in the malignant prostate. In last two decades, a large

1366 FEBS Open Bio 7 (2017) 1362-1378 ® 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Fig. 3. Westem blot analysis of GCPII
expression in a panel of mouse tissues.
Mouse tissue samples (from three males
and three females) were homogenized,
and lysates were resolved by SDS/PAGE
(50 pg of total protein per lane). Mouse
GCPIl was visualized using the anti-GCPII
primary antibody GCP-04 (2] and HRP-
conjugated goat anti-mouse secondary
antibody.

Fig. 4. GCPIl expression in mouse tissues
determined by radioenzymatic assay. The
amount of GCPIl in mouse tissues was
determined by radicenzymatic assay using
[PHINAAG as a substrate and recombinant
mouse GCPIl (Avi-mGCPIl) as a standard.
Each tissue sample was measured in
duplicate using 1-50 pg total protein in the
reaction; the amount of mouse GCPIl was
normalized to total protein concentration
{ng GCPII per mg total protein). The assay
was performed with the same tissue
samples used in the western blot analysis.
*Not determined (adrenal gland: sample
M1; eye: sample F1).
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GCP-04
+ secondary Ab
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(cerebellum)
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gland
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gland ;
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gland

number of papers have been published describing
novel GCPII inhibitors acting as neuroprotective drugs
[28.,44] and GCPII inhibitor-based tools for imaging
and/or treating prostate cancer [19,20,45-47]. Most of
these compounds and methods were evaluated using
mouse models. However, there has been no direct
comparison of mouse and human GCPII, which would
provide important information to assess the usefulness
of such mouse models. Therefore, we set out to per-
form a systematic and detailed study to compare the
enzymatic properties of mouse and human GCPII, as
well as tissue distributions on both the mRNA and
protein levels.

We expressed the recombinant extracellular part
of mouse GCPII with an N-terminal Avi-tag

T. Knedlik et af.

Secondary Ab

only

Fig. 5. Immunchistochemical staining of
chosen mouse tissue sections. Formalin-
fixed, paraffin-embedded mouse tissue
sections were incubated with anti-GCPII
antibody GCP-04 (at 10 pg-mL™"
concentration) to visualize and localize
mouse GCPIl expression [42]. (A) Brain
{cerebellum): positive choroid plexus,
straturmn granulare, white matter. (B)
Kidney: positive luminal side of proximal
tubules, Bowman capsule; little
crossreactivity of secondary anti-mouse
antibody with capillaries and blood vessels
could be seen in the negative control.
(C) Sublingual gland: positive staining of
abluminal cells (probably myoepitelial
cells). (D) Submandibular gland: faint
staining of intercallated ducts and some
non-glandular abluminal cells. (E) Parotid
gland: faint staining of some non-glandular
abluminal cells.

(Avi-mGCPII), which enables fast and efficient one-
step purification [34]. Even though GCPII is a trans-
membrane enzyme, its extracellular domain is the
catalytically active portion and correctly represents
endogenous full-length GCPII [33]. To compare the
enzymatic properties of mouse and human GCPII, we
analyzed the cleavage of their substrates: N-acetyl-1-
aspartyl-L-glutamate (NAAG), which is cleaved by
GCPII in the brain, and pteroyl-di-L-glutamate, which
is a model substrate for poly-gamma-glutamylated
folates hydrolyzed by GCPII in the small intestine.
Because mouse and human GCPII have high sequence
similarity (86% identity and 97% similarity in the
extracellular part; Fig. 7), we did not expect to find
any significant differences in their enzymatic
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properties. In fact, we found that while the enzymes
are quite similar in NAAG-hydrolyzing activity, there
is an order-of-magnitude difference in their catalytic
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Human GCPII (1) [MWNLLJHETDSAVATARRPRWLCAGALVLAG-GFFLLGFLFGWF I[KSSNEAT -
Mouse GCPII (1) [MWNALIQDRDSAEVLEGHRQRWLRVGTLVLALTGTFLIGFLFGWFIKPSNEATG

Human GCPII (51) T PKENMKAFLDELKAENIKKF LYRFTQI PHLAGTEDNFQLAKQIQSOWKE
Mouse GCPII (53) QVSHSGMKKEFLHELKAENIKKFLY{)FTRTPHLAGTONNFELAKQTHDOWKE

Human GCPII (103) FGLDSVELAHYDVLLSY THPNYISIINEDGNEIFMISLFEPPPPGY
Mouse GCPII (105) FGLDLVELSHEYDVLLSYPNKTHPNYISIINEDGNEIFKTSLSEQPPPGYENE

Human GCPII (155) sDIVP?FSAE‘SPQGMPEGDLV!VNYARTEDFEKLERDMKL@CSGKIVIARYG
Mouse GCPII (157) SDMVPP¥SAFSPOGTPEGDLVYVNYARTEDFFKLEREMKISCSGKIVIARYG

(00 ®
Human GCPII (207) KVFRGNKVENAQLAGAKGMILYSDPADYFAPGVESYPDGWNLPGGGVQRGNT
Mouse GCPII (209) KVFRGNMVENAQOLAGAKGMILYSDPADYFVPAVKSYPDGWNLPGGGVORGNM

Human GCPII (259) LNLNGAGDPLTPGYPANE¥AYRRGIAEAVGLPSIPVHPIGYYDAQKLLEKMG
Mouse GCPII (261) LNLNGAGDPLTPGYPANEHAYRHELTNAVGLPSIPVHPIGYDDAQKLLEHMG

Human GCPII (311) GSAPPDSSWRGSLKVPYNVGPGETERFSTQKVKMHIHSTNEVTRIYNVIGTL
Mouse GCPII (313) GPAPPDSSWKGGLKVPYNVGPGFAGNFSTOKVKMHIHSYTKVTRIYNVIGTL

O O
Human GCPII (363) RGAVMEPDRYVILGGHRDEWVFGGIDPQSGAAVVHEIVRSFGTLEKEGWRPRR
Mouse GCPII (365) KGALEPDRYVILGGHRDAWVFGGIDPOSGAAVVHEIVRSFGTLKKKGRRPRR

o ®
Human GCPII (415) TILFASWDAEEFCLLGSTEWAEENSRLLQERGVAYINADSSIE YT LRYDC
Mouse GCPII (417) TILFASWDAEEFGLLGSTEWAEEHSRLLQERGVAYINADSSIEGNYTLRVDC

@
Human GCPII (467) TPLMYSLV TKELKSPDEGFEGKSLYESWTKKSPSPEFSGMPRISKLGSG
Mouse GCPII (469) TPLMYSLV LTKELOSPDEGFEGKSLYBSWKEKSPSPEFIGMPRISKLGSG

@ o0 g}
Human GCPII (519) NDFEVEFFQRLGIASGRARYTKNWETNKFSGYPLYHSVYETYELVEKFYDPME
Mouse GCPII (521) NDFEVFFORLGIASGRARY TKNWKTNKVSSYPLYHSVYETYELVVKFYDPTFE

Human GCPII (571) KYHLTVAQVRGEMVFELANSIVLPFDCRDYAVVLRKYADKIYSISMKHPQEM
Mouse GCPII (573) KYHL. TVAQVRGAMVFELANSIVLPFDCOSYAVALKKYADTT Y®T SMKHPOEM

Human GCPII (623) KTYSV¥SFDSLFSAVKNFTEIASKFSERLOQDFDKSNPINMLRMMNDQLMELERA
Mouse GCPII (625) KAYMISFDSLFSAVNNFTDVASKFNQRLOELDKSNPILLRIMNDOQLMYLERA

O
Human GCPII (675) FIDPLGLPDRPFYRHVIYAPSSHNKYAGESFPGIYDALFDIESKVDPSKAWG
Mouse GCPII (677) FIDPLGLPGRPFYRHIIYAPSSHNKYAGESFPGIYDALFDISSKVNASKAWN

Human GCPII (727) EVKRQIYVAAFTVQAAAETLSEVA
Mouse GCPII (729) EVKRQISIATFTVQAAAETLREVA

Fig. 7. Sequence alignment of the mouse and human GCPIl proteins. ldentical amino acid residues are highlighted in yellow, similar
residues in green, and different residues in white. A blue frame marks the internalization signal MXXXL [54], and a black frame corresponds
to predicted GCPIl transmembrane domain (predicted by TMHMM Server v. 2.0). Black circles denote potential N-glycosylation sites ('N-X-S/
T'). Green spheres: residues defining the S1’ pocket [49]; red spheres: residues forming the S1 pocket [48]; purple sphere: proton shuttle
catalytic base [55]; blue spheres: zinc ligands [56,57).
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1900 vs. 550 nm for NAAG). Their turnover numbers
are quite similar (3.6 vs. 5.1 s and 1.4 vs. 1.55 ',
respectively) (see Table 1). Slightly surprisingly, our
data revealed that the catalytic efficiency of NAAG
cleavage by mouse and human GCPII is significantly
lower than that of pteroyl-di-i-glutamate cleavage
(20-fold and 50-fold, respectively) (see Table 1).

Additionally, we analyzed the inhibition profile of
Avi-mGCPII using several GCPII inhibitors com-
monly used in research, including 2-PMPA, ZJ-43,
DCIBzL, DKFZ-PSMA-11, and quisqualate. We also
tested several other inhibitors that were prepared in
our laboratory. Generally, we did not observe consid-
erable differences in the K; values obtained for mouse
and human GCPII. However, inhibitors ZJ-43 and JB-
277 were exceptions; the K; values for Avi-mGCPII
were 10-fold higher (Table 2). Both compounds belong
to the urea-based group of GCPII inhibitors, together
with DCIBzL. Surprisingly, the K; value of DCIBzL
was identical for both enzymes. As seen in Fig. 7,
mouse and human GCPII are highly similar and key
amino acid residues participating in substrate binding
and hydrolysis are identical [48-50]. Thus, in the
absence of an experimentally determined structure of
mouse GCPII, it is difficult to explain the observed
differences in inhibitor binding and catalytic efficiency.

Next, we assessed the substrate specificity of Avi-
mGCPII. We screened dipeptide libraries covering
almost all N-acetylated dipeptide substrates, not includ-
ing cysteine-containing dipeptides. Unsurprisingly,
mouse GCPII exhibited a strong preference for gluta-
mate in the P1’ position, cleaving almost any dipeptide
with a C-terminal glutamate (i.e., glutamate car-
boxypeptidase activity). It also cleaves dipeptides with
methionine in the P1’ position and an acidic amino acid
(aspartate or glutamate) in the P1 position. Dipeptides
containing any other C-terminal amino acid were not
hydrolyzed by mouse GCPII. The substrate specificity
of mouse GCPII thus seems to be even more pro-
nounced than that of the human enzyme (Fig. 2).

In addition to the enzymatic properties of mouse
GCPII, its tissue distribution is a relevant aspect both
to understand the physiological function of the enzyme
and to assess the use of mouse models for targeted
drug delivery and GCPII inhibition experiments.
Therefore, we set out to elucidate GCPII expression in
mouse tissues. To see individual differences, we col-
lected tissue samples from six mice (three females and
three males).

To assess GCPII expression on the protein level, we
prepared mouse tissue lysates and detected mouse
GCPII by western blot using the anti-GCPII antibody
GCP-04, which was raised against human GCPII

Characterization of mouse GCPII

[2.42]. Because GCP-04 recognizes a linear epitope in
the GCPII primary structure (amino acids 100-104:
WEKEFG [22]), which is conserved in the mouse GCPII
sequence, the antibody can be used for selective and
sensitive detection of mouse GCPII as well. We con-
firmed very high expression of GCPII in the mouse
kidney and high expression in the mouse brain, which
is in agreement with high GCPII expression in the cor-
responding human tissues [22]. Furthermore, we
observed high expression of GCPII in the mouse
major salivary glands. Relatively high wvariability
among individual samples of major salivary glands is
probably caused by close association of salivary glands
that are macroscopically quite similar. This makes the
proper dissection of topographically complicated ven-
tral cervical region particularly cumbersome and might
lead to cross-contamination. Therefore, we localized
GCPII expression by immunohistochemistry using
anti-GCPII antibody GCP-04. We observed GCPII
expression in all three salivary glands (sublingual, sub-
mandibular, and parotid); however, GCPII is
expressed predominantly in the sublingual gland, while
the expression in the submandibular and parotid
glands is lower (Fig. 5).

Mouse prostate contains negligible levels of GCPII,
which is consistent with previous findings [9] and in
contrast with human prostate, which expresses large
amounts of GCPII [6,22,51]. Additionally, as human
and mouse prostates differ considerably in their mor-
phology, we dissected a mouse prostate into its indi-
vidual parts (anterior, dorsal, and lateral prostate) and
searched for potential GCPII expression in each part
separately. Nevertheless, we did not detect GCPII
expression in any of the tested parts of mouse pros-
tate. Our data suggest that GCPII might also be
absent in the mouse jejunum, a tissue where human
GCPII cleaves off glutamates from glutamylated
folates [17]. Rat jejunum and ileum were shown not to
contain GCPII, in contrast to the corresponding
human tissues, which express large amounts of GCPII
[22]. Folates in rat intestine are hydrolyzed by y-gluta-
myl hydrolase, not GCPII [52], and the situation in
mice may be thus similar.

Furthermore, we verified GCPII tissue distribution
obtained by western blot analysis by quantification of
NAAG-hydrolyzing activity in mouse tissues. The
activity-based GCPII expression profile correlated well
with the western blot results, confirming strong GCPII
expression in the mouse kidney, brain, and salivary
glands and no expression in mouse prostate and
jejunum.

GCPIII is a close GCPII homolog found both in
humans and in mouse. The GCP-04 antibody also
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recognizes GCPIII but is roughly 10-fold less sensitive
toward GCPIIT than toward GCPII [42]. Moreover,
GCPIII also hydrolyzes NAAG, although with a lower
catalytic efficiency [10,11,43]. Therefore, GCPII distri-
bution in mouse tissues obtained by western blot anal-
ysis with GCP-04 and activity assay based on NAAG
hydrolysis could be distorted by a high amount of
GCPIII and low amount of GCPII in a particular tis-
sue. Because there is no specific antibody against
GCPIII, we explored GCPII/GCPIII expression in
mouse tissues on the mRNA level to differentiate
between the two homologs. We quantified GCPII and
GCPIII transcripts in both commercially available
mouse tissue cDNA libraries and cDNA libraries we
prepared from isolated mouse tissues (Fig. 6). Taking
these gPCR data into account, GCPIII appears to be
the source of the NAAG-hydrolyzing activity in the
mouse ovary, uterus, and heart. GCPIII was most
strongly expressed in the testis but was accompanied
by rather high quantities of GCPIIL.

To conclude, we prepared and characterized
recombinant mouse GCPII and compared it with
human GCPII. We found that the differences in
enzymatic activity, inhibition profile, and substrate
specificity between mouse and human GCPII are
rather small; therefore, mouse GCPII can serve as a
suitable substitute for human GCPII in enzymologi-
cal studies.

Due to the observed lack of GCPII expression in
the mouse prostate, mouse might not seem to be an
ideal model for the development of prostate cancer
diagnostic/therapeutic agents. However, most such
studies employ human tumor xenografts in mouse
models. For this purpose, mice are generally suitable,
because the distribution of GCPII in other tissues is
quite similar to that in humans. Therefore, mouse
GCPII appears to be a good model for the develop-
ment of GCPII-targeted drugs for treatment of pros-
tate cancer and neuronal disorders.

Experimental procedures

Cloning of mouse GCPIl (Avi-mGCPII)

The pIRES/mGCPII plasmid encoding full-length mouse
GCPH (amino acids 1-752) was a kind gift from
Warren Heston (Cleveland Clinic, TUSA).

Because the sequence contained two conflicts compared
to the annotated mouse GCPII sequence. we performed
site-directed mutagenesis to remove them (G240A and
E287N). The primers 5-getgactactttgticetGCGgtgaagic
ctatee-3' and  5'-ggataggacttcacCGCaggaacaaagtagtcage-3'
were used to remove the sequence conflict at position 240,

T. Knedlik et al.

and the primers 5'-catgagttgacaAACgctgtiggectic-3' and
5'-gaaggecaacagcGT Ttgtcaactcatg-3'  to  remove  the
sequence conflict at position 287 (changed deoxyribonu-
cleotides are underlined, changed codons capitalized). The
mutagenesis was carried out according to the manufac-
turer’s protocol (QuikChange™ Site-Directed Mutagenesis;
Stratagene, San Diego, CA, USA).

Then, the sequence corresponding to the extracellular
part of mouse GCPII (amino acids 45-752) was amplified
by PCR using primers 5'-aaaagalctaagacciiccaatgaagelactgg-
3 and 5'-aaactcgagttaagetacttecctcagagte-3' (restriction sites
introduced into the sequence are underlined; the primers
introduced a Bgl/ll site at the 5" end and an Xhol site at the
3 end). The resulting DNA fragment was cleaved
with Bglll and Xhel and ligated into pMT/BiP/AVITEV/
rhGCPII plasmid [34] cleaved with the same endonucle-
ases. The correct sequence of the resulting plasmid pMT/
BiP/Avi-mGCPII was verified by DNA sequencing.

Transfection of Drosophila S2 cells and
expression of Avi-mGCPII

Drosophila 82 cells expressing BirA biotin-protein ligase
localized in the endoplasmic reticulum (described in Ref.
[34]) were used to prepare stable Avi-mGCPII transfec-
tants. The cells were transfected using Calcium Phosphate
Transfection Kit (Invitrogen, Waltham, MA, USA) with
9 pg of pMT/BiP/Avi-mGCPIl together with 0.5 pg of
pCoBlast (Invitrogen), as previously described [10]. The
transfected cells were cultivated in the presence of both
blasticidin (5 pgmL~', Invitrogen) and hygromycin B
(300 pg-mL ]; Invitrogen).

To express Avi-mGCPII, approximately 2 x 10° stably
transfected cells was transferred into a 35-mm Petri dish
supplemented with 2 mL SF900I] medium (Invitrogen).
The following day. protein expression was induced by add-
ing CuS0y4 (Sigma-Aldrich, St. Louis, MO, USA) to a final
concentration of | mm. After three days, cells were har-
vested by centrifugation, and the medium was analyzed by
western blot.

The large-scale expression of Avi-mGCPII was per-
formed as previously described [33]. The final volume of
cell suspension was 1000 mL.

Purification of Avi-mGCPII

Purification of Avi-mGCPII was performed as previously
described [34]. Briefly, cell medium (1000 mL) containing
secreted biotinylated Avi-mGCPII was centrifuged at
3400 g for 45 min. Then, it was concentrated 10-fold using
a LabScale TFF System (Merck Millipore, Billerica, MA,
USA) with a Pellicon® XL 50 Cassette, Biomax 100. The
concentrated medium was centrifuged again at 3400 g for
20 min and equilibrated with 300 mm Trs/HCL 450 mm
NaCl, pH72 in a 2:1 ratio. The equilibrated
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concentrated Avi-mGCPII medium was then mixed with
1 mL Streptavidin Mutein Matrix (Roche, Basel, Switzer-
land) and incubated with gentle shaking at 6 °C for 15 h.
Afterward, the resin was washed with 50 column volumes
of 100 mm  Tris/HCL, 150 mm NaCl pH 7.2. Bound
biotinylated proteins were eluted with 5 mL of 100 mm
Tris/HCL, 150 mm NaCl, 2 mm D-biotin, pH 7.2, in five
consecutive elution fractions (after the first elution fraction,
the resin was incubated with elution buffer for 1 h). After
regeneration of the resin, the flow-through fraction was
again mixed with the resin, and the purification procedure
was repeated.

Determination of kinetic parameters by
radioenzymatic assay

Kinetic parameters (Kyy and k) of N-acetyl-L-aspartyl-
L-glutamate (NAAG) cleavage by AvimGCPII were
determined as previously described [34], with a minor modi-
fication: The reactions were performed in a 96-well plate,
and appropriate amounts of Avi-mGCPII were mixed with
25 mm Bis-Tris propane, 150 mm NaCl 0.001% octaethy-
lene glycol monododecyl ether (Affymetrix, Santa Clara,
CA, USA). pH 7.4.

Determination of kinetic and inhibition constants
by HPLC

Kinetic parameters (Ky and k) of pteroyl-di-L-glutamate
cleavage by Avi-mGCPIL as well as K; values for all inhi-
bitors, were determined as previously described [39]. Briefly,
in a 96-well plate, Avi-mGCPII was mixed with 25 mwm Bis-
Tris propane, 150 mm NaCl, 0.001% octaethylene glycol
monododecyl ether (Affymetrix). pH 7.4 (and tested inhibi-
tor, if used), into a final volume of 90 pL. Reactions were
started by adding 10 pL of 4 pm pteroyl-di-L-glutamate
and incubated at 37 °C for 20 min. The reactions were
stopped with 20 pL of 25 pm 2-PMPA and subsequently
analyzed on an Agilent 1200 Series system using an
Acquity UPLC HSS T3 1.8 pm column (2.1 x 100 mm;
Waters, Milford, MA, USA).

Animals and tissue isolation

Six C57BL/GJ mice (three males (M) and three females
(F)) were sacrificed by cervical dislocation with agreement
of the local ethical commission. The ages of the mice were
as follows: M1: 5 months; M2: 8 months; M3: 12 months;
F1: 8 months; F2 and F3: 12 months. Samples of tissues
(for preparation of tissue lysates) were immediately trans-
ferred into microtubes and frozen at —80 °C. Samples of
tissues (for qPCR quantification) were immediately trans-
ferred into RNAlater, impregnated with it for 2 days at
4 °C, and then stored at —80 °C.

Characterization of mouse GCPII

Tissue lysate sample preparation

A small piece of tissue (approx. 30 mg) was transferred
into 250 pL of 50 mm Tris/HCL 100 mm NaCl, pH 7.4, in
a 2-mL microtube. Tissue samples were homogenized
using TissueLyser II (30 Hz, 3 min). The homogenates
were then diluted with 250 pL of the lysis buffer.
Octacthylene glycol monododecyl ether (Affymetrix) was
added to reach 1% final concentration, and the homoge-
nate was sonicated in a water bath for 5 min at 0 °C.
Finally, the samples were centrifuged at 600 g for 15 min,
and the resulting supernatant was stored at —80 °C until
further wuse. The lysate protein concentration was
determined using Bradford 1 x Dye Reagent (Bio-Rad,
Hercules, CA. USA).

Radioenzymatic determination of NAAG-
hydrolyzing activity in mouse tissues

The determination of NAAG-hydrolyzing activity in
mouse tissues was performed as previously described [53].
A sample of tissue lysate was mixed with 20 mm Tns/
HCL 150 mm NaCl, 0.1% Tween 20, pH 7.4, to a final
volume of 90 pL. Reactions were started by adding
10 uyL of 1 pm NAAG (containing 50 nm tritium-labeled
NAAG), and incubated at 37 °C for 15 h. The reactions
were stopped with 100 pL of ice-cold 200 mm KH,PO,,
2 mm 2-mercaptoethanol, pH 7.4. The released glutamate
was separated from the unreacted substrate using ion-
exchange AGI1-X resin (Bio-Rad). The radioactivity of
the sample was quantified by liquid scintillation using the
Rotiszint ECO Plus scintillation cocktail (Roth) in a
Tri-Carb  Liquid Scintillation Counter (Perkin-Elmer,
Waltham, MA, USA). The samples were measured in
duplicate.

SDS/PAGE and western blotting

Protein samples were resolved by reducing SDS/PAGE.
Proteins were electroblotted onto a nitrocellulose mem-
brane (wet blotting: 100 V/1 h). After blotting, the mem-
brane was blocked with 0.55% (w/v) casein solution in
PBS (Casein Buffer 20X4X Concentrate, SDT, Baesweiler,
Germany) at room temperature for 1 h. To visualize
GCPIL the blots were probed with the antibody GCP-04
(described in [2]) for 12 h at 4 °C (200 ng-mL ]; diluted
in 0.55% casein solution), washed three times with PBS
containing 0.05% Tween 20 (PBST buffer), and incu-
bated with goat anti-mouse antibody conjugated with
horseradish peroxidase (Thermo Scientific, Waltham, MA,
USA: diluted in 0.55% casein solution, 1 : 25 000). The
blots were then washed three times with PBST to remove
unbound antibodies and developed with SuperSignal West
Femto Chemiluminescent Substrate (Thermo Scientific).
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Chemiluminescence was captured with a ChemiDoc-It™

600 Imaging System (UVP, Upland, CA, USA).

Immunohistochemistry

Immunohistochemistry was performed according to the
protocol described previously using anti-GCPII antibody
GCP-04 [2] with minor modifications [42]. Briefly, after
standard histological processing (fixation, dehydration,
embedding into paraffin, cutting, paraffin removal, rehydra-
tion), heat antigen retnieval was performed using 10 mm
sodium citrate, 0.1% Tween 20, pH 6.0 buffer and heating
to 110 °C for 15 min in an autoclave. Afterward, samples
were incubated in 1.5% hydrogen peroxide solution for
20 min to reduce endogenous peroxidase activity and in
10% fetal bovine serum in PBS to block unspecific interac-
tions. The slides were then stained by primary anti-GCPII
antibody GCP-04 (10 pg-mL !in 4 °C, overnight), fol-
lowed by extensive washing (five imes with PBS containing
0.1% Tween 20) and incubation with secondary antibody
Histofine® Simple Stain™ MAX PO (MULTI) (Nichirei
Bioscience Inc., Tokyo, Japan) diluted 1 : 2 with 10% fetal
bovine serum in PBS at room temperature for 1 h. After
further extensive washing (five times with PBS containing
0.1% Tween 20), GCPII was visualized using DAB/Plus kit
(Diagnostic BioSystems. Pleasanton, CA, USA, 60 s). The
slides were counterstained with Harris” hematoxylin and
mounted in polyvinyl alcohol-based media.

Carboxypeptidase activity assay

Carboxypeptidase activity (i.e., substrate specificity) of
mouse GCPIl was determined using N-Ac-A-X peptide
libraries according to a previously published method [41].
Briefly, 1.2 pg Avi-mGCPII was diluted into 25 mm Bis-
Tris propane, 150 mm NaCl, 0.001% octacthylene glycol
monododecy! ether (Affymetrix), pH 7.4, and incubated in
the presence of 25 pm dipeptide for 1.5 h at 37 °C. As neg-
ative controls, reactions without the enzyme and in the
presence of 1 mm 2-PMPA, a highly selective GCPII inhibi-
tor, were performed. The reaction mixture was then ana-
lyzed using HPLC., as previously described [41].

Total RNA isolation and reverse transcription

First, tissue samples were transferred from RNA later solu-
tion (Invitrogen. #AM7021) to RLT buffer (part of the
RNEasy Mini Kit, Qiagen, Hilden, Germany. #74106) sup-
plied with B-mercaptoethanol and homogenized with 5-mm
steel beads (Qiagen; #69989) using TissueLyser IT (#85300;
Qiagen). Total RNA was isolated using RNeasy Mini Kit
according to the manufacturer’s instructions. The concen-
tration and purity of isolated RNA were determined
spectrophotometrically using a Nanodrop ND-1000 spec-
trophotometer. The integrity of each RNA sample was
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analyzed using the Agilent RNA 6000 Nano kit run on an
Agilent 2100 Bioanalyzer. Only samples without significant
degradation were used for subsequent steps.

RNA was then reverse-transcribed using M-MLV
(#28025013; Invitrogen) according to the manufacturer’s
mstructions. Each 20 pL reaction contained up to 2 pg
total RNA, 2.5 pm oligo(dT)s primers (#18418020; Invitro-
gen), 50 ng random hexamers (100 ng if more than 1 pg
RNA was transcribed). 40 units of RNAseOUT, 200 units
of M-MLV reverse transcriptase, and other components as
specified by the manufacturer.

Quantitative PCR (qPCR) analysis

All gPCRs were carried out in triplicate in FrameStar 480/
96 multiwell plates (#4ti-0951; 4titude. Wotton, UK) sealed
with adhesive optical foil (#4729692001; Roche) using a
LightCycler 480 IT instrument (Roche) in a total volume of
10 pL. Each reaction consisted of LightCycler 480 Probe
Master (Roche) diluted according to the manufacturer’s
instructions, forward and reverse primers (1 pm final con-
centration each), fluorescent probe (see description of indi-
vidual assays for final concentration), and 1 pL of sample
or template DNA (positive and nontemplate controls as
well as interplate calibrators were included on each plate).
Initial denaturation for 3 min at 95 °C was followed by
45 cycles of 10s at 95 °C, 30s at 66 °C, and 30 s at
72 °C. The threshold cycle numbers (Cy) were then deter-
mined from fluorescence intensities acquired during the
gPCR runs by the second-derivative maximum method
using LightCycler 480 software (Roche). The presence
and size of PCR products were analyzed by agarose gel
electrophoresis.

The amount of mouse GCPII (encoded by the gene Fol-
hl) was quantified by an assay set of forward and reverse
primers (sequences 35'-gattgccagatatgggaaagtg-3’ and 5'-
cetgecagtigageattttt-3') and fluorescent hydrolysis probe #6
from the Roche Universal Probe Library (LNA octamer
sequence 5'-cagaggaa-3'; final concentration 100 nm). This
set was designed to amplify nucleotides 714-773 in mouse
GCPII transcript NM_016770 to yield an amplified product
of 60 bps, which spans the region of exons 5 and 6 and
corresponds to amino acids 202-223 in the longest open
reading frame (ORF). This assay should not amplify geno-
mic sequence because it spans a 1029-bp intron.

The amount of mouse GCPIII transcript (encoded by
the gene Naalad2) was quantified by an assay set of for-
ward and reverse primers (sequences 5 -aatgatgcagagagac-
tattacge-3' and 5'-ccagcttttgtetggtggag-3") and fluorescent
hydrolysis probe #52 from the Roche Universal Probe
Library (LNA octamer sequence 5-gggaggag-3'; final con-
centration 50 nm). This set was designed to amplify
nucleotides 922-981 in mouse GCPIII transcript NM_
028279 to yield an amplified product of 60 bps, which
spans the region of exons 7 and 8 and corresponds to
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amino acids 289-309 in the longest ORF. This assay
should not amplify genomic sequence because it spans a
880-bp intron.

As a standard for absolute quantification, serial 10-fold
dilutions covering concentrations from 10% to 107 copies
per reaction of either pcDNA4 plasmid with subcloned
coding sequence of full-length mouse GCPII (longest ORF
from NM_016770 coding amino acids 1-752) or pMT/BiP
plasmid with subcloned coding sequence of extracellular
part of mouse GCPIII (part of longest ORF from NM_
028279 coding amino acids 36-740) were amplified with the
corresponding assay set. The initial concentration of plas-
mid DNA (purified by QIAprep Spin Miniprep Kit,
#27106; Qiagen) prior to dilution was determined spec-
trophotometrically at 260 nm (Nanodrop ND-1000;
Thermo Scientific).

To enable precise absolute comparison between the
determined amounts of both transcripts. obtained calibra-
tion curves were further normalized against each other by
quantification of a common region of both plasmids. The
region containing the ampicillin resistance gene was quanti-
fied by a set of primers with sequences 5-gcagaagtggtcetg-
caact-3’ and 5'-agcttcccggeaacaatta-3  and  fluorescent
hydrolysis probe #58 from the Roche Universal Probe
Library (final concentration 50 nm). In this way, two cali-
bration curves were obtained for each plasmid. one for the
amplification of target transcript and one for the common
sequence. Finally, the slope and intercept values of both
curves were transformed for each plasmid so that the trans-
formed slope and intercept values of the curves for the
common sequence were equal between the two plasmids
and corresponded to the average value between the two
plasmids.

The amount of both transcripts was determined in the
prepared tissue cDNA libraries. In each gPCR, an amount
of cDNA corresponding to the starting amount of total
RNA of 510 ng was used, and the amount of GCPII and
GCPIII transcripts were normalized to the total amount of
RNA. Both transcripts were also quantified in 1.0 pL of 10-
fold diluted commercial tissue cDNA libraries (Mouse
MTC Panels I and III supplied by Clontech, Mountain
View, CA, USA, #636745 and 636757), which had been nor-
malized to several control genes by the vendor (beta-actin,
G3PDH, phospholipase A2, and ribosomal protein S29).

Statistical analysis

All values are presented as the mean + standard deviation.
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BACKGROUND. Glutamate carboxypeptidase II (GCPII) is a transmembrane enzyme that
cleaves N-acetyl-L-aspartyl-L-glutamate (NAAG) in the brain. GCPII is highly expressed in the
prostate and prostate cancer and might be associated with prostate cancer progression.
Another exopeptidase, plasma glutamate carboxypeptidase (PGCP), was reported to be similar
to GCPII and to share its NAAG-hydrolyzing activity.

METHODS. We performed a radicenzymatic assay with [PHINAAG as a substrate to detect
and quantify the enzymatic activity of GCPII in plasma. Using a specific antibody raised
against native GCPII (2G7), we immunoprecipitated GCPII from human plasma. We also
cloned two PGCP constructs, expressed them in insect cells, and tested them for their NAAG-
hydrolyzing activity.

RESULTS. We detected GCPII protein in human plasma and found that its concentration
ranges between 1.3 and 17.2ng/ml in volunteers not diagnosed with prostate cancer.
Recombinant PGCP was enzymatically active but exhibited no NAAG-hydrolyzing activity.
CONCLUSION. GCPII is present in human blood, and its concentration within a healthy
population varies. Recombinant PGCP does not hydrolyze NAAG, suggesting that GCPII
alone is responsible for the NAAG-hydrolyzing activity observed in human blood. The
potential correlation between GCPII serum levels and the disease status of prostate cancer
patients will be further investigated. Prostate  © 2014 Wiley Periodicals, Inc.

KEY WORDS: glutamate carboxypeptidase II; prostate-specific membrane antigen;
serum marker; prostate cancer; plasma glutamate carboxypeptidase

INTRODUCTION expressed predominantly in the prostate and in lower
amounts in several other tissues, such as brain, kidney,

Prostate cancer is the most prevalent type of cancer and small intestine [5-8]. GCPII possesses two known

and one of the leading causes of death among men in
the United States and Western Europe. An estimated

233,000 men will be diagnosed with prostate cancer in
the United States in 2014, and 29,000 men will die of
the disease [1].

Glutamate carboxypeptidase II (GCPII), also known
as prostate-specific membrane antigen (PSMA), N-
acetylated-alpha-linked acidic dipeptidase (NAALA-
Dase) or folate hydrolase, is a transmembrane metal-
lopeptidase with a short cytoplasmic tail and a large
extracellular domain [2-4]. In humans, GCPII is
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enzymatic activities: (1) in the central nervous system,
it hydrolyzes the abundant peptidic neurotransmitter
N-acetyl-L-aspartyl-L-glutamate (NAAG) into N-ace-
tyl-L-aspartate and free L-glutamate, thus participating
in glutamate excitotoxicity [4]; (2) in the small intes-
tine, GCPII cleaves glutamates from poly-gamma-
glutamylated folates, enabling folate to be transported
across the intestinal mucosa [9]. Although GCPII is
highly expressed on prostate epithelial cells, the
physiological role of the protein in this tissue has not
yet been elucidated. Several hypotheses have been
suggested; however, so far none of them has been
widely accepted by the scientific community [10-14].

Interestingly, GCPII expression in prostate cancer
seems to be 10-fold higher than in benign prostate
tissue [15]. Although the function of GCPII in the
prostate is still unclear, the protein’s potential as a
diagnostic and/or therapeutic target was identified
many years ago [16]. As a transmembrane protein that
undergoes internalization, GCPII seems to be an ideal
target for monoclonal antibody or inhibitor-based
imaging or therapy [17-19]. An Un-labeled antibody
raised against GCPII (trade name ProstaScint™) cur-
rently is used in the first diagnostic scan detecting
GCPII expression in prostate cancer. This conjugate is
used clinically for imaging prostate cancer and its
metastatic invasion into other tissues [20]. However,
ProstaScint®™ can bind only damaged or dead cells,
since the antibody recognizes an internal epitope of
GCPII [21]. In the past 10 years, scientists have been
working on second generation antibodies that recog-
nize the extracellular portion of GCPII, enabling
visualization of viable cells [22,23]. These antibodies,
coupled with either a radionuclide or a toxic agent,
would specifically bind to prostate cancer cells
expressing large quantities of GCPII and, following
internalization, would cause damage to the cancer
cells [24,25] (reviewed in Ref. [26]).

GCPII's potential as a diagnostic and/or prognostic
marker motivated efforts to identify the enzyme in
human plasma, either as a secreted or shedded species.
Although GCPII has been well-studied as a membrane
target, its role as a potential serum marker is less clear.
GCPII was first found in human serum in a series of
works using Western blot analysis, a semi-quantitative
method providing results as relative band intensi-
ties [27-29]. Wright's group was first unable to detect
GCPII in serum using Western blot [30], but they
subsequently showed GCPII to be present in se-
rum [31]. Later, Xiao et al. developed a SELDI
quantitative immunoassay using ProteinChip mass
spectrometry. In contrast to the Western blot results,
this approach led to quantitation of serum GCPII in
concentrations in the range of hundreds of nanograms
per milliliter [32].

The Prostate

The current prostate cancer screening test is based
on quantitation of prostate specific antigen (PSA) in a
man’s blood [33]. PSA levels are elevated in men with
prostate cancer. However, benign prostate hyperplasia
and some other factors, such as age, race, or prostate
infection, also may lead to elevated PSA levels [34].
Consequently, the Centers for Disease Control and
Prevention (CDC) and the U.S. Preventive Services
Task Force (USPSTF) have recommended against PSA-
based screening for men who do not have symptoms
of prostate cancer [35]. Measuring the level of GCPIL in
blood might be an alternative to the PSA-based
screening test. Different levels of GCPII in blood also
may correlate with prostate cancer stage, as GCPII
expression increases in high-grade cancers and meta-
static disease. On the other hand, high concentrations
of GCPII in blood, if confirmed, might pose a serious
problem for drug delivery targeting GCPII on the
prostate epithelium.

It is important to note that another metallopepti-
dase homologous to GCPIL, called plasma glutamate
carboxypeptidase (PGCP), also has been reported to be
present in human blood [36]. PGCP is secreted into
blood plasma and has been reported to possess both
NAAG-hydrolyzing and SerMet-hydrolyzing activi-
ty [36,37]. Due to its potential NAAG-hydrolyzing
activity, PGCP might interfere with the detection of
GCPII in enzyme-based assays. The function of PGCP
is unknown, but it has been suggested to play a role in
hydrolysis of circulating peptides and proteins [36].

In this work, we set out to resolve the conflicting
reports concerning GCPII’s presence in the blood and
its potential to serve as a marker for prostate cancer
prognosis. We also analyze the potential GCPI-like
activity of PGCFP, which might interfere with GCPII-
based assay.

MATERIALS AND METHODS

Radioenzymatic Determination of NAAG-
Hydrolyzing Activity in Human Plasma

The radioenzymatic assay was performed as previ-
ously described [4,38,39], with minor modifications.
Plasma samples were diluted 10- to 100-fold with
20mM Tris—-HCl, 150mM NaCl, 0.1% Tween 20, pH
74, (and inhibitor solution, if used) to a final volume
of 90 pl. Reactions were first incubated for 5min at
37°C and then started by adding 10 pl of 1 pM NAAG
(containing 50nM tritium-labeled NAAG, labeled at
the terminal glutamate moiety; Perkin-Elmer), and
incubated at 37°C for 18 hr. The reactions were stopped
with 100 pl of ice-cold 200mM KH,PO,, 2mM 2-
mercaptoethanol, pH 7.4. The released glutamate was
then separated from the unreacted substrate using ion
exchange AG1-X8 resin (Bio-Rad). The radioactivity of
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the sample was quantified by liquid scintillation using
the Rotiszint ECO Plus scintillation cocktail (Roth) on a
Tri-Carb Liquid Scintillation Counter (Perkin-Elmer).
The samples were measured in duplicates or triplicates.

Preparation, Purification, and Biotinylation of the
GCPII-Specific Antibody 2G7

The novel mouse monoclonal antibody 2G7, which
binds an extracellular epitope in native (i.e., enzymatical-
ly active) GCPII, was prepared in the laboratory of
Vaclav Horejsi (Institute of Molecular Genetics, Academy
of Sciences of the Czech Republic, Prague, Czech
Republic). Mice (F1 hybrids of BALB/c and B10.A
strains) were immunized with recombinant extracellular
GCPII (amino acids 44-750) as previously described [40].

The antibody 2G7 was purified from 800ml of
hybridoma-conditioned medium that was concentrated
to 10ml using a LabScale TFF System (with Pellicon™
XL 50 Cassette, Biomax 100, MWCQO 100kDa; Milli-
pore). The concentrated medium was mixed in a 3:1
ratio with 4M NaCl, 2M glycine, pH 8.5, and the
equilibrated concentrated medium was loaded onto a
HiTrapTM FF Protein A Sepharose column (1 ml column
volume; GE Healthcare Life Sciences) connected to an
AKTA PRIME machine. The column was then washed
with 50 ml of 1M NaCl, 0.5M glycine, pH 8.5. Bound
antibodies were eluted with 100mM sodium
citrate, pH 5.0, and elution fractions were immediately
neutralized with 1M HEPES, pH 8.0 (mixed in a 5:1
ratio). The elution fractions were mixed and dialyzed
against PBS using Slide-A-Lyzer™ MINI Dialysis Units
(10 kDa MW CO; Thermo Scientific).

The purified antibody was biotinylated using EZ-
Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific,
Inc.) according to the manufacturer’s instructions.
Briefly, 1.2ml of purified 2G7 antibody in PBS (concen-
tration 0.4mg/ml) was mixed with 24 pul of 10mM
Sulfo-NHS-LC-Biotin, resulting in a 75-fold molar
excess of the biotinylation reagent. The reaction was
incubated on ice for 12hr, then stopped by dialysis
against 20 mM Tris=HCI, 150 mM NaCl, pH 7.4, using
Slide-A-Lyzer™ MINI Dialysis Units (10 kDa MWCO;
Thermo Scientific).

Immunoprecipitation of GCPIl from Human
Plasma

GCPI was immunoprecipitated with biotinylated
2G7. First, 10 pg of biotinylated 2G7 was diluted into
1ml of 20mM Tris—HCI, 150 mM NaCl, 0.1% Tween-
20, pH 7.4 (TBST buffer). The antibody solution was
mixed with 50l of Streptavidin Sepharose (GE
Healthcare Life Sciences) and incubated for 2 hr at 6°C.
Afterwards, the resin with bound 2G7 was washed

twice with 1ml TBST. A citrate plasma sample (600 p.l)
was diluted 20-fold with TBST, mixed with the resin
with bound 2G7 and incubated for 18 hr at 6°C. The
resin was then washed three times with 1ml TBST.
Proteins were eluted from the Streptavidin Sepharose
by adding 50 ul reducing SDS sample buffer and
heating to 100°C for 10 min.

Blood Plasma Sample Preparation

Blood plasma samples were provided by healthy
volunteers at Thomayer Hospital in Prague, with agree-
ment of the local ethical commission. Blood was with-
drawn into Vacuette™ tubes (Greiner Bio-One) containing
either sodium citrate (# 456323) or lithium heparin (#
456083) and placed in the refrigerator. Within 8 hr, tubes
were centrifuged at 2,000¢ for 10min with minimal
decceleration, and blood plasma was transferred into a
microtube. Samples were stored at —20°C until analysis.

Measurements of blood PSA levels were carried out
according to standard procedure at Thomayer Hospi-
tal in Prague using the ARCHITECT Total PSA
Reagent Kit (Abbott Diagnostics).

SDS-PAGE and Western Blotting

Protein samples were resolved by reducing sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Gels were either silver-stained, stained
with colloidal Coomassie G-250 (blue silver) for mass-
spectrometry analysis, or electroblotted onto a PVDF
membrane.

After blotting, the membrane was blocked with
Blocker™ Casein solution (Thermo Scientific) at room
temperature for 1 hr. To visualize GCPII, the blots were
incubated with the primary antibody GCP-04 (de-
scribed in Ref. [41]) for 12 hr at 4°C (diluted in Block-
er™ Casein, 360 ng/ml), washed three times with PBS
containing 0.05% Tween 20 (PBST buffer), and incubat-
ed with goat anti-mouse antibody conjugated with
horseradish peroxidase (Thermo Scientific; diluted in
Blocker™ Casein, 32 ng/ml).

The blots were then washed three times with PBST
to remove unbound antibodies and developed with
SuperSignal West Femto Chemiluminescent Substrate
(Thermo Scientific). Chemiluminiscence was captured
with a ChemiDoc-It™ 600 Imaging System (UVP).

Cloning of PGCP Constructs

The pFastBacPGCP plasmid, containing DNA
encoding the full-length PGCP sequence (amino acids
1-472), was a kind gift from Dr. Dolenc (Department
of Biochemistry and Molecular and Structural Biology,
J. Stefan Institute, Ljubljana, Slovenia). To remove the
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Bglll restriction site inside the PGCP sequence, we
used site-directed mutagenesis with the following two
primers: 5'-gcactctcacttattaaggatettgggctgeg-3' and 5'-
cgcagcccaagatccttaataagtgagagtgc—3'. The mutagenesis
was carried out according to the manufacturer’s proto-
col (QuikChangeTM Site-Directed Mutagenesis, Strata-
gene). Then, the mutated pFastBacPGCP plasmid was
used for preparation of two PGCP constructs.

The first construct, aviPGCF, contains a peptide
sequence corresponding to the biotin ligase substrate
(Avi-tag; [42]) and tobacco-etch wirus protease
(TEV; [43]) cleavage sequence at the N-terminus of
mature PGCP (amino acids 45-472). The sequence
corresponding to the mature PGCP chain was ampli-
fied by standard PCR with the following primers: 5'-
aaaagatctgatgttgctaaageaatcatce-3' and 5'-aaactcgagcee-
taggacctaggeag-3' (restriction sites introduced into the
sequence are underlined). The primers introduced a
Bglll site at the 5 end and an Xhol site at the 3’ end of
the sequence. The resulting DNA fragment was
cleaved with Bglll and Xhol and ligated into pMT/
BiP/AviTEV/rhGCPII plasmid [39] cleaved with the
same endonucleases.

The second construct, ProPGCPavi, contains the
propeptide part and the mature chain of PGCP (amino
acids 21-44 and 45472, respectively), followed by a
DNA sequence corresponding to the AviTagTM se-
quence (GeneCopoeia, Inc.) at the C-terminus. The
DNA sequence encoding PGCP with propeptide was
amplified using primers 5’-aaaagatctaaagctatatgcaa-
gaatg-3 and 5'- aaatgatcatcctecgettecteeggacctaggeag-
cattt-3'. Two restriction sites (underlined) were
introduced into the sequence: BgIII at the 5" end and Bell
at the 3’ end of the sequence. The amplicon was cleaved
with Bg/ll and Bell and inserted into plasmid pTRE-
Tight/Naall2_1-124spacAvi cleaved with Bglll (Sacha
et al, manuscript in preparation). This ligation led to
introduction of a stop codon between the PGCP and
Avi-tag sequence; therefore, mutagenesis was per-
formed to remove the stop-codon sequence using
primers 5'-ggaggaagceggaggaagatctggectgaacg-3' and 5'-
cgtix:aggccagatctbcctccgcttcctcc—S'. The mutagenesis was
carried out according to the manufacturer’s protocol
(Qu.i.kChangeTM Site-Directed Mutagenesis, Stratagene).
Finally, the C-terminally Avi-tagged ProPGCP sequence
in pTRE-Tight vector was cleaved with Bglll and Xhol
and inserted into pMT/BiP/V5-HisA (Invitrogen).

The correct sequences of both resulting plasmids
were verified by DNA sequencing.

Preparation of Stable DrosophilaS2 Cell Lines
Expressing aviP GCP and ProPGCPavi

Previously prepared Dresophila S2 cells expressing
BirA biotin-protein ligase localized in ER were used
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for preparation of stable aviPGCP and ProPGCPavi
transfectants [39]. BirA ensures specific in vivo bio-
tinylation of the expressed protein at its Avi-tag
sequence. The cells were transfected using Calcium
Phosphate Transfection Kit (Invitrogen) with 9 ug of
either pMT/BiP/aviPGCP or pMT/BiP/ProPGCPavi
together with 0.5 ug of pCoBlast (Invitrogen), analo-
gously as previously described [38]. The transfected
cells were cultivated in the presence of both blasticidin
(5 pg/ml, Invitrogen) and hygromycin B (300 pg/ml,
Invitrogen).

Approximately 2 x 10° stably transfected cells were
transferred into a 35 mm Petri dish supplemented with
2ml SF900II medium (Invitrogen). The following day,
protein expression was induced by adding CuSOy
(Sigma) to a final concentration of 1 mM. After 3 days,
cells were harvested by centrifugation, and the medi-
um was frozen until use.

Large-5cale Expression of ProPGCPaviand
aviPGCP in Drosophila S2 Cells

The protocol for large-scale expression of PGCP
constructs was identical to that described previous-
ly [40]. The final volume of cell suspension was 100 ml
for aviPGCP and 500 ml for ProPGCPavi.

Purification of PGCP Constructs

Purification of PGCP constructs was performed as
previously described [39]. Briefly, cell medium con-
taining secreted biotinylated ProPGCPavi (500 ml) or
aviPGCP (100 ml) was centrifuged at 3,400g for 45 min.
Then, it was concentrated 10-fold using a LabScale
TFF System (Millipore) with a Pellicon™ XL 50
Cassette, Biomax 100 (ProPGCPavi purification) or 20-
fold using a Vivaspin-6 centrifugal concentrator with a
10kDa MWCO membrane (aviPGCP purification).
The concentrated medium was centrifuged again at
3,400g for 20 min and equilibrated with 300 mM Tris—
HCl, 450mM NaCl, pH 7.2 (in a 2:1 ratio). The
equilibrated concentrated ProPGCPavi medium was
then mixed with 1ml (or 200 pl for aviPGCP purifica-
tion) of Streptavidin Mutein Matrix (Roche) and
incubated with gentle shaking at 6°C for 15hr. A fter-
wards, the resin was washed with 50 column volumes
of 100mM Tris—-HCI, 150 mM NaCl, pH 7.2. Bound
biotinylated proteins were eluted with 5ml of 100 mM
Tris—-HCI, 150mM NaCl, 2mM D-biotin, pH 7.2, in
five consecutive elution fractions (after the first elution
fraction, the resin was incubated with elution buffer
for 1hr). After regeneration of the resin, the flow-
through fraction was again mixed with the resin, and
the purification procedure was repeated.
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HPLC Determination of SerMet-Hydrolyzing
Activity

Purified enzyme (30 ng), inhibitor solution (if used),
and buffer solution (either 100 mM sodium acetate,
15mM zinc acetate, pH 5.5, or 100mM Tris—HCI,
1mM zinc acetate, pH 7.5) were mixed in a final
volume of 45 pl. Then, 5 pl of 10 mM L-seryl-L-methio-
nine (Bachem) was added, and reactions were incubat-
ed at 37°C for 1hr. Reactions were stopped by adding
125pl of 200mM sodium borate, pH 10. Reaction
products were detected and quantified according to a
previously described method using o-phthalaldehyde
(OFA) derivatization [44] and analyzed on an Agilent
1200 Series system using an AccQ-Tag Ultra column
(2.1 % 100 mm; Waters).

Protein Identification in Blood Plasma by Liquid
Chromatography/Mass Spectrometry Analysis
(LC-MS/MS)

Blood plasma samples were resolved by SDS gel
electrophoresis and the gel was stained with colloidal
Coomassie G-250. The gel was cut to pieces and the
proteins in gel were destained, reduced by dithiothrei-
tol, alkylated by iodacetamide and digested by trypsin.
The peptides were extracted and dissolved in 0.1%
formic acid. Samples were analyzed on UltiMate 3000
RSLCnano system (Dionex) coupled to a TripleTOF
5600 mass spectrometer with a NanoSpray Il source
(AB Sciex). The peptides were separated on Acclaim
PepMap100 analytical column (3 pm, 15cm x 75 pm 1D,
Thermo Scientific) using gradient from 5% to 30% over
55 min. MS mass range was set to 350-1,250m/z, up to
25 ion candidates per cycle was allowed to be frag-
mented. In M5/MS mode the instrument acquired
fragmentation spectra within m/z range from 100 to
1,600. Protein Pilot 4.0 (AB Sciex) was used for protein
identification against Homo Sapiens Database (UniProt—
SwissProt and TrEMBL, November 18, 2013).

RESULTS

MNAAG-Hydrolyzing Activity in Human Plasma
Can Be Blocked by GCPII Inhibitors

Three citrate plasma samples obtained from three
different individuals (denominated PL, PL2, and
PL3) were tested for their NAAG-hydrolyzing activ-
ity using radioenzymatic assay with tritium-labeled
NAAG. Prior to the assay, plasma samples
were dialyzed against 50 mM Tris—-HCI, 25mM
NaCl, pH 7.4.

We observed NAAG-hydrolyzing activity in all
three plasma samples (Fig. 1A). This activity was

sensitive to the GCPlI-specific inhibitor 2-(phosphono-
methyl)pentanedioic acid (2-PMPA, final concentration
500nM) and was also inhibited by a collection of other
specific GCPII inhibitors, including 2-(3-mercapto-
propyl)pentanedioic acid (2-MPPA, 100 pM), 2-[(pen-
tafluorophenylmethyl)hydroxyphosphinyl]methyl-
pentanedioic acid (GPI-5232, 500uM; GPI-5495,
200 pM; GPI-5496, 1 mM), (25,3'S)-{[(3'-amino-3'-car-
boxy-propyl)-hydroxyphosphinoyl]methyl}-pentane-
dioic acid (EPE, 1mM), and methotrexate (1 mM).
Inhibitors GPI-5232, GPI-5495, and GPI-5496 are ster-
eoisomers. The plasma samples PL2 and PL3 were
tested only with 2-PMPA (Fig. 1A).

The diluted plasma samples exhibited a linear
dependence of substrate conversion on added plasma
volume. More concentrated samples (non-diluted or
less than 10-fold dilution) reached a conversion pla-
teau (Fig. 1B), presumably due to matrix effects.
Therefore, 10- to 100-fold dilution of plasma samples
(the linear area of the curve) was used for GCPII
quantification in plasma. Standards of recombinant
extracellular GCPII (rhGCPIL; prepared as described in
Ref. [40]) exhibited linear dependence of substrate
conversion on rhGCPII amount in the region between
0 and 50 pg rthGCPII (Fig. 1C).

GCPIl Can Be Immunoprecipitated from Plasma
and Detected by Mass Spectrometry

To verify that GCPII is in fact present in human
blood, we immunoprecipitated GCPI from human
citrate plasma with biotinylated antibody 2G7 coupled
to Streptavidin Sepharose resin. The presence of GCPIL
in plasma was confirmed by Western blot analysis of
the elution fractions with GCPll-specific antibody
GCP-04 (Fig. 2) and eventually by mass spectrometry,
which detected peptides covering 34% of the GCPII
sequence (data not shown).

As a positive control, the diluted plasma sample
was spiked with recombinant extracellular GCPII
(rhGCPII; prepared as described in Ref. [40]) to a final
concentration of 850 pg/ml (Fig. 2, lanes 3 and 8). As a
negative control, no 2G7 antibody was bound to the
Streptavidin Sepharose resin mixed with the diluted
plasma sample (Fig. 2, lanes 4 and 9). The diffuse
appearance of the GCPIl bands suggests GCPII is
heterogenously glycosylated, in contrast to uniform
high-mannose glycosylation of rhGCPII standard
expressed in insect cells (Fig. 2).

Interestingly, we were unable to immunoprecipitate
GCPII with non-biotinylated antibodies raised against
native GCPII (including J591) that were bound to
Protein G Sepharose rather than Streptavidin Sephar-
ose (data not shown).
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Hydrolysis of NAAG by human plasma
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NAAG-hydrolyzing activity in human plasma and its inhibition by a setof specific GCPllinhibitors. Panel A : NAAG-hydrolyzing activ-

ity of three different human plasma samples (PL, PL2, PL3) was analyzed using radioenzymatic assay with[?’H]NAAG.To probe GCPllinhibition,
a panel of GCPIl inhibitors was used: 2-PMPA (500 nM), 2-MPPA (100 M), GPI-5232 (500 M), GPI-5495 (200 M), GPI-5496 (ImM), EPE
(1 mM), and methotrexate (1 mM).The activities were measured in duplicate; values are presented as the mean -t standard deviation. Ten micro-
liters of plasma was loaded in each reaction. Panel B:Two plasma samples (male ##12 and female #4, seeTable ) of different GCPIl concentra-
tion were chosen to illustrate the dependence of substrate conversion on the volume of added plasma. When more than 10 pl of undiluted
plasma was added, substrate conversion reached its plateau. Panel C: Calibration curve of cleaved [*H]NAAG by recombinant extracellular
GCPII (rhGCPII).The analyzed plasma samples were diluted to fitinto the linear region of the calibration curve (0—-50 pg rhGCPII).

Low Concentrations of GCPIll are Present in the
Plasma of Healthy Individuals

We set out to analyze the distribution of GCPII
concentration in the blood of healthy individuals.
Blood samples were collected from volunteers not
diagnosed with prostate cancer, including four
females. All individuals” PSA levels fell below 2.5ng/
ml (Table I), and therefore they can be considered
healthy and without considerable risk of prostate
cancer [45]. The GCPII concentration was determined
in these samples using radioenzymatic assay with
[PHINAAG as a substrate. Purified recombinant extra-
cellular GCPII (0.01-1 ng/ml; prepared as described
in Ref. [40]) was used as a standard. Plasma samples
were diluted 10- to 100-fold, which was necessary to
fit into the range of the standards. To verify that
GCPII is the proteolytic agent, patients’ plasma
samples were inhibited with 500nM 2-PMPA. The
addition of the GCPlI-specific inhibitor led to com-
plete loss of the activity in all tested samples. The
GCPII concentration in plasma ranged between 1.3
and 17.2ng/ml. Since the values for the GCPII
amount in the blood are always positive, they should
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follow log-normal distribution. Therefore, geometrical
mean and non-symmetrical standard deviations are
used and reach the following values (see Table I):
3.2ng/ml (+3.3; —1.6 ng/ml); for men only: 3.7 ng/ml
(+3.8; —1.9ng/ml); all female samples fell under
5ng/ml: 2.0ng/ml (+1.4; —0.8 ng/ml).

The GCPII concentration in plasma did not correlate
with the age of the volunteers (Pearson’s correlation
coefficient: 0.28; P-value: 0.31). The Pearson’s correla-
tion analysis revealed no correlation between GCPII
and PSA plasma concentrations (Pearson’s correlation
coefficient: 0.08; P-value: 0.81).

Purified Recombinant PGCP Constructs are
Enzymatically Active but do not Possess NAAG-
Hydrolyzing Activity

We prepared two PGCP constructs to elucidate
whether and to what extent PGCP contributes to
NAAG-hydrolyzing activity in human plasma.

Endogenous PGCP contains a signal peptide, pro-
peptide, and mature chain. We replaced the endoge-
nous signal peptide with the BiP signal sequence and
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Fig. 2. Immunoprecipitation of GCPIl from human plasma.
GCPIl was immunoprecipitated from 600 pl citrate plasma with
biotinylated antibody 2G7 bound to Streptavidin Sepharose. As a
negative control, an experiment without antibody 2G7 was per-
formed. As a positive control, diluted plasma sample was spiked
with recombinant extracellular GCPII (rhGCPIl), lacking its endog-
enous intracellular and transmembrane parts. The Western blot
was performed with the antibody GCP-04 (described in Ref. [41]),
recognizing denatured GCPII, followed by HRP-conjugated goat
anti-mouse IgG secondary antibody (G-anti-M-HRP; Thermeo Sci-
entific). A half of the membrane was probed with G-anti-M-HRP
only to visualise the non-specific signal caused by the secondary
antibedy. The arrows indicate the position of immunoprecipitated
GCPIl (lanes 7 and 8), rhGCPIl in the spiked sample (lane 8), or
rhGCPIl used as a standard (lanes 6 and Il). (1,6) rhGCPIlI standard,
I'ng; (2,7) Elution from IP; (3,8) Elution from IP-positive control;
(4.9) Elution from IP-negative control; (510) All blue standards
(Bie-Rad); (I1) rhGCPIl standard, 2ng; (12) LNCaP lysate, 1.5 g
total protein. Twenty-five microliters of the elution fraction sample
wasloaded to each lane.

placed an Avi-tag at the N-terminus or C-terminus.
The propeptide part was preserved only in the C-
terminally tagged construct, allowing it to remain free
for further molecular processing and activation of
PGCP (Fig. 3A,C).

Conditioned media from cultures of Drosophila S2
cells stably transfected with ProPGCPavi or aviPGCP
were concentrated, and Avi-tagged PGCP constructs
were purified by affinity chromatography using Strep-
tavidin Mutein Matrix. The purification yield was
3.3mg of ProPGCPavi (purified from 500ml of cell-
conditioned medium) and 0.22mg of aviPGCP (puri-
fied from 100ml of cell-conditioned medium). The
purity of the proteins was determined by SDS-PAGE
(Fig. 3B,D).

The availability of sufficient amounts of recombi-
nant purified PGCP (ProPGCPavi and aviPGCP)
enabled determination of PGCP’s enzymatic activities.
To verify that we obtained properly folded and active
PGCP constructs, we determined their proteolytic
activity using a cognate substrate of PGCP, the dipep-
tide L-seryl-L-methionine (SerMet) [37,46]. The deter-
minations were performed in two different buffers: in
100 mM Tris—-HCI, 1mM ZnCl,, pH 7.5 (according to
Gingras et al. [36]), and in 100 mM sodium acetate, pH
5.5, including 15mM zinc acetate (according to Zajc
et al. [37]).

TABLEI. GCPllConcentrationsin Plasma of Healthy
Individuals

GCPII in PSA in
Age (years) plasma (ng/ml) plasma (ng/ml)
Female 1 22 14403 0.004
Female 2 31 1.34+03 N/D
Female 3 43 1.9+03 N/D
Female 4 46 43403 N/D
Male 1 20 3.7+06 0.79
Male 2 22 4.0+06 0.41
Male 3 24 23404 0.83
Male 4 25 574108 21
Male 5 26 1.8+03 N/D
Male 6 26 14403 N/D
Male 7 27 1.3+03 0.56
Male 8 27 34407 0.95
Male 9 28 4.6 +0.7 0.47
Male 10 28 1.5+03 0.57
Male 11 33 32405 0.90
Male 12 34 17.24+5.0 0.49
Male 13 45 24406 0.85
Male 14 50 3.0+04 0.62
Male 15 52 9.9+1.0 1.63

Radioenzymatic assay with "HJNAAG was used to determined
GCPII concentrations in heparin-treated plasma samples with-
drawn from 19 healthy volunteers. The samples were measured
in duplicate using different volumes (2.5 and 5pl, or 5 and
10 pl) of added plasma in three separate experiments; values are
presented as the mean + standard deviation. PSA concentrations
were determined at Thomayer Hospital in Prague. Recombinant
extracellular GCPI (0.01-1ng/ml) was used to construct a
calibration curve of NAAG-hydrolyzing activity.

Both ProPGCPavi and aviPGCP possessed SerMet-
hydrolyzing activity (Fig. 4A). The enzymes hydro-
lyzed SerMet in both buffers; however, they exhibited
higher activity in the acetate buffer. The activity was
sensitive to 25 mM EDTA but completely insensitive to
500nM 2-PMPA, a GCPIlI-specific inhibitor (Fig. 4A).

Using a very sensitive radioenzymatic assay for
quantification of NAAG-hydrolyzing activity, we did
not observe any cleavage of NAAG, even when using
5 ug of ProPGCPavi or 3.3 pg of aviPGCP in a single
reaction. For comparison, 5pg of recombinant GCPII
showed significant activity (Fig. 4B).

DISCUSSION

GCPII was identified as a potential target for
imaging and therapy of prostate cancer 15 years
ago [47,48]. However, the precise physiological role of
the enzyme in the prostate and prostate cancer
remains unknown. Although GCPII is considered a
prostate cancer marker, there currently are no methods
available that monitor GCPII levels to predict prostate
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Fig. 3. Recombinant PGCP constructsandtheir purification. Panels A C: Schematic representation of aviPGCP and ProPGCPavi, respec-
tively. Avi—sequence of |5 amino acids recognized by biotin-protein ligase and biotinylated on the &-amine group of the lysine residue (under-
lined); TEV—sequence of 7 amino acids specifically recognized by TEV protease (cleavage site is marked with an asterisk); Pro-part—
endogenous propeptide sequence of PGCP. Spacer sequence and amino acidsintroduced during cloning are depicted in a smaller font size. Cre-
ated according to Ref. [39]. Panels B D : Analysis of purification of aviPGCP and ProPGCPavi, respectively. Proteins were expressed in Dro-
sophila 52 cells, and equilibrated concentrated medium was mixed with Streptavidin Mutein Matrix and incubated overnightat 4°C.The resin
with bound biotinylated proteins was separated on a gravity-flow column.The column was washed withTris buffer, and proteins were eluted
with an excess of biotin. Fractions from purification were separated by SDS-PAGE and analyzed by silver-staining. (1) All blue standards
(Bio-Rad), recombinant extracellular GCPII (30 kDa); (2) Load; (3) Flow-through; (4) Wash; (5—8) Elutions |- 4; (9) Flow-through; (10) Wash;
(11-14) Elutions |—4. Purification of each protein was performed in two rounds; the first roundisrepresented by lanes 3—8, the second by lanes

9—14. A half microliter of load, flow-through, and E2 and 5 .l of wash, El,E3, and E4 were loaded onto the gel.

cancer progress. Quantitation of GCPIl potentially
present in human plasma might be a useful tool for
predicting prostate cancer development and progno-
sis.

Moreover, cancer imaging using antibodies, inhib-
itors, and other structures, as well as specific drug
delivery targeting GCPII, has made remarkable prog-
ress in recent years [18,2549]. Attenuation of GCPII
activity might also play an important role in the
treatment of neurological disorders associated with
excess glutamate [50]. The potential presence of GCPII
in blood may compromise these approaches due to
non-specific interaction of the ligands with the soluble
enzyme circulating in the blood. However, in 2012
Denmeade et al. [51] described a PSMA prodrug that
was not hydrolyzed upon prolonged incubation in
human plasma. This observation suggests that GCPII
concentration in plasma is low and does not suffice to
significant hydrolysis of tested prodrugs.

After detecting NAAG-hydrolyzing activity in hu-
man blood plasma, we tested the possibility of inhibit-
ing this activity with GCPlI-specific inhibitors. We
found out that the activity could be inhibited with all
inhibitors tested, suggesting the presence of GCPII or
its close homolog GCPIII (Fig. 1A). The activity was
dependent upon the volume of added plasma but
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reached a plateau in larger volumes of added sample
(Fig. 1B). This is probably caused by matrix effects, a
phenomenon often observed when complex matrices
such as blood samples are used.

Furthermore, we performed experiments to confirm
the presence of GCPII in plasma. In our hands,
Western blots yielded irreproducible results due to the
very high background caused by the high protein
concentrations in plasma samples. Therefore, we used
immunoprecipitation for partial purification of the
target antigen from a plasma sample. Using a biotiny-
lated mouse monoclonal antibody raised against na-
tive GCPII (2G7), we were able to immunoprecipitate
GCPII from human plasma samples (Fig. 2). The
specificity of the GCPII detection was assured by two
additional steps: after the immunoprecipitation, the
elution fraction was analyzed with a second previous-
ly described anti-GCPII antibody GCP-04 and by mass
spectrometry (a direct method of identification). Al-
though the Western blot analysis of immunoprecipi-
tated GCPII was not used for GCPII quantification in
the blood, the quantity of immunoprecipitated GCPII
roughly corresponded to that predicted by radioenzy-
matic assay. Mass spectrometry detected 18 different
peptides covering 34% of the full-length GCPII se-
quence. One peptide corresponds to the first 16 amino
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Fig. 4. Analysis of enzymatic activities of PGCP constructs. Panel A : SerMet-hydrolyzing activity of PGCP constructs was measured using
an HPLC-based method with o-phthalaldehyde (OPA) derivatization. Measurements were performed in two different buffers: 100 mM Tris—
HCI, ImM ZnCl,, pH 7.5 (according to Gingras et al. [36]) and 100 mM sedium acetate, pH 5.5, including |5 mM zinc acetate (according to
Zajec et al. [37]). The amount of ProPGCPavi and aviPGCP in the reaction was 30 ng. The activity of PGCP constructs was inhibited by 25 mM
EDTA but not by 500 nM 2-PMPA. Panel B: The NAAG-hydrolyzing activity of PGCP constructs was determined using radioenzymatic assay
with [PH]NAAG. The assay was performed in two different buffers: 100 mM Tris—HCI, pH 7.5, | mM ZnCl, (according to Gingras et al. [36])
and 100 mM sedium acetate, pH 5.5, including 15 mM zinc acetate (according to Zajec et al. [37]). The amounts of ProPGCPavi and aviPGCP
used in the reactions were 5 g and 3.3 g, respectively. As the SerMet-hydrolyzing activity of PGCP constructs was inhibited with 25 mM
EDTA, the same EDTA concentration was tested in this experimental setup as well. Recombinant GCPII (5 ng to 5 pg) was used as a positive
control; GCPIll activity was measured in 50 mM Tris—HCI, I50 mM NaCl, pH 74, 0.1% Tween-20 (TBST). BSA (5 pg) inTBSTserved as a nega-

tive control.

acids of the intracellular part of GCPII
(MWNLLHETDSAVATAR), whereas all other peptides
correspond to the extracellular domain of GCPIL

The source of the GCPII that we observed in plasma
remains unclear. GCPII, as a transmembrane protein,
may be partly shed from the cell surface by the action
of an unknown protease, or it could be secreted into
plasma in the form of a soluble protein lacking the
intracellular and transmembrane regions. Several
GCPII splice variants have been described; however,
none of them is a secreted protein [52-54]. Lastly,
GCPII could stem from an extraprostatic source, which
could explain the activity in female plasma samples.
We analyzed the immunoprecipitated GCPIl by West-
ern blot with the antibody GCP-04, which recognizes
denatured GCPIL. As shown in Figure 2, GCPII
migrated at a molecular weight of about 120kDa,
corresponding to full-length, heavily glycosylated
GCPII, rather than to a truncated form of the enzyme.

Importantly, we were not able to immunoprecipitate
GCPII from plasma with unmodified antibodies in-
cluding ]J591 (i.e.,, not biotinylated or not covalently
bound to resin). This might have been caused by high
concentrations of endogenous antibodies that blocked
binding sites on Protein G Sepharose.

To identify how GCPII concentration in plasma
varies within a healthy men and women of various
ages, we took blood samples from 19 volunteers and
determined GCPII concentrations in the samples using
radioenzymatic assay. The GCPII concentration was in
the range of 1.3-17.2ng/ml; geometrical mean and
non-symmetrical deviations were 3.2ng/ml (+3.3;
—1.6ng/ml); for males: 3.7ng/ml (+3.8; —1.9ng/ml);
for females: 2.0ng/ml (+1.4; —0.8 ng/ml). We did not
observe a correlation between GCPII concentration
and the age of volunteers. The Pearson’s correlation
analysis showed no correlation between GCPII and
PSA concentrations in plasma. It would be interesting
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to analyze GCPII concentrations in the blood of
prostate cancer patients to determine whether there is
a correlation between the level of GCPII and prostate
cancer stage.

Our quantitation of GCPII in plasma was based on
a radioenzymatic assay making use of ability of GCPIL
to hydrolyze NAAG. This marks the first time that
GCPII concentration in plasma has been determined
by its enzymatic activity. Previously, GCPII was
detected using antibody-based approaches, such as
Western blot and SELDI immunoassay [27-32]. Using
Western blot, GCPII was detected in the serum of
normal men, men with benign prostate hyperplasia
(BPH), and prostate cancer patients. The correlation
between GCPII concentration and prostate cancer
progress remains unclear. Some groups have revealed
prognostic correlations in advanced prostate can-
cer [28], whereas others do not consider GCPII a good
serum marker [31]. In the SELDI ProteinChip immu-
noassay study, significant differences were observed in
the mean GCPII concentration between groups of men
aged <50, aged >50, with BPH and with prostate
cancer; nonetheless, GCPII concentration range was
wide and overlapping in all groups [32]. They deter-
mined the concentration of GCPII in blood of normal
males between 106.4 and 611.5ng/ml, significantly
higher than shown by our work [32]. Both studies
showed GCPII concentration in blood of healthy males
to be higher than the concentration of PSA.

The NAAG-hydrolyzing activity was inhibited with
EDTA, a metallopeptidase inhibitor, as well as with
other inhibitors specific to GCPII (Fig. 1A). On the
other hand, the activity was not affected by “cOmplete
Protease Inhibitor Cocktail, EDTA-free” (Roche; data
not shown) suggesting that a metallocarboxypeptidase
is responsible for the hydrolysis. To date, there are 27
reviewed metallocarboxypeptidases (EC 3.4.17.) found
in humans according to the UniProt [55]. At the same
time, only carboxypeptidase B2 (cleaving off C-termi-
nal arginine or lysine residues from biologically active
peptides) and PGCP were detected in the blood
plasma. NAAG-hydrolyzing activity has been de-
scribed only for GCPIIL, its homolog GCPII, and
PGCP. Therefore, only three known enzymes, GCPII,
GCPII, and PGCP can be, in principle, responsible for
the observed NAAG-hydrolyzing activity in the plas-
ma samples.

Using the specific substrate of GCPIII, B-citryl-L-
glutamate (BCG) [56], we found out that GCPIII
does not contribute to NAAG-hydrolyzing activity.
Since the observed BCG-hydrolyzing activity was
minimal, we cannot quite exclude the presence of
GCPIII in plasma; however, if present, its concentra-
tion would be at least 50-fold lower that GCPII (data
not shown).
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In 1999, Gingras et al. [36] described PGCP, a
plasmatic zinc metallopeptidase reportedly possessing
the same enzymatic activity as GCPIL. PGCP belongs
to the MEROPS peptidase family M28 and is a distant
homolog of GCPII, sharing 25% amino acid sequence
similarity. We prepared two PGCP constructs and
expressed them in Drosophila S2 cells. Both constructs
have an Avi-tag sequence, enabling fast, efficient, and
simple purification that makes use of the interaction
between the biotinylated Avi-tag and Streptavidin
Mutein Matrix [39]. Avi-tag was placed either at the N-
terminus of the mature PGCP chain (aviPGCP) or at
the C-terminus of the mature PGCP chain, preserving
the enzyme’s endogenous propeptide part at the N-
terminus (ProPGCPavi). PGCP forms enzymatically
active dimers, whereas monomers do not possess any
enzymatic activity [37]. Removal of the propeptide
part is a necessary step for dimer creation, and it is
believed to be performed by a protease present in cell
medium [37,57]. ProPGCPavi and aviPGCP were
purified by affinity chromatography; on SDS-PAGE,
we observed a double band for both constructs. The
origin of the double band can be explained by cleavage
within the sequence of the purified proteins. In the
case of aviPGCP, a cleavage similar to that reported
within the N-terminal part of purified aviGCFPII [39]
may have taken place, whereas in the case of ProPGC-
Pavi, removal of the propeptide was observed [37].

To confirm that we purified active and properly
folded PGCP constructs, we probed them with a
cognate substrate of PGCPF, the dipeptide SerMet.
Because the activity of PGCP had previously been
determined in two different buffers, we performed our
assay in both of buffers: 100 mM Tris—-HCI, 1 mM
ZnCl,, pH 7.5 (according to Gingras et al. [36]), and
100 mM sodium acetate, pH 5.5, including 15mM zinc
acetate (according to Zajc et al. [37]). Both PGCP
preparations hydrolyzed SerMet; aviPGCP exhibited
higher activity than ProPGCPavi, which was in agree-
ment with our assumption than only a fraction of
ProPGCPavi might have been activated by removal of
the propeptide. The activity of both constructs was
higher in the acetate buffer; however, prolonging the
incubation time or using larger amounts of enzyme
led to total conversion in both buffers. The activity
was sensitive to EDTA, a metalloprotease inhibitor,
but not sensitive to 2-PMPA, a GCPIl-specific inhibitor
(Fig. 4A).

Because we used NAAG-hydrolyzing activity for
GCPII quantification and because PGCP has been
reported to possess this activity as well, we probed the
PGCP preparations with a cognate substrate of GCPII,
the dipeptide NAAG. The determination was per-
formed in the Tris and acetate buffers described above.
We did not detect any NAAG-hydrolyzing activity
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with either PGCP construct, even when high PGCP
concentrations were used (Fig. 4B). When compared
with recombinant PGCP, a 500,000-fold lower amount
of GCPII exhibited significant NAAG-hydrolyzing
activity. This result is in direct contradiction to the
results previously published by Gingras et al. [36] who
purified PGCP from human plasma and placenta and
showed that it cleaved NAAG. This discrepancy might
be caused by co-purification of GCPII together with
PGCP in Gingras” experiment.

In fact, PGCP is the only glutamate carboxypepti-
dase found in plasma that has ever been shown to
exhibit NAAG-hydrolyzing activity, and the inhibitors
we used have been previously shown to be very
specific for GCPII/GCPIIL The combination of specific
immunochemical detection, specific substrate cleav-
age, specific inhibitory profile, and detection by LC—
MS provides, in our opinion, very strong evidence for
our conclusion that GCPII is the proteolytic agent
responsible for the NAAG hydrolysis in the blood.

The analysis of the clinical relevation of GCPII in
plasma and prostate cancer progression will be the
focus of further studies.

CONCLUSIONS

We have conclusively shown that GCPII is present
in the blood plasma of people not diagnosed with
prostate cancer in concentrations between 1.3 and
17.2ng/ml. The origin, form, and possible function of
GCPII in plasma remain unknown and are under
further investigation. The concentration of GCPII in
plasma likely cannot profoundly influence targeting of
imaging probes or drugs using specific anti-GCPIL
ligands to prostate cancer cells. PGCP, which belongs
to the same peptidase family as GCPII, in our hands
possesses SerMet-hydrolyzing activity but not NAAG-
hydrolyzing activity, and therefore does not contribute
to the NAAG-hydrolyzing activity observed in human
plasma.
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ABSTRACT

Human diseases are often diagnosed by determin-
ing levels of relevant enzymes and treated by en-
zyme inhibitors. We describe an assay suitable for
both ultrasensitive enzyme quantification and quan-
titative inhibitor screening with unpurified enzymes.
In the DNA-linked Inhibitor ANtibody Assay (DIANA),
the target enzyme is captured by an immobilized
antibody, probed with a small-molecule inhibitor at-
tached to a reporter DNA and detected by quantita-
tive PCR. We validate the approach using the putative
cancer markers prostate-specific membrane antigen
and carbonic anhydrase IX. We show that DIANA has
a linear range of up to six logs and it selectively
detects zeptomoles of targets in complex biological
samples. DIANA’s wide dynamic range permits deter-
mination of target enzyme inhibition constants using
a single inhibitor concentration. DIANA also enables
quantitative screening of small-molecule enzyme in-
hibitors using microliters of human blood serum con-
taining picograms of target enzyme. DIANA’s perfor-
mance characteristics make it a superior tool for dis-
ease detection and drug discovery.

INTRODUCTION

Many human diseases are diagnosed and monitored based
on selective protein quantification in biological samples, for
which the gold standard is sandwich ELISA (1.2), in which
an analyte is captured by an immobilized antibody. probed

with a second enzyme-linked antibody and quantified via a
reaction catalyzed by the linked enzyme. To increase sensi-
tivity, sandwich immunoassays have been developed using
DNA-linked antibodies allowing detection by quantitative
polymerase chain reaction (qPCR) (3-6).

Many clinically relevant proteins are enzymes that are
directly involved in disease pathogenesis and thus repre-
sent promising drug targets (7) and many currently mar-
keted drugs are indeed small-molecule enzyme inhibitors.
Identifying inhibitors of relevant enzymes typically involves
screening small-molecule libraries (8) to find compounds
capable of displacing an active site probe or directly influ-
encing the enzyme reaction kinetics (9). A major drawback
of currently used protocols is that they usually require pu-
rified enzymes which can be difficult and costly to prepare.

Here we describe a multiwell plate-based assay suitable
for enzyme detection in complex biological matrices that of-
fers significantly greater sensitivity than sandwich ELISA
and that allows screening of small-molecule inhibitors of
target enzymes without the need to purify the target. In our
DNA-linked Inhibitor ANtibody Assay (DIANA), the en-
zyme is captured by an immobilized antibody, probed with
a detection probe consisting of a DNA oligonucleotide co-
valently linked to a small molecule that binds to the active
site of the target enzyme and is subsequently quantified by
qPCR (Figure 1). Dual recognition of the target enzyme
by antibody and detection probe provides selectivity, while
qPCR provides sensitivity and broad linear range. Since the
probe binds to the target enzyme’s active site, DIANA se-
lectively detects only the active form of the enzyme, which
is likely to be the more clinically relevant form. This novel
assay for enzyme detection can also be used to screen for
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Figure 1. Schematic representation of enzyme detection using DIANA. (A) A covalent conjugate comprising an oligonucleotide (reporter DNA ) and small-
molecule competitive inhibitor of the target enzyme is used as a detection probe. The probe binds to the active site of the enzyme, which has been captured
on the solid support by binding to the immobilized antibody. The amount of detection probe bound to the target enzyme is measured by quantitative
PCR in terms of the threshold cycle (C,). which is indirectly proportional to the logarithm of probe concentration. (B) Structures of the detection probes
used for quantification of PSMA and CAIX. Each probe consists of reporter DNA (green box) covalently attached via a linker region (black box) to a
competitive inhibitor of PSMA or CAIX (magenta box). The PSMA probe and CAIX probe #1 contain one copy of inhibitor linked to the 3' end of the
double-stranded reporter DNA, whereas CAIX probe #2 contains two copies of the inhibitor linked to both ends of the single-stranded reporter DINA.
Probe affinities (K; values) were determined by titrating each probe into wells containing the corresponding captured enzyme.

small-molecule inhibitors of those enzymes by assessing the
ability of potential inhibitors to compete with the probe for
binding to the active site. The sensitivity and selectivity of
DIANA means that picogram amounts of unpurified target
enzyme can be used, while the broad linear range means that
inhibition constants (Kj) can be determined from single-well
measurements, without the need for serial dilutions of in-
hibitor.

We demonstrate the sensitivity and selectivity of DI-
ANA by targeting two clinically relevant enzymes: prostate-
specific membrane antigen (PSMA), also known as gluta-
mate carboxypeptidase I1 (GCPII) and carbonic anhydrase
IX (CAIX). Both enzymes are homodimeric integral mem-
brane proteins (10,11) and tumor-associated antigens (12—
14) suitable for use in targeted drug delivery (15,16) and di-
agnostics (17-19). Their direct involvement in pathogenesis
of several diseases makes them attractive targets for drug
discovery (20-25), and indeed high-affinity competitive in-
hibitors of both enzymes have been identified by rational
design (24,26,27). However, PSMA inhibitors bear multi-
ple negative charges and show poor bioavailability (28,29),
while CAIX inhibitors bear a sulfonamide head and act
non-selectively (24,30). Therefore, identifying new inhibitor
scaffolds is essential for further development of drugs tar-
geting diseases related to these enzymes. We provide evi-

dence that DIANA may be an efficient system not only for
identifying leads against these and other target enzymes, but
also for selective and sensitive detection of these target en-
zymes for possible diagnostic purposes.

MATERIALS AND METHODS
Materials

Buffers. Tris buffered saline (TBS): 20 mM Tris (Promega;
H5135), 150 mM NaCl (Penta; 16610-31000), pH = 7.4;
TBST: TBS with 0.05% Tween 20 (Affymetrix; 20605);
TBST": TBS with 0.1% Tween 20; TBST'C: TBST" with
500-fold diluted casein blocker (0.01% final, SDT; CBC1);
TBST'CS: TBST® with 500-fold diluted casein blocker
(0.01% final) and 0.005% sodium dodecyl sulphate (SDS).
HEPES: 100 mM HEPES (Sigma; H4034), 400 mM NaCl
(Penta; 16610-31000), pH = 7.5; HEPESTC: HEPES with
0.01% Tween 20 and 500-fold diluted casein blocker (0.01%
final); HEPEST’C: HEPES with 0.1% Tween 20 and 500-
fold diluted casein blocker (0.01% final).

Detection probes. DNA oligonucleotide of the sequence
CCT GCC AGT TGA GCA TTT TTA TCT GCC ACC
TTC TCC ACC AGA CAA AAG CTG GAA A with
3'-terminally modified phosphate moiety by 6-amino-2-
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(hydroxymethyl)hexyl group (Generi-Biotech, OPC purifi-
cation) was reacted with NHS-esters of the small-molecule
ligands of PSMA and CAIX to prepare the monovalent
detection probes. The resulting conjugates were then an-
nealed with equimolar amount of DNA oligonucleotide of
complementary sequence CCAGCTTTT GTCTGG TGG
AGA AGG TGG CAG ATA AAA ATG CTC AAC TGG
CAG G (Generi Biotech, standard purification) prior to
use. DNA oligonucleotide of the sequence AAA CCT GCC
AGT TGA GCA TTT TTA TCT GCC ACC TTC TCC
ACC AGA CAA AAG CTG GAA A containing the 3'-
terminal 6-amino-2-(hydroxymethyl) hexyl phosphate mod-
ification and the 5'-terminal 6-aminohexyl phosphate mod-
ification (custom synthesis Generi-Biotech, OPC purifica-
tion) was reacted with NHS-esters of the small-molecule lig-
and of CAIX to prepare the bivalent CAIX detection probe.
See Supplementary Data for more details.

Proteins. The recombinant extracellular portion of hu-
man PSMA (rhPSMA) was expressed and purified as pre-
viously described (31) (designated as rhGCPII) and its mo-
lar concentration was determined by amino acid analysis
using a Biochrom30 device (Biochrom) according to the
manufacturer’s instructions. The mass concentration was
derived from the molar concentration, whereby the molec-
ular weight of 88.7 kDa for rhPSMA was determined by
MALDI-TOE. For long-term storage, purified rhPSMA di-
luted in TBST” was aliquoted, flash frozen in liquid nitrogen
and kept at —80°C.

Human colon cancer cell line HT-29 endogenously ex-
pressing CAIX was used as a source of CAIX in DIANA ex-
periments. Cells grown in Petri dishes at 37°C and 5% CO,
in Dulbecco’s modified Eagle’s medium (Sigma; D5671)
supplemented with 10% Fetal bovine serum (FBS, Sigma;
F7524) and 4 mM glutamine to 100% confluency were har-
vested by resuspending in the medium, and then transferred
to a microtube and pelleted at 300 g for 2 min and washed
twice with TBS. Afterward, the supernatant was removed
and cells were lyzed by resuspending in 50 mM Tris, 100
mM NaCl, pH 7.4, with 1% octaethylene glycol monodo-
decyl ether (Cj2Ez, Affymetrix; O330) and 2 h incubation
on ice. The crude lysate was centrifuged at 600 g for 15 min
at 4°C, and the supernatant was transferred to a new tube
and centrifuged at 15 000 g for 15 min at 4°C. The resulting
supernatant, hereafter referred to as the lysate, was trans-
ferred to a new tube. The total protein concentration in the
lysate was determined using Bio-Rad Protein assay, and the
amount of CAIX was determined using Quantikine ELISA
for human CAIX (R&D Systems; DCA900) according to
the manufacturer’s instructions. The lysate was diluted in
TBST and kept in aliquots at —80°C for long-term storage.

Capture antibodies. Mouse monoclonal antibody 2G7,
which selectively binds human PSMA (Ky ~2.9 nM (32)),
was prepared and purified as previously described (33). Pu-
rified mouse monoclonal antibody M75 selectively recog-
nizing the PG domain of CAIX (34) (K3 ~1.5 nM (35)), was
a kind gift from Pavlina Reza¢ova. For long-term storage,
the antibodies were aliquoted in TBS or PBS, flash frozen
in liquid nitrogen and kept at —80°C.
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Blood samples. Samples were drawn from healthy volun-
teers, patients with histologically proven prostate carcinoma
(PCa) or clear cell renal carcinoma (ccRCC) at Thomayer
Hospital in Prague, with the agreement of the local ethical
commission and with informed consent obtained from all
subjects. See Supplementary Table S5 for a more detailed
description of the individuals, including gender, age and di-
agnosis. In case of patients with diagnosed PCa or ccRCC,
the blood samples were drawn in the morning before surgi-
cal removal of the tumor, i.e. radical prostatectomy, radical
nephrectomy or partial nephrectomy. Blood was withdrawn
into Vacuette® tubes (Greiner Bio-One) containing clot ac-
tivator (# 456071; serum) or sodium citrate (# 456323; cit-
rate plasma) and placed in the refrigerator. Within 8 h, tubes
were centrifuged at 2000 g for 10 min with minimal decel-
eration and blood serum was transferred into a microtube
and stored at —80°C until analysis. At the time of analysis,
the serum samples were thawed on ice, mixed thoroughly
and centrifuged at 5000 g for 15 min at 4°C to remove pre-
cipitate if formed.

Methods

General assay protocol. DIANA experiments were done
according to this assay protocol. Any experimental condi-
tions not described in this protocol, such as used buffers
or used probe concentrations, as well as any divergences
from this protocol, such as different incubation times, are
described separately in sections describing particular exper-
iments. To emphasize the possibilities of optimization of
the duration of the protocol, we report both the incubation
times employed in reported experiments and ranges of incu-
bation times that were tested and did not influence the assay
performance.

Capture antibody recognizing the protein of interest was
immobilized onto the surface of wells of a FrameStar
480/96 multiwell plate (4titude; 4ti-0951) by applying 10 ul
of the antibody in TBS at a concentration of 10 ng.ul™' to
the bottom of the wells and incubating for 60) min (range 30
to 120 min) at room temperature (RT). To avoid evapora-
tion of the liquid in the wells, plates were covered during all
incubations with general adhesive plate seals (4titude; 4ti-
0510). The liquid was then tapped out, and the wells were
washed three times with 200 pl TBS. Then, for PSMA de-
tection, 100 pl casein blocking agent diluted 5-fold in TBS
(‘casein blocker biotin free 5.5% w/v‘; SDT; CBC1) was
applied to the bottom of the wells, while for CAIX detec-
tion 10 mg/ml BSA (Sigma; A7906) in TBS was applied.
Plates were then incubated overnight (range 2 to 24 h) at
RT. The liquid was tapped out again, and the wells were
washed three times with 200 pl TBST. Thereafter, 10 pl of
the sample containing analyte was applied to the bottom
of the wells and incubated; during this step the target en-
zyme is being captured by the immobilized antibody. The
samples were typically diluted in appropriate buffer con-
taining 0.1% Tween 20, and the time of incubation was 2
h (range 1 to 21 h) at RT. The liquid was then tapped out,
and the wells were washed three times with 200 p] TBST.
Subsequently, 10 pl of detection probe diluted in appropri-
ate buffer (typically containing 0.01 or 0.1% Tween 20 and
0.01% casein blocker to minimize non-selective binding of
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the probe) was added to the bottom of wells, and samples
were incubated for 45 min (range 15 to 120 min) at RT.
The liquid was then tapped out again, and the wells were
washed at least six times with 200 pl TBST. Finally, 10 pul
of a ¢PCR reaction mixture composed of LC 480 Probes
Master (Roche, cat. no. 04707494001; diluted to the final
concentration recommended by the manufacturer), forward
and reverse primer (CCA GCT TTT GTC TGG TGG AG
and CCT GCC AGT TGA GCA TTT TT: final concentra-
tion 1 pmol.I™! each) and fluorescent hydrolysis probe #87
from the Roche Universal Probe Library (LNA octamer se-
quence CTG CCA CC, cat. no. 04689127001; final concen-
tration 100 nmol.I=!") was added and the plate was sealed
with adhesive optical film (Roche, cat. no. 4729692001). The
amount of detection probe was then quantified by qPCR: 3
min at 95°C; then 45 cycles of 10 s at 95°C, 30 s at 66°C
and 30 s at 72°C; and finally 2 min at 37°C in a LightCycler
480 II gPCR instrument (Roche) with the excitation and
emission filters adjusted to 465 nm and 510 nm respectively.
. Threshold cycles (C,) were obtained from the measured
fluorescence curves using the method of maxima of the sec-
ond derivative in the Light Cycler 480 II Software (Roche).
Based on measurements with a dilution series of the PSMA
detection probe in water as a template, the linear range of
quantification of the probe extended from at least 6 copies
to 6 x 10® copies of the probe per well with over 90% am-
plification efficiency.

Determination of the Ky values of the probes. K 4 values
were determined according to the general assay protocol by
titrating captured enzymes with the appropriate detection
probes. For the PSMA detection probe, 1 pg of ThPSMA
diluted in 10 pl TBST” was captured onto immobilized an-
tibody 2G7 in each well. Thereafter, different concentra-
tions of the detection probe in TBST” were incubated with
the captured rhPSMA. Resulting amounts of bound probe
were then fitted using the GraFit v.5.0.11 (Erithacus Soft-
ware Ltd.) with the function [EP] = Eiot x Piot/(Ka + Piat),
where [EP] is the amount of bound probe, Py, is the an-
alytical concentration of the probe during the incubation
and E,, is the amount of captured enzyme, while E,,; and
K were parameters of the fit to be solved. The same proce-
dure was repeated with the detection probe diluted in TBST’
buffer with added casein blocker (TBST’C), or with added
casein blocker and SDS (TBST’CS). Finally, the dissocia-
tion constant of the probe was determined in the same man-
ner with PSMA captured from 1 pl serum diluted 10-fold in
TBST” prior to capture (determined Ky values are listed in
Supplementary Table S1).

For the monovalent CAIX detection probe, 0.78 ng of
CAIX in HT-29 cell lysate (10 pg total protein) diluted in
TBST® was captured onto immobilized M75 antibody in
each well. Afterward, different concentrations of the probe
in HEPEST C were incubated with the captured CAIX and
resulting amounts of bound probe were used to determine
the Ky value in the same way as for PSMA. For the bivalent
CAIX detection probe, only 0.078 ng of CAIX in HT-29
cell lysate (1 pg total protein) diluted in TBST' was cap-
tured onto immobilized M75 antibody, and subsequently,
different concentrations of the probe in HEPEST'C were
incubated with captured CAIX. The Kj value of the probe

was also determined on captured endogenous CAIX from 1
wl serum diluted 10-fold in TBST” in the same manner (de-
termined K values are listed in Supplementary Table S2).

Quantification of PSMA and CAIX in test matrices. Quan-
tification followed the general assay protocol. In case of
PSMA detection, serial dilutions of rhPSMA in TBST” were
captured via immobilized antibody 2G7 and subsequently
detected by PSMA detection probe diluted in TBST'CS to
50 pM concentration. In case of CAIX, serial dilutions of
HT-29 cell lysate in TBST" were captured via immobilized
antibody M75 and subsequently detected by bivalent CAIX
detection probe diluted in HEPESTC to 500 pM concen-
tration.

Quantification of PSMA in serum samples.  Quantification
followed the general assay protocol with minor modifica-
tions. Known amounts of rhPSMA in TBST" were used as
standards. Prior to analysis of the serum samples, 10% stock
solution of Tween 20 was added to the samples to a final
concentration of 0.1%. The samples were then diluted 10-
fold in TBST" and added to the wells coated with the an-
tibody 2G7. After overnight incubation (~21 h) and wash-
ing, the wells with standards were incubated with the PSMA
detection probe in TBST'CS at a concentration of 100 pM,
whereas the wells with serum samples were incubated with
the PSMA probe at a concentration of 500 pM (to com-
pensate for the different affinities of the probe toward the
recombinant and endogenous proteins). The incubation of
serum samples was much longer than incubations used with
purified recombinant standards described in general assay
protocol in order to minimize matrix effects seen in some
samples when analyzing PSMA (non-linear assay response
upon serum dilution in both DIANA and ELISA quantifi-
cations; see Supplementary Data). However, experiments
with limited number of samples indicated that shorter in-
cubation times within the ranges described in general assay
protocol were possible without compromising the assay per-
formance even when assaying complex biological matrices,
such as blood serum, cell lysate or urine (data not shown).

The amount of PSMA in serum samples was computed
by comparing the measured Cy to the standard curve, which
was constructed as a linear regression fit of the plot of Cg
values versus the logarithm of rhPSMA concentrations in
standards (the standards covered the five-log range from
1 fg to 100 pg PSMA per well). To validate the obtained
results, replicate wells with serum samples were incubated
with the detection probe in the presence of 10 pM com-
pound 16 (K; = 0.34 £ 0.06 nM as determined by enzyme ki-
netics), which was designed to completely disrupt the selec-
tive binding of the probe to PSMA but not the non-selective
binding to the surface.

Quantification of CAIX in serum samples. Quantification
followed the general assay protocol with minor modifica-
tions. Serial dilutions of HT-29 cell lysate in TBST" of
known CAIX concentration (determined by Quantikine
ELISA for human CAIX supplied by RnD Systems) were
used as a standard. Undiluted serum samples to which 10%
stock solution of Tween 20 was added to a final concentra-
tion of 0.1% were loaded into the wells coated with the an-
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tibody M75. After overnight incubation (~21 h) and wash-
ing, wells were incubated with the bivalent CAIX detection
probe in HEPEST’C at a concentration of 200 pM.

The amount of CAIX in serum samples was computed by
comparing the measured Cy to the standard curve, which
was constructed as a linear regression fit of the plot of Cy
values versus logarithms of the CAIX concentrations in
standards (the standards covered a five-log range from 7.8
fg to 780 pg CAIX per well). To validate the results, replicate
wells with serum samples were incubated with the detection
probe in the presence of 10 M acetazolamide (K; ~25 nM
(36)), which was designed to completely disrupt the selec-
tive binding of the probe to CAIX but not the non-selective
binding to the surface.

Evaluation of enzyme inhibitors. Evaluation of inhibitors
followed the general assay protocol. For testing of PSMA
inhibitors, 250 pg rhPSMA diluted in 10 pl TBST” was first
incubated with immobilized capture antibody 2G7. There-
after, a few wells were incubated with the PSMA detection
probe diluted to 125 pM in TBST’C and the remaining wells
were incubated with 125 pM probe in TBST'C in the pres-
ence of various tested compounds (listed in Supplementary
Table S12) at 100 p.M concentration. After extensive wash-
ing, the amount of bound probe in each well was quanti-
fied by qPCR and the A Cy values for each compound were
computed as the difference between the Cy value in well(s)
incubated with the particular compound and mean Cj value
of wells incubated without any compound. The K values of
the compounds were computed from their tested concen-
tration and the corresponding A Cy values according to the
equation K; = (274€4/(1 — 274€0)) x Tigy /(1 + (Pior/Ka)),
where I, is the total concentration of the tested compound
(100 M), Pio is the total concentration of probe (125 pM)
and Kj is the dissociation constant of the probe (~125 pM).
The K; values of the same compounds toward PSMA natu-
rally present in human serum were determined in the same
manner, but PSMA from 1 pl of sera diluted 10-fold in
TBST’ (containing ~6 pg PSMA) was captured via immo-
bilized antibody 2G7 in each well. Then, few wells were in-
cubated with the PSMA detection probe diluted to 70 pM in
TBST’ (K3 ~200 pM) while the remaining wells were incu-
bated with 70 pM probe in TBST" in the presence of tested
compounds at either 100 nM or 100 p.M concentration.
For testing of CAIX inhibitors, CAIX from HT-29 cell
lysate diluted in TBST” (5 pg total protein containing 390
pg CAIX) was captured via immobilized antibody M75 in
each well and a few wells were incubated with the bivalent
detection probe diluted to 500 pM in HEPESTC with 10%
DMSO, while the remaining wells were incubated with a
mixture of 500 pM probe in the same buffer in the pres-
ence of various tested compounds (listed in Supplementary
Table S17) at either 1 M or 100 M concentration. The K;
values of the compounds were computed from their tested
concentrations and corresponding A C, values according to
the equation: K; = ((1 — 2 x Ryg)/(1 — Ruyy — (Ra? + (1
2 x Raﬁ) * 27AC4}0_5) - ]} x llol/(] + {plol/KdZ))s where
R is the ratio of K42 of the double-binding probe to Ka;
of the single-binding probe (Rar = Ka2/Ka1; Kar~ 70 nM,
Kaq» ~ 1.5 nM; Supplementary Table S2). The K; values of
the same compounds toward CAIX naturally present in hu-
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man serum were determined in the same manner, but CAIX
from 10 pl of human serum (containing ~6 pg CAIX) with
Tween 20 added to a concentration of 0.1% was captured
via immobilized antibody M75 in each well. Then, few wells
were incubated with the bivalent detection probe diluted to
180 pM in HEPESTC with 10% DMSQO, while the remain-
ing wells were incubated with the 180 pM probe in the same
buffer in the presence of tested compounds at either 1 or 100
M concentration.

PSMA enzymatic assay. The rate of hydrolysis of pteroyl-
di-L-glutamate (PteGlu,) in the presence of serial dilutions
of various tested compounds was monitored by HPLC and
was used to determine K; values of the compounds toward
PSMA. The procedure was carried out as previously de-
scribed (37).

CAIX enzymatic assay. The rate of hydration of car-
bon dioxide in the presence of serial dilutions of com-
pound 10 was monitored by detecting color changes of pH
indicator and was used to determine the Kj; value of the com-
pound 10 toward CAIX. The procedure was carried out as
previously described (38). The K; values of carborane com-
pounds were taken from ref. (38), and the K; value of aceta-
zolamide from ref. (36).

Quantification of PSMA by ELISA. ELISA was carried
out as described previously (39) with some modifications.
Briefly, 2G7 antibody was diluted to 5 ng/pl in 100 mM bo-
rate solution, pH 9.5 and 100 p.l were loaded to each well of
96-well Maxisorp plate (Nunc,437 111) and incubated for 1
h at RT. After washing with TBS (3 x 200 p.l), the wells were
blocked with 250 pl casein blocker (SDT; cat. no. CBC1) di-
luted 5-fold in TBS for 22 h at RT, followed by TBST wash
(3 > 200 wl). Then, 100 pl of 10-fold diluted citrate plasma
samples (# = 34) or serum samples when no citrate samples
were available (n = 2) either in TBST” or in TBST” with 4.5
mM ethylenediaminetetraacetic acid (EDTA) were loaded
to the wells, and the samples were incubated for 16 h at RT.
Asstandard, thPSMA (31) serially diluted in TBST” to con-
centrations ranging from 1 pg to 1 ng per well was used. Af-
ter subsequent TBST wash (3 x 200 ), 100 pl biotinylated
mouse monoclonal antibody J591 (40) recognizing GCP1I
diluted in TBST" to 0.25 ng/pl was added and incubated
for 1 h at RT. After washing out the unbound biotinylated
J591 (3 x 200 pl TBST)., 100 pl NeutrAvidin conjugated
with horseradish peroxidase (Thermo Scientific) diluted in
TBST’ to 0.5 ng/pl was added and incubated for 30 min at
RT, followed by a TBST wash (5 x 200 pl). Finally, chemi-
luminescence in 170 pl of luminol substrate (prepared by
mixing 0.1 ml 1 M Tris- HCI, pH 8.8; 10 pl 250 mM lumi-
nol in DMSO; 22.2 190 mM 4-iodophenol in DMSO and
filled to 1 ml with distilled water; 0.6 pl of 30% H,O, was
added shortly before use) was measured on a Tecan Infinite
M 1000 instrument.

To control for false-positive signal due to the presence
of heterophilic interfering antibodies, the samples were di-
luted in replicate wells in TBST” with 4.5 mM EDTA. The
EDTA denatures PSMA, which leads to the loss of binding
of the antibodies to PSMA. The remaining signal, if any,
corresponds to the signal from interfering antibodies. The
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PSMA concentration was therefore determined as the dif-
ference between wells with and without EDTA.

Statistical analysis.  Two-tailed Mann Whitney U-test was
used to compare mean PSMA and CAIX serum levels be-
tween the groups of individuals. The calculations were run
in the past software (41). Because the expression of genes
(and consequently also the serum levels) are considered to
be log-normally distributed (42), median values and 16th
and 84th percentiles for serum levels determined in the sam-
ple set were indicated (rather than mean values and stan-
dard deviations) to describe the scatter of the values. The
non-parametric rank statistical test was chosen because we
do not expect the values to be normally distributed. While
the amount of available serum samples was limited, the sam-
ple size of 12 individuals in each group was chosen to pro-
vide reasonable power of the statistical test.

RESULTS
Preparation and characterization of detection probes

To prepare detection probe that binds to the target enzyme
active site and allows quantification by gPCR (Figure 1A),
we derivatized known competitive inhibitors of PSMA (43)
and CAIX (24) to carry a linker bearing a terminal NHS-
ester. These derivatives were then reacted with the primary
amine group of custom-synthesized DNA oligonucleotides
(see Figure 1B for structures and Ky values). Interestingly,
attaching the oligonucleotide to the inhibitors improved
their binding affinity several-fold (see Supplementary Data
for more details on probe synthesis and testing). Because
the affinity of the CAIX probe was three orders of mag-
nitude lower than that of the PSMA probe, we conjugated
two CAIX inhibitors to a single oligonucleotide, increasing
overall affinity nearly 50-fold. This substantial increase may
be because each inhibitor of a single probe can bind to one
active site in the CAIX homodimer, as described previously
for a bivalent small-molecule CAIX inhibitor (16). We used
only this bivalent probe #2 in all CAIX experiments.

Quantification of PSMA and CAIX in test matrices

Quantification of PSMA and CAIX consisted of several
steps. First, the capture antibody was immobilized onto
the bottom of wells in a 96-well polypropylene PCR plate,
and wells were then blocked with appropriate reagent. Next,
sample was added to the wells, and target enzyme from the
sample was selectively bound by the eapture antibody. Then
the appropriate detection probe was added and allowed to
bind to the active site of the target enzyme. Finally, after ex-
tensive washing, the amount of bound probe was quantified
by gPCR.

To assess the dynamic range and sensitivity of DIANA,,
we analyzed serial dilutions of enzyme standards diluted
in buffered solution; the same standards were later used
to quantify both targets in human sera. As a standard for
PSMA quantification, we used purified recombinant hu-
man PSMA (rhPSMA). The linear range of detection ex-
tended over six orders of magnitude, from 3.6 zeptomoles
to 3.6 femtomoles (320 ag to 320 pg) in a 10-p] sample. The
lowest detected amount, defined as the amount of analyte

that gave a signal higher than the blank signal plus two s.d.,
was 1.1 zeptomole (100 ag). The total range of detection
thus extended over seven orders of magnitude from 1.1 zep-
tomole to 11 femtomoles (100 ag to 1 ng; Figure 2A and
Supplementary Table S3). As a standard for CAIX quantifi-
cation, we used lysate from cultured HT-29 cells; the CAIX
concentration in the stock lysate was determined by Quan-
tikine ELISA for human CAIX (RnD Systems). The linear
range of detection extended over five orders of magnitude
from 140 zeptomoles to 14 femtomoles (7.8 fz to 780 pg) in
a 10-p1 sample. The lowest detected amount was 46 zepto-
moles (2.5 fg), corresponding to a total range of detection
over five orders of magnitude from 46 zeptomoles to 14 fem-
tomoles (2.5 fg to 780 pg: Figure 2B and Supplementary
Table S4).

Quantification of PSMA and CAIX in human serum

After establishing DIANA performance against target en-
zymes using purified enzyme or cell lysate, we examined its
performance against clinical samples of human serum from
12 healthy men, 12 men with Prostate carcinoma (PCa) and
10 men and 2 women with clear cell renal cell carcinoma
(ccRCC). Undiluted samples were assayed for CAIX, while
samples were diluted 10-fold before assaying PSMA (for de-
tails on testing of the assay linearity and on the recovery of
spiked protein standards see Supplementary Data). Thus,
the serum volumes used per well were | pl for PSMA and
10 pl for CAIX.

Measured PSMA concentrations in serum ranged from
0.10 to 6.0 ng/ml, with a median value of 0.45 ng/ml (16th
and 84th percentiles were 0.23 and 1.1 ng/ml, respectively;
Supplementary Table §9). Mean concentration did not dif-
fer significantly among the three groups, suggesting that
serum PSMA is not elevated in either ccRCC or PCa (Sup-
plementary Figure Sla). This contrasts with a previous re-
port of elevated PSMA protein levels in serum from PCa pa-
tients as determined by semiquantitative SELDI assay (17).
Measured CAIX concentrations ranged from 0.034 to 0.61
ng/ml, with a median value of 0.12 ng/ml (16th and 84th
percentiles were 0.059 and 0.25 ng/ml, respectively; Sup-
plementary Table S10). Mean CAIX concentration was sig-
nificantly lower in healthy individuals than in patients with
ccRCC (two tailed Mann-Whitney test, P = 0.033) or PCa
(P =0.021; Supplementary Figure S1b). This is the first re-
port showing the elevated level of CAIX in patients with
prostate cancer. The elevated level of CAIX in serum of
ccRCC patients is in line with previous reports (18,19).

To further validate the serum levels obtained by DIANA,
we reanalyzed the samples by sandwich ELISA. We are
not aware of any commercially available ELISA validated
for quantification of PSMA in blood serum or plasma,
so we used our previously reported ELISA protocol (39)
with some meodifications. We used this ELISA to deter-
mine PSMA concentrations in control citrate plasma sam-
ples drawn from the same individuals on the same occasion
as samples used in DIANA determinations. PSMA concen-
trations determined by ELISA showed excellent agreement
with values obtained by DIANA (R? = 0.898; Figure 2C).
Similarly, we validated CAIX concentrations by reanalyz-
ing the serum samples with a commercially available Quan-
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Figure 2. Ultrasensitive detection of PSMA and CATX by DIANA. (A and B) Plots of average €, values versus amount of human recombinant purified
PSMA standard diluted in buffered solution (A), or average C, values versus amount of human CAIX present in HT-29 cell lysate diluted in buffered
solution {B). Upper x-axes indicate molar concentration, while lower x-axes indicate the corresponding molar amount per well. Horizontal lines show the
average background signal; dashed horizontal lines show the average background signal plus 2 s.d. Error bars show s.d. of quadruplicate measurements
(A and B). (C and D) Plots of concentrations of PSMA (C) and CAIX (D) determined using DIANA in 36 human serum samples versus concentrations
determined using ELISA in the same serum samples (CAIX) or in control citrate plasma samples (PSMA) drawn from the same individuals on the same
occasion.Lines show the linear regression fit of log-transformed concentrations; dashed lines indicate values 1.25-fold higher or lower than the linear
regression. Error bars show s.d. of triplicate (C) or duplicate (D) measurements.

tikine ELISA for human CAIX and CAIX concentrations
determined by both methods showed excellent agreement
(R? = 0.903; Figure 2D). Reference ELISA thus confirmed
the accuracy of serum levels of both enzymes determined
by DIANA, and it corroborated our observations of PSMA
and CAIX levels in clinical samples.

Next, we used the serum samples to examine the sensitiv-
ity and selectivity of DIANA by attempting to outcompete
the binding of the detection probe using known competi-
tive inhibitors of the target enzymes. We hypothesized that
these inhibitors would quantitatively outcompete the selec-
tive binding of the probe to the target enzyme, without af-
fecting possible non-selective binding of the probe to other
proteins. Therefore, we reasoned that PSMA or CAIX con-
centrations determined in wells containing a suitable con-
centration of competitive inhibitor should provide an esti-
mate of the limit of detection, reflecting non-selective bind-

ing of the probe. In this manner, we estimated the average
limit of detection of PSMA in a 1-pl serum sample to be
0.8 pg/ml (range 0.4 to 2.4 pg/ml; Supplementary Table
S9) and of CAIX in a 10-pl serum sample to be 1.1 pg/ml
(range 0.7 to 2.8 pg/ml; Supplementary Table S10). These
detection limits were much lower than the actual enzyme
concentrations in the set of clinical samples analyzed; the
limits for PSM A were on average 870-fold lower than the ac-
tual PSMA concentration (range 140- to 2800-fold), while
the limits for CAIX were on average 210-fold lower than the
actual CAIX concentrations (range 12- to 930-fold).

Using DIANA to evaluate inhibitors of target enzymes

Determination of inhibitor binding affinities (expressed as
K; values) followed the same general protocol as enzyme
quantification, with slight modifications (Figure 3A). An
identical amount of target enzyme was captured onto the
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Figure 3. Determination of inhibition constants from single inhibitor concentrations by DIANA and its validation by inhibitor titration. (A) Detection
probe was incubated with target enzyme in the presence of putative inhibitor. The binding of the test compound resulted in lower amount of the bound
probe. The amount of bound probe together with concentration of compound was then used to determine the inhibition constant at each dilution of the
compound. (B) Purified PSMA standard was titrated with PSMA inhibitor {(compound 4) and detected using the monovalent detection probe against
PSMA. Measured inhibition constants were constant over more than five orders of magnitude of inhibitor concentration. (C) CAIX from cell lysate
was titrated with CAIX inhibitor (compound 10) and detected using the bivalent detection probe against CAIX. Measured inhibition constants were
constant over more than two orders of magnitude. The lowest inhibitor concentrations were lower than their respective K values, which leads to insufficient
inhibition and therefore larger errors of determinations. K; values determined at the highest inhibitor concentrations are higher than the average because
of background signal. Error bars show s.d. of triplicate (B) or duplicate {C) measurements.

immobilized antibody in each well; this amount was within
the linear range of detection. Some wells were incubated
with detection probe alone, and the rest were incubated
with a mixture of the probe and a known concentration
of putative inhibitor, present in molar excess with respect
to the enzyme. Inhibitor affinity (K; value) was calculated
from the inhibitor concentration and from the difference in
the number of PCR cycles needed to amplify the reporter
DNA (AC,) in wells incubated in the presence or absence
of inhibitor. Given the broad linear range of the assay, we
were able to calculate the K; value for each inhibitor from
each well after assuming that the monovalent PSMA probe
bound non-cooperatively to its target, while the bivalent
CAIX probe bound cooperatively (see Supplementary Data
for more details). These calculations are presented in detail
in the next two sections.

Evaluation of PSMA inhibitors

To examine the accuracy of our model to determine K;
values of PSMA inhibitors using single inhibitor concen-
trations (Supplementary Figure S2a), we incubated cap-
tured rhPSMA with serial dilutions of competitive inhibitor
(compound 4; K; = 1.1 = 0.1 nM based on enzyme kinet-
ics) ranging from 100 pM to 100 uM. Then we determined
the K; from each measured data point (Supplementary Ta-
ble S13). Measured K; values were constant over the en-
tire dilution series except at the extremes (Figure 3B); mean
K, calculated over the range from 200 pM to 50 pM was
0.37 £ 0.06 nM. This indicates that DIANA can accurately
determine K; values from single concentrations of small-
molecule inhibitors over the broad linear range of the assay,
covering six orders of magnitude in the case of PSMA.

To further verify this, we determined K; values of 41
known competitive inhibitors of PSMA (listed in Sup-
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plementary Table S12) using single-well measurements at
a constant inhibitor concentration (100 pM). We then
compared DIANA-determined values with those using an
HPLC-based substrate cleavage assay (37) which requires
testing serial dilutions of inhibitors (see Figure 4A). The
two methods showed excellent agreement (R~ = 0.991) over
the entire range of K; determinations covering seven orders
of magnitude from mid-picomolar to mid-micromolar val-
ues (Supplementary Table S15). This confirms that DIANA
can accurately measure K; values from a single inhibitor
concentration.

The high selectivity and sensitivity of DIANA allowed
us to determine K; values for the 41 known PSMA in-
hibitors using only 1 pl of human serum (containing ~6
pg of PSMA) rather than purified rhPSMA. Because of the
low amount of PSMA present, we tested inhibitor concen-
trations of 100 p.M and 100 nM in order to cover the range
of K; values. The values measured in this way agreed well
with those determined usin§ rhPSMA (Figure 4B), over the
entire range of Kj values (R~ = 0.989; Supplementary Table
S16).

To evaluate the robustness of DIANA, we examined the
standard deviations of the assay and evaluated its response
to different buffer compositions and solvents. Standard er-
rors in the presence or absence of inhibitors were typically
lower than 0.15, corresponding to a CV of 11%. Together
with signal-to-background ratios of up to 22 gPCR cycles,
these standard errors translated into a Z’ factor of over 0.9.
Such Z’ values were obtained not only when assaying puri-
fied PSMA standard but also when assaying PSMA in hu-
man serum. The expected precision of the determined K;
values is shown in Supplementary Figure S2a. We found no
significant variation in the signal-to-background ratio when
we screened different concentrations of detergent, casein
blocker or, most notably, organic solvents such as methanol,
acetonitrile and DMSO at concentrations of up to 10%.
These findings suggest that DIANA can serve as a highly
versatile screening platform for testing small-molecule li-
braries dissolved in 100% DMSO (Supplementary Table
S14).

To explore the possibility of omitting the capture an-
tibody, which would expand the assay to include target
enzymes for which specific antibodies are unavailable, we
tested a panel of PSMA inhibitors against recombinant
biotinylated PSMA captured on neutravidin. This led to
nearly identical results as using untagged PSMA captured
by an immobilized antibody (Supplementary Figure S3).
Since the detection probe also binds the PSMA homolog
GCPIII (44) (with Kg of ~5 nM), we tested a subset of
these PSMA inhibitors against recombinant biotinylated
GCPIII captured on neutravidin and obtained K; values
corresponding to those obtained by conventional enzyme
kinetics assays (Supplementary Figure S4; experimental de-
tails on assaying both proteins are described in Supplemen-
tary Data). The binding of the probe to both enzymes to-
gether with capturing of their tagged variants onto neutra-
vidin thus enabled us to rapidly develop screening assay for
both targets, but such promiscuity also may have compro-
mised the selectivity of the PSMA detection in biological
matrices. To examine the selectivity of the DIANA protocol
which employs an immobilized anti-PSMA antibody 2G7
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and which we used previously to quantify untagged PSMA,
we assayed different amounts of GCPIII using this proto-
col. We found that the presence of GCPIII did not inter-
fere with PSMA quantification even at very high concen-
trations (Supplementary Table 822). The selectivity ratio to-
ward PSMA was more than six orders of magnitude, which
suggests that using a highly selective capture antibody en-
sures detection of only the desired target, even when the
probe can bind other proteins in the sample.

Evaluation of CAIX inhibitors

Determination of K; values was more complex for CAIX
inhibitors than for PSMA inhibitors because we used the
bivalent probe against CAIX, which presumably binds co-
operatively to the target. Therefore we altered the model
for calculating K; values (Supplementary Figure S2b). To
test the accuracy of the model, we incubated CAIX cap-
tured from a lysate of HT-29 cells with serial dilutions of
a competitive CAIX inhibitor (compound 10; K; = 408 +
64 nM based on enzyme kinetics) ranging from 0.6 nM to
80 pM, and we determined the K from each measured data
point (Supplementary Table S18). We obtained a mean Kj
of 323 + 54 nM over a range of inhibitor concentrations
spanning more than two orders of magnitude, from 80 nM
to 20 pM. This validated our assumption that the detection
probe binds CAIX cooperatively (Figure 3C).

This inhibitor concentration range over two orders of
magnitude useful for determining K; from single measure-
ments is narrower than the concentration range giving a lin-
ear response for CAIX quantification. This result reflects
(1) relatively low endogenous expression of CAIX by HT-29
cells, (2) higher non-selective binding of probe after CAIX
capture from lysate versus capture from buffer or serum and
(3) bivalence of the CAIX probe, which leads to a larger
change in Cy with increasing inhibitor concentration than
would be observed with a monovalent probe. These factors
narrow the range of determined Kj; values, but the last fac-
tor at the same increase precision and therefore sensitivity,
which may make DIANA useful for identifying weak in-
hibitors (Supplementary Figure S2b).

Using our validated model for caleulating K. we deter-
mined the K; values of 10 CAIX inhibitors (listed in Sup-
plementary Table S17) by incubating the inhibitors at 1 pM
and 100 pM with CAIX captured from cell lysate in the
presence of 10% DMSO, which was necessary because of
the low solubility of some inhibitors. We compared these
values with those determined from enzyme kinetics (38
(Supplementary Table 819) and found good agreement (R~
= 0.816, Figure 4C) over the entire range of Kj values cover-
ing three orders of magnitude from mid-nanomolar to mid-
micromolar values. We assumed that the solvent did not
influence our results, since we found that DMSO at final
concentrations up to 10% did not affect selective or non-
selective binding of the detection probe.

Finally, we determined K; values using 10 pl human
serum (containing approximately 6 pg of CAIX) and in-
hibitor concentrations of 1 pM and 100 pM in the pres-
ence of 10% DMSO. The resulting K; values agreed well
with those obtained previously using CAIX from cell lysate
(R* = 0.888, Figure 4D). Despite the very small amount of
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Figure 4. Validation of single-well determination of inhibition constants of PSMA and CAIX inhibitors using DIANA. (A) Plot of K values of 41 PSMA
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CAIX in cell lysate and human serum, Z” values were re-
producibly higher than 0.8. These results confirm the appli-
cability of the assay to screen enzyme inhibitors with low-
abundance enzymes in different biological matrices.

DISCUSSION

Here, we report the development of DIANA assay suit-
able for enzyme detection and screening of enzyme in-
hibitors. This assay is analogous to the immuno-PCR as-
say described in (3), in which the target protein is cap-
tured by an immobilized antibody and then detected by an-
other DNA-linked antibody. However, 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 en-
zyme. The use of conjugates of DNA and small molecules
as affinity reagents has been proposed more than 20 years
ago (45) and they have been since then employed in a num-
ber of contexts. Nevertheless, we show that DIANA repre-
sents a novel and powerful way of using such conjugates
with some important implications which are discussed in
following paragraphs.

We show that DIANA is a straightforward and extremely
sensitive method for quantifying enzymes suitable for com-
plex biological matrices. We estimated the limits of detec-
tion for two integral membrane proteins, PSMA and CAIX,
in human sera to be, respectively, 10 x 1072 mol and 200 x
1072 mol. Such sensitivity is comparable to that of the most
sensitive sandwich immunoassays available for complex bi-
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ological matrices. including sandwich ELISA (10 x 10°'®
mol; e.g. Abbott Architect total PSA kit, IVD Ref. TK70),
immuno-PCR (3) (100 x 10-2! mol), immuno-PCR on gold
nanoparticles (Bio-Barcode assay (4); 300 x 1072! mol),
proximity ligation assay (5) (1 x 102! mol), and proxim-
ity extension assay (6) (100 x 107! mol). Additionally, DI-
ANA is advantageous when assaying clinical samples: the
synthetic nature of the detection probe means that the DI-
ANA sandwich cannot be cross-linked by interfering anti-
bodies present in human blood, which occasionally cause
false-positive results in sandwich immunoassays (46.47).

The amount of target enzyme is quantified via quanti-
tative PCR (qPCR), which has broad linear range and is
extremely sensitive. This is achieved by geometrical ampli-
fication of the template DNA during PCR cycles. However,
this is connected with slightly lower precision than by other
linear readouts, such as colorimetric or chemiluminiscent
detection. Depending on the amount of template, a typical
qPCR machine has standard deviation of 0.10-0.25 cycle,
which translates into coefficient of variation of 7-19% com-
pared to few percent achieved in ELISA readout. Although
such precision should be sufficient for most diagnostic tests,
we suggest that in cases when small changes in enzyme levels
need to be detected, either replicates could be run or other
more precise DNA detection techniques could be employed,
such as isothermal rolling circle amplification (48) or com-
mercially available digital PCR.

The binding of the detection probe to the enzyme active
site, the extremely high sensitivity and wide linear range of
DIANA also make it well-suited for screening of compet-
itive inhibitors of target enzymes. The sensitivity enables
testing of inhibitors using tiny amounts of unpurified tar-
gets, and the wide range enables determination of K; from
a single well, minimizing the amount of reagents required.
DIANA can identify both tight and weak inhibitors. The
highest inhibitor affinity that can be accurately determined
is limited by the assay sensitivity and therefore lies approx-
imately in the K range of five to six orders of magnitude
below the K of the probe. DIANA also correctly identifies
inhibitors that bind even more tightly and ranks them as the
most tightly binding in the screen, though it underestimates
their affinities. The ability of DIANA to identify weak in-
hibitors is limited only by their solubility; thus, every in-
hibitor at a concentration at or above its K; should be de-
tectable in principle. Target binding by the detection probe
does not compete with target binding by weak inhibitors,
since the probe is used at concentrations below its Kj re-
gardless of the magnitude of the K, which is made possi-
ble by ultrasensitive qPCR detection. Indeed, in the present
study. we detected PSMA inhibitors with an affinity 10°-
fold lower than that of the detection probe, even when the
inhibitor was present at a concentration similar to or lower
than its Kj. The solid-phase assay format also allows testing
of fluorescent or colored compounds, since they are washed
out before analysis and therefore cannot interfere with the
qPCR readout.

As with other ultrasensitive solid-phase assays, the sen-
sitivity of DIANA is limited by non-selective adsorp-
tion of the detection probe, since every single probe
molecule bound to the surface, including those that are non-
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selectively adsorbed, is detected by qPCR. In our hands, this
non-selective background binding was low but detectable
even at subnanomolar probe concentrations and in the pres-
ence of casein blocker and it increased with increasing probe
concentration. This implies that a high-affinity ligand is es-
sential for ultrasensitivity as lower probe affinity cannot be
compensated for by increasing probe concentration.

We showed that a probe with subnanomolar affinity en-
abled detection of zeptomole amounts of PSMA. However,
such potent ligands have been identified for a limited num-
ber of targets. As we showed here for CAIX, tight-binding
probes can be prepared from weaker ligands by including
several copies of the ligand moiety in order to induce mul-
tiple binding of the probe, though this strategy is likely to
work only for multimeric enzymes and/or enzymes bear-
ing at least two distinct active sites. Otherwise, the sensi-
tivity will decrease in proportion to the decreasing affinity
of the ligand, which may limit the use of weaker ligands
for DIANA-based diagnostics. However, these ligands may
still be useful for DIANA-based inhibitor screening, since
in this case the assay’s linear range is more important than
its sensitivity. While loss of sensitivity also means loss of dy-
namic range, the range may be partially restored by captur-
ing larger amounts of target enzyme. We therefore predict
that even ligands that bind with micromolar affinity may be
useful for DIANA-based inhibitor screening, offering lin-
ear response over several orders of magnitude.

The ability to use subnanomeolar concentrations of probe
without losing sensitivity or dynamic range, regardless of
probe affinity, means that extremely small amounts of probe
are needed. As nanomole amounts of probe are easily syn-
thesized from milligram amounts of ligand, preparing suffi-
cient probe for billions of measurements is straightforward.
Since the probe is stable to multiple freeze-thaw cycles, we
expect that a single probe synthesis will yield enough ma-
terial for any size of project, facilitating replication studies,
reagent sharing and long-term archiving. We obtained simi-
lar assay performance in evaluating enzyme inhibitors when
we captured PSMA via an immobilized antibody as when
we omitted the antibody and instead captured recombinant
biotinylated PSMA onto neutravidin. This shows that DI-
ANA can be adapted to screen inhibitors of target enzymes
for which specific antibodies are unavailable; in these cases,
immobilization can be achieved by derivatizing the surface
to bind an affinity tag recombinantly fused to the target en-
zyme, i.e. biotin or his-tag. This eliminates the need for an-
tibody while still allowing unpurified target to be used. This
approach will enable rapid development of platforms for
testing compounds against panels of enzymes and quanti-
tative evaluation of their selectivity, which will be facilitated
by the use of detection probes prepared from class-specific
inhibitors, such as pepstatin (49), staurosporin (50) or ac-
etazolamide (30), together with production and capture of
tagged enzymes.

Detection probes prepared from promiscuous inhibitors
are still useful for detection of enzymes in complex bio-
logical matrices, in such cases a selective antibody is used
for capturing of the enzyme which complements the assay
selectivity. By testing recombinant purified enzyme stan-
dards, we showed that in combination with suitable anti-
body we selectively detected PSMA over its closest homolog
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GCPIII even when using detection probe binding to both
targets. Selectivity ratio of at least six orders of magnitude
was achieved, even though the selectivity ratio of the probe
itself was only about 60-fold. Moreover, despite both pro-
teins share approximately 70% amino acid sequence iden-
tity without any dissimilar regions, there is a number of
selective anti-PSMA antibodies available (32). This shows
that it is possible to develop selective DIANA assay even
for highly similar enzymes for which a selective inhibitor is
not available. Similarly, we used probe prepared from non-
selective inhibitor of several human carbonic anhydrases
(24) for CAIX detection. There are 15 human carbonic an-
hydrases and 12 of them are enzymatically active and many
potent yet non-selective inhibitors are known, while the de-
velopment of selective inhibitors still remain challenge of
current medicinal chemistry (30). Nevertheless, the low se-
quence homology between the carbonic anhydrases allowed
us to use anti-CAIX antibody M75 which recognizes the
proteoglycan-like domain of CAIX (34) absent from any
other human carbonic anhydrase. The selectivity of result-
ing DIANA sandwich was validated by the excellent agree-
ment of CAIX serum levels detected using DIANA and val-
ues determined using the commercial CAIX ELISA (Quan-
tikine, R&D Systems), which has been tested by the vendor
for selectivity against all other human carbonic anhydrases.

In principle, DIANA is not limited to enzymes and could
be applied to any functional protein, including receptors or
transporters, for which a sufficiently potent small-molecule
ligand is available. Additionally, because DIANA does not
require purified target, it may be especially advantageous
for transmembrane proteins and other proteins that are dif-
ficult to prepare and purify. Moreover, the unique ability
of DIANA to determine the compound’s K; from a sin-
gle tested concentration might be especially useful for high-
throughput inhibitor screening or for profiling inhibitor se-
lectivity against a panel of enzymes. Finally, DIANA’s sim-
ple and straightforward protocol, similar to that of sand-
wich ELISA or immuno-PCR, and its compatibility with
multiwell plates, make it suitable for automation and high
throughput.
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DNA-linked Inhibitor Antibody Assay (DIANA) for sensitive and selective enzyme
detection and inhibitor screening

Supplementarv information:

Further validation of PSMA and CAIX quantification in serum samples.

To test the linearity of the detection with dilution of the samples. differentially diluted samples were analyzed. The
protocol was equal to that described in materials and methods. with the exception of the dilution of the analyzed
sample.

For PSMA detection. not only 10 pl of 10 fold diluted samples was analyzed. but a dilution series of 10 ul of six
serum samples ranging from undiluted (with added Tween 20 to final conc. 0.1%) to 100 fold diluted samples was
analyzed instead. The results listed in Supplementary Table S7 show that the PSMA concentrations were almost
invariable throughout all dilutions in five samples. In the remaining one sample, the PSMA concentration was
significantly underestimated in dilutions lower than tenfold while constant in dilutions tenfold and higher.
Afterwards. all 36 serum samples were analyzed undiluted and 10 times diluted (Supplementary Table S6). The
determined PSMA concentrations were in most cases slightly lower in diluted vs. undiluted samples. but in few cases
significantly higher in diluted vs. undiluted samples. The reason for this phenomenon is not known to us, but we have
observed exactly the same behavior with our PSMA ELISA and we therefore conclude that it is caused probably due
to some target specific matrix effects rather than by assay specific interference. We also investigated whether this
phenomenon might be caused by the presence of heterophilic interfering antibodies which would crosslink the
ELISA sandwich even in the absence of the antigen. In this respect, we analyzed the samples by ELISA also after
dilution in buffer with EDTA. which causes denaturation of PSMA but does not hinder the binding of the interfering
antibodies and we found that EDTA almost completely suppressed the signal (Supplementary Table S9). Moreover.
the DIANA sandwich cannot be cross-linked by these antibodies, as the detection probe does not comsist of
immunoglobulin and therefore we conclude that observed signals arise from selective binding of assay reagents to
PSMA rather than from cross-linking of the sandwich by interfering antibodies. Nevertheless, because of this
behavior exclusively tenfold diluted serum samples were used for PSMA quantifications.

The same experiments were done for CAIX detection (Supplementary Tables S6 and S8). which showed only
slightly decreasing CATX concentrations with increasing dilution of the samples. No nonlinear response as in the
case of PSMA was observed for CATX quantifications. CATX concentration determined in undiluted samples was
approx. two to three times higher than in tenfold diluted samples, which might also explain approx. two times higher
concentrations determined by DIANA (exclusively undiluted samples were analyzed) vs. by commercial ELISA
(50 nl of assay diluent added to the 100 pl sample prior analysis).

To further asses the accuracy of the determined amounts of PSMA and CAIX. two different concentration of

thPSMA and HT-29 cell lysate were spiked into two serum samples and concentration of both proteins was
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143



determined afterwards. The recovery of PSMA and CAIX ranged between 100 to 120% and 70 to 110%. respectively
(Supplementary Table S11).

Derivation of equations for the determination of K; of tested competitive inhibitors.

The equation for the dissociation constant K; of the detection probe is:

Ka =[E] *[P]/[EP] (1).

where [E] is the concentration of free enzyme. [P] is the concentration of free detection probe and [EP] is the
concentration of the enzyme in complex with the detection probe. The concentration of free enzyme corresponds to
the difference of the total (analytical) enzyvme concentration (E;) and of the concentration of enzyme in complex
with the probe ([EP])., and by substituting this relation into the previous equation and solving for [EP] we get
(analogously to the determination of Michaelis constant of substrate and enzyme):

[EP]=Euw: * [P]/ (Ka+ [PD (2).

The concentration of the free detection probe [P] is not known. but either if the total concentration of enzyme is
lower than the K; of the detection probe. or if the total concentration of enzyme is lower than the total (analvtical)
concentration of the detection probe P,,. [P] can be approximated by P,,, and the last relation can then be written as:
[EP] = Etot * Piot / (K + Prox) (3).

The concentration of bound probe in a complex EP is quantity measured by qPCR. The actual dissociation constant
is determined by plotting the measured values of EP quantities against the used analytic concentration of detection
probe and their fitting to a function described by equation (3) connected for example with numerical determination of
dissociation constant of the probe (and of analytical concentration of the analyte that may not be known in advance).
The dissociation constant corresponds to the inhibition constant X} in case of competitive inhibition. the equation for
K, of the tested compound is then:

K;=[E]1*=[]/[ET] (4).

where [T] is the concentration of free tested compound and [EI] the concentration of the enzyme in complex with the
bound tested compound, whereas designations of other variables remain same as in previous equation. It applies to

the total amount of enzvine:

Ew=[E] + [EP] + [EI] (5).
and the proportion of enzyme occupied by the tested compound x is defined as:
[EL/Ew=x (6).

After solving the equation (6) for E,, and substituting into equation (5). solving and substituting [EP] from equation
(1). substituting [EI] from equation (4) and solving. an equation for X is obtained:
K=QQ/x-D*[I1/ (1 +(PI/ KD (7).

S2
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after expressing the concentration of the unbound tested compound [I] using the total (analytical) concentration of
the tested compound I,. which is the sum of the concentrations of bound and unbound compound (L., = [I] + [EI]),

substituting for [EI] from equation (6) and solving for [T] we get:

[I] = Itat -X * Elo[ (8)
The resulting equation for calculating X is then:
Ki=(1/x-1)* (Lo -x*Ew) /(1 +([P]/ Ka)) 9.

Practically. however, the fraction x of inhibited enzyme by the tested compound is not measured directly, but the
amount of bound probe in well incubated with the tested compound is compared to the amount of bound probe in
well incubated without the tested compound. Within the linear range of enzyme quantification and by assumption of
non-cooperative binding of the probe into the active site of the enzyme. the amount of bound probe is directly
proportional to the amount of free enzyme. i.e.. the binding of competitive inhibitor to portion x of the enzyme leads
to the decrease in amount of bound probe by the same proportion. Therefore. the ratio of amount of bound probe
after incubation with the tested compound to the amount of bound probe after incubation without the tested
compound is equal to the ratio of remaining amount of free enzyme unoccupied by the tested compound in its
presence ([E] = E,, - [EI]) to the total amount of enzyme (E,y). i.e., to (E - [EI]) / Eo.

For each of the two quantities the ¢, value is measured. which is inversely proportional to the logarithm of bound
probe, ie.. with decreasing amount the measwred C, increases. and if AC, is defined as C, measured for an
incubation without the tested compound subtracted from C, measured for incubation with the tested compound. then
applies:

(Etor — [EID / Euor = (1 + ) (10).
where eff. is the efficiency of the PCR reaction. which under optimal conditions is equal to one. Equation (9) is then
reformulated using the previously mentioned relations:

K= ((1+eff) ™/ (1- (1 +eff) ) * (o= ¥ * B / (1+([P]/ K) (1.
within the quantitative range of the method. this equation is further simplified by replacing concentration of free
detection probe [P] with analytic concentration of the probe P which is known (explained in commentary in next
paragraph). Virtually always. I is significantly higher than E,, the entire member (x * E,,) can therefore be
neglected compared T,,. The simplified equation is then:

K=(1+ef )™/ (1- (L +ef)*) * L/ (1 + (Piot/ K2) (12).
Thank to the sensitivity of qPCR readout. P, is kept lower than its K. i.e., the value of term 1 + (P, / K;) describing
the degree of competition between the probe and the tested compound for binding into the active site is
approximately equal one. which in turn means that I, responsible for 50% inhibition is approx. equal to K, which
makes this assay sensitive in hit discovery. Graphical representation of equation (12) for eff’ equal one is shown in

Supplementary Figure S2a.

[72]
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Commentary: the linear range of enzyme quantification is determined empirically by serial dilution of the enzyme
and its quantification, but important relations are also easily derived theoretically. Tt follows from equation (1) that
[EP] / [E] is directly proportional when [P] / K, is constant. Because [P] = P, — [EP]. the ratio of [P] / K, 1s constant
when [P] - Py which is valid when [EP] is significantly lower than Py, This is fulfilled when E,; is smaller than Py,
or when [E] is smaller than K, because [EP] / [P] = [E] / K; and when [E] < K, then [EP] < [P] which 15 always
lower than P,.,.

The above described model also assumes that there is no cooperativity of binding neither of the probe nor of the
tested compound. This is true either when there is only one active site on the enzyme or when the binding to one site
does not influence the affinity of binding to other sites, which is the case of homodimeric protein PSMA and
monovalent detection probe.

More complicated model applies to the bivalent probe capable of cooperative binding to both active sites of CAIX
homodimer: as we have shown, the bivalent probe has almost fifty fold higher potency than the monovalent probe,
which causes non-linear proportionality of amount of bound probe on the fraction x of enzyme unoccupied by the
tested competitive inhibitor. More specifically, by assuming non-cooperative binding of the tested competitive
inhibitor, the binding of the inhibitor into both active sites of the CAIX homodimer is randon. i.e., when portion x of
the total amount of active sites is occupied by the tested compound. then the amount of CAIX homodimers with both
sites occupied is x°. whereas one site is occupied in 2x * (1 — x) and no site is occupied in (1 — x)*. The probe binds
with high affinity to CATX homodimers having both active sites unoccupied by the tested compound, and although it
binds also to CATX homodimers having just one of the active sites occupied by the tested compound, the affinity is
much lower. Also, the probe does not bind to CATX homodimers having both sites occupied by the tested compound.
The ratio R¢ of affinities of bivalently vs. monovalently bound probe is roughly determined as the ratio of K; of
probe containing two copies of CAIX ligand K;; and of probe containing only one CAIX ligand K. i.e.. Rig =K, /
Ky which is equal to 0.022 = 0.007 for our CAIX bivalent detection probe (Figure 1b). The ratio of amount of
bound probe after incubation with tested compound [EP;] vs. amount of bound probe after incubation without

compound [EP;] is then:

[EP]/[EPo] = (1 +¢ff )™ = (1 —x)" + 2x * (1 =x) * Res (13).
Solving for x leads to the equation (note that [E] / E,;= 1 —x):

x=(1-Rir~ Rag’ + (1 -2 %R * (1 + ) D)/ (1 -2 * Ru) (14).
After substituting for x into equation (9) and simplifying. K is calculated from I, and measured AC, as follows:
K=((1-2*Red / (1 ~Rosr— Rog’ + (1 =2 % Ragd) * (1 + )™ ) = 1) * Ly / (1 + (Prae/ K) (15).

graphical representation of this equation for R = 0.022 and eff. = 1 is plotted in Supplementary Figure S2b, which
shows that the slope of dependency of K; on AC, is less steep than for monovalent probe (Supplementary Figure
S2a). In other words equal change in K; makes bigger difference in AC,. which means that the X is determined with

higher precision than with monovalent probe (standard error of the AC, remains the same but its change is bigger)
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but on the other hand the dynamic range of X determination gets narrower. More precisely. the ratio [E] / E,; can be
approximated by (1 + eff) %7 for AC, smaller than ten cycles for R,e = 0.022. With increasing cooperativity of the

probe binding (i.e.. with decreasing R.g). this approximation is valid to increasingly higher values of AC,.

Testing of inhibitors on biotinylated PSMA and GCPIIL

Purified recombinant human PSMA consisting of extracellular portion of PSMA with N-terminally attached
biotinylated Avi-tag used for purification (designated Avi-thPSMA) was prepared and purified as described (1)
(wherein designated as Avi-GCPII). The only difference when compared to rhPSMA protein standard used
elsewhere is the presence of the purification tag and both proteins are therefore nearly identical in terms of catalytic
efficiency. Purified recombinant human GCPIII consisting of extracellular portion of GCPIII with N-terminally
attached biotinylated Avi-tag used for purification (designated Avi-GCPIII) was prepared and purified as described
(2). For long term storage. the purified proteins (diluted in TBST") were aliquoted and flash frozen in liquid nitrogen
and then kept at -80 °C.

The K values of tested compounds toward both proteins were determined by DIANA in analogous way as described
for thPSMA in materials and methods with several modifications: in case of Avi-thPSMA_ 2 ng of purified protein
diluted in TBST” was captured onto immobilized neutravidin (Pierce) in each well and thereafter incubated with the
PSMA detection probe in TBST" at 63 pM concentration (K; of the probe determined by titration ~ 70 pM) alone or
in the presence of tested compounds at 100 pM concentration. The K values of the compounds were computed from
their tested concentration and AC, values between wells incubated with and without the compound as described for
thPSMA using equation X; = (2%°/ (1 —2"9) * L/ (1 + (Pwr / Ka)). In case of Avi-GCPIIL 1 ng of purified
protein diluted in TBST® with 1 mM ZnCl, was captured onto immobilized neutravidin in each well and thereafter
incubated with the PSMA detection probe in TBST’ at 100 pM concentration (K, of the probe determined by titration
~ 4.4 nM) alone or in the presence of tested compounds at either 1 M or 100 pM concentration. The K values of the
compounds were computed in the same way as for Avi-rThPSMA.

Plot of K; values determined by DIANA with Avi-rthPSMA captired on neutravidin vs. K; values determined by
reference enzyme kinetics (described in (3)) shows an excellent agreement between the two methods for all tested
compounds, with the X, values determined from single concentration ranging from subnanomolar to mid micromolar
(R? = 0.982. Supplementary Figure S3 and Supplementary Table S20). Plot of K, values determined by DIANA
with the homologous protein Avi-rhGCPIII captured on neutravidin vs. K; values determined by reference enzyme
kinetics (described in (4)) show also an excellent agreement between the two methods for all tested compounds. with

determined K values ranging from 10 nM to 100 uM (Supplementary Figure S4 and Supplementary Table S21).
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Detection probes

PSMA detection probe was prepared by linking of a known potent urea based PSMA inhibitor S, 5-2-(3-(5-amino-1-
carboxypentyl)-ureido)-pentanedioic acid (5) to the DNA. For this purpose, derivative of this inhibitor with attached
linker bearing NHS ester at its end was synthetised (compound 3) which was then reacted with DNA oligonucleotide
bearing amine group. This compound was also reacted with ethanolamine and the resulting compound (compound 4)
was used as a reference in PSMA enzymatic assay to asses the impact of linking of the DNA oligonucleotide on the
inhibition potency (see Supplementary Figure S5).

As determined by enzyme kinetics, the K; value of the inhibitor with linker alone (compound 4) was 1.1 = 0.1 nM
while the K value of the resultant detection probe the inhibition was only 0.34 = 0.03 nM. The inhibition potency of
the probe translated into its K; value of 0.068 £ 0.006 nM as determined by titration of the probe on PSMA captured
via imumobilized antibody 2G7 (Supplementary Table S1). For comparison. the K; value of compound 4 determined
in the same way was 0.37 = 0.06 nM (Supplementary Table S13). Despite lower values determined by the latter
method. both methods are in agreement. that the attachment of oligonucleotide improved the binding potency at
about three to five fold.

To prepare CATX probe, derivative of CATIX inhibitor 4-(3-phenylureido)benzenesulfonamide (6) with attached
linker bearing NHS ester was synthetised (compound 9; Supplementary Figure S6) and conjugated to the
oligonucleotide. K value of the inhibitor with linker alone (compound 10 bearing amine instead of NHS ester in
compound 9) determined by enzyme kinetics was 408 = 64 nM: K value of the prepared CAIX detection probe was
not determined in the same way. since the consumption of the probe would be too high. To accurately asses the
influence of oligonucleotide attachment. Ky values of the probe (68 = 3 nM: Supplementary Table S2) and of the
compound 10 (323 = 54 nM: Supplementary Table S18) were determined by titration on CAIX captured via
immobilized antibody M75. Consequently, the attachment of the oligonucleotide improved the binding affinity at
about five fold. but this was still three orders of magnitude lower than that of the PSMA probe.

To prepare more tightly binding probe. compound 9 was reacted with DNA oligonucleotide with amine group
attached at either 3” end and 5° end which led to the formation of bivalent detection probe with K; value of 1.5 + 0.5
nM as determined by titration on CAIX captured via immobilized antibody M75. The almost fifty fold improvement
of the binding affinity compared to the monovalent probe is probably due to the ability of the bivalent probe to bind
to both active sites of the CAIX homodimer simultaneously. similar phenomenon was previously observed for
bivalent small molecule inhibitor of CATX (7). This bivalent probe was nsed for CATX detection as well as testing of
CATX inhibitors.

The positions on inhibitors amenable to derivatization with linker moiety as well as the length of the linkers were
chosen based on evidence from literature and known crystal structures of both proteins. The way of derivatization of
the PSMA inhibitors is well known (5) and it has been shown that attachment of nucleotides via short linker may

improve their affinity (8). The position of the linker attachment on CATX inhibitor was derived from structures of
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such inhibitors in active site of carbonic anhydrase II showing their mode of binding (6). The length was then
guessed from crystal structure of CAIX (9) showing that linker containing five ethylenglycol units is of sufficient
length to connect the active site to the protein surface.

We conjugated those inhibitors to single stranded DNA oligonucleotide (designated as ssDNA) and subsequently
tested the influence of both single stranded and double stranded DNA-reporter on assay performance. To prepare
double stranded DNA-reporter. we annealed both mono-substituted PSMA and CAIX detection probes with two
different complementary strands: with first oligonucleotide being complementary to all bases of the probe
(designated as dsDNA) and with second oligonucleotide being complementary to all bases of the probe except the
last 3 bases at the 3° termini where the inhibitors were attached (designated as dsDNA 3A). We then compared their
performance in DIANA assay: while we have not seen any significant difference in either K; or the assay signal
between ssDNA a dsDNA 3A. we have seen a decline in affinity for dsDNA of approximately two- to three-fold. At
the same time. the non-selective adsorption of both double stranded variants was lower resulting in background
lowered by about two PCR cycles. However, we cannot exclude that different experimental settings could result in
variation of non-selective binding and we therefore suggest to compare single and double stranded DNA reporters in
cases where the maximum sensitivity is crucial. The dsDNA_3A detection probes thus achieved highest signal-to-
noise ratio and were used in subsequent DIANA experiments with the only exception of the bivalent CATX probe
where we used single stranded DNA reporter as this should allow maximum flexibility for optimal simultaneous
binding into both active sites of the homodimer.

Interestingly. the prepared conjugates were better binders than the original inhibitors with linker: we think that this
effect might be caused by the binding of DNA bases to some exosites at the protein surface near the active site. This
hypothesis is also supported by the fact. that we have seen a decline in the affinity after pairing the 3” termini

proximal bases with complementary oligonucleotide as described in previous paragraph.

Detailed description of symnthesis of the detection probes

Chemicals were purchased from Sigma-Aldrich, unless stated otherwise. The purity of compounds was tested on
analytical Jasco PU-1580 HPLC (flow rate 1 ml/min. invariable gradient 2-100% (vol./vol.) ACN in 30 minutes, RT
shown for each compound) with column Watrex C18 Analytical Colummn, 5 pm, 250 x 5 mm. Final products used for
conjugation with the oligomicleotides were purified using preparative scale HPLC Waters Delta 600 (flow rate 7
ml/min, gradient and RT shown for each compound) with coluimm Waters SunFire C18 OBD Prep Colummn, 5 pm, 19
X 150 mm. All final products were of at least 99% purity. Structure of these products was further confirmed by
HRMS at LTQ Orbitrap XL (Thermo Fisher Scientific) and by NMR (Bruker Avance I'™ 500 MHz equipped with
Cryoprobe or Bruker Avance I™ 400 MHz). Initial oligonucleotides and prepared detection probes were analyzed by
LC/ESI-MS method on the Agilent 6230 TOF LC/MS device (Agilent Technologies) equipped with dual AJS ESI

source in the settings for detecting negative ions (4GHz. HiRes). Separation was carried out at room temperature on
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Agilent Zorbax Extend-C18 1.8 pm (2.1x50 mm) column by gradient elution in changing ratio of mobile phase and

acetonitrile, at a flow rate of 0.3 ml.min™ (2-45% (vol./vol.) ACN in 6 minufes).

PSMA:

Preparation of 3,3"-oxydipropanoic acid (compound 1): 2.38 ml (20 mmol) of 3.3-oxydipropanenitrile was dissolved
in 7 ml of concentrated HCI and was heated to 50 °C for 24 hours. The reaction mixture was then left to cool down
overnight and the hydrochloric acid was removed by flow of nitrogen. The resulting shury was dissolved in water
and lyophilized; 2.25 g of white product was obtained (yield 70%6). The spectral analysis of this product was identical

to that described (10).

Preparation of bis(2.5-dioxopyrrolidin-1-yl) 3.3'-oxydipropanoate (compound 2): To a solution of compound 1 (260
mg. 1.6 mmol. 1.0 eq) and N-hydroxy succinimide (660 mg. 3.2 nunol. 2.0 eq) in 10 ml of THF. solid DCC (368 mg,
3.2 mmol. 2.0 eq) was added in one portion. The reaction was lett overnight. after which the formed DCU was
filtered of and the wvolatiles were rotary evaporated. The crude product was further purified by chromatography
(He:EtOAc 1:2): 338 mg of pure product obtained (isolated yield 60%). Analytical HPLC RT = 16.2 min.

"H NMR (400 MHz, CDCls): 6 3.85(t. J=6.4 Hz, 4H), 2.90 (t. J= 6.4 Hz. 4H). 2.83 (bs, 8H).

*C NMR (101 MHz, CDCly): § 169.07. 166.77. 65.78. 32.20. 25.73.

HRMS (ESI+): calculated mass of C;4H;s0sN, [MNa] ™ 379.07480. detected mass 379.07469.

Preparation of 19-((2.5-dioxopyrrolidin-1-yl)oxy)-5,13,19-trioxo-16-0xa-4.6,12-triazanonadecane- 1,3, 7-tricarboxylic
acid (compound 3): To a stirring solution of compound 2 (69 mg, 193 umol. 1.2 eq) dissolved in 1 ml of DMF, a
solution of di-tert-butyl 2-(3-(6-amino-1-(tert-butoxy)-1-oxohexan-2-yl)ureido)pentanedioate (100 mg, 161 pmol,
1.0 eq. prepared as previously described (11)) and DIEA (34 pl. 193 pmol. 1.2 eq) in 1 ml of DMF was added
dropwise during 1 hour. The reaction mixture was left stirring for 2 hours after which an HPLC analysis proved total
disappearance of second reactant. The solvents were then removed by rotary vacuo and the compound was fully
dried. 1 ml of TFA was then added into the crude mixture to yield crude title compound. After 1 hour incubation at
room temperature the trifluoracetic acid was removed by flow of nitrogen. The crude product was purified using
preparative HPLC (gradient 5-50% (vol./vol) ACN in 40 minutes. RT 18 minutes): 20 mg of the product was
obtained (isolated vield after two steps 22%). Analytical HPLC RT = 13.7 min.

"TH NMR (500 MHz, DMSO-d6): 8 7.80 (t. J = 5.6, 1H. NH-Lys-6). 6.32 (d. J =83, 1H, NH-Glu-2), 6.29 (d. I =
8.2, 1H. NH-Lys-2). 4.09 (m, 1H, Glu-2), 4.03 (m, 1H. Lys-2). 3.55 (m. 4H, O-CH,-CH,-COO. Lys-CO-CH,-CH,-
0). 3.00 (m, 2H, Lys-6), 2.80 (bs, 4H, CO-CH,-CH,-CO). 2.41 (t. J] = 6.3, 2H. O-CH»-CH,-C0OO), 2.31-2.20 (m,
4H. Lys-CO-CH,-CH, Glu-4). 1.91 (m. 1H. Glu-3b). 1.71 (m. 1H. Glu-3a). 1.63 (m. 1H. Lys-3b). 1.51 (m. 1H.
Lys-3a). 1.37 (m. 2H. Lys-5). 1.26 (m. 2H. Lys-4).
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13C NMR (125.7 MHz, DMSOQ-d6): & 174.77 (Lys-1). 174.40 (Glu-1). 173.95 (Glu-5). 172.89 (O-CH,-CH,-COO).
170.39 (CO-NH-CO). 170.00 (lys-CO-CH,-CH,-0). 157.52 (NH-CO-NH), 66.87 (lys-CO-CH,-CH,-0). 66.07 (O-
CH,-CH2-COO), 52.46 (Lys-2). 51.85 (Glu-2). 38.54 (Lys-6), 36.25 (Lys-CO-CH,-CH,-0). 34.84 (O-CH,-CH,-
COO0). 31.97 (Lys-3). 30.09 (Glu-4). 29.00 (Lys-5). 27.71 (Glu-3). 25.66 (CO-CH,-CH,-CO). 22.82 (Lys-4).
HRMS (ESI+): calculated mass of C3:H3,043Ny [MNa]™ 583.18581: detected mass 583.18596.

Preparation of 1-hydroxy-4.10.18-trioxo-7-oxa-3.11.17,19-tetraazadocosane-16,20.22-tricarboxylic acid, compound
4: 10 pl of stock DMSO solution containing 0.28 mg (0.5 pmol. 1.0 eq) of compound 3 was mixed with 50 ul of
aqueous solution of ethanolamine at concentration of 100 mmoll? (5 pmol. 10 eq) and left overnight at room
temperature. The mixture was then diluted in ACN/water and lyophilized three times (to evaporate all the remaining
ethanolamine and DMSO). This compound was used without further purification (the only contaminant is free NHS).

HRMS (ESI-): calculated mass of CyoHz304 Ny [M] 505.21513, detected mass 505.21515.

The detection probe for selective binding to PSMA was prepared by reacting the compound 3 with single-stranded
DNA oligonucleotide of the sequence CCT GCC AGT TGA GCA TTT TTA TCT GCC ACC TTC TCC ACC AGA
CAA AAG CTG GAA A and with 3'-terminally modified phosphate moiety by 6-amino-2-(hydroxymethyl)hexyl
eroup (custom synthesis by Generi-Biotech. OPC purification: hereinafter igPCR_amino): 6.9 ul of 1 molI" HEPES
buffered to pH = 8.0 were added to 10 pl of the oligonucleotide igPCR_amino at a concentration of 1.02 mmol.I”
(10.2 nmol. 1.0 eq) in 100 mmol.1? phosphate, 150 mmol.1'! NaCL pH 7.8 (hereinafter modification buffer) and after
stirring. 3.1 pl of a solution of compound 3 at a concentration of 100 mmol.I! in anhydrous DMSO (307 nmol. 30.0
eq) was added. The resulting mixture was incubated at room temperature for 24 hours and then purified from
compound 3 and its hydrolyzed form via ultrafiltration on Amicon Ultra 0.5 ml 10K column (Millipore. cat. No.
UFC501096). The retained solution contained 9.2 nmol of the detection probe as determined spectrophotometrically
(1 OD = 1744 pmol: yield ~ 90%). This detection probe containing single stranded reporter DNA and the original
oligonucleotide igPCR_amino were analyzed using LC/MS (mobile phase: aqueous solution of HFIP (1.1.1.3.3.3-
hexafluoro-2-propanol) at concentration of 200 mmol.l" adjusted to pH 7.0 by addition of triethylamine): RT of the
original oligonucleotide was 4.84 min and observed mass was 16981.87 (predicted 16979.91); RT of the detection
probe was 4.85 min and the observed mass was 17426.84 (predicted 17425.08). The observed mass difference
between the detection probe and the original oligonucleotide was 444.97 which corresponded to the predicted
difference of 445.17. As retention times of both species were virtually the same, the purity had to be estimated solely
based on the mass spectrum: signals corresponding to mi/z ratio of the original oligonucleotide were not observed in
the mass spectrum of the detection probe. we therefore conclude that the purity of the probe exceeded 90%. Prior to
use. the detection probe has been annealed with equimolar amount of DNA oligonucleotide of complementary
sequence CCA GCT TTT GTC TGG TGG AGA AGG TGG CAG ATA AAA ATG CTC AAC TGG CAG G
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(Generi Biotech, desalting purification; 1 OD = 1721 pmol) in TBS by rapid heating to 98°C followed by slow

cooling to room temperature in thermal cycler.

CAIX:

Preparation of methyl 4-(4-((tert-butoxycarbonyl)amino)butoxy)benzoate (compound 5): To a solution of 161 mg
(1.06 mmol, 1.0eq) of methyl 4-hydroxybenzoate, 300 mg (1.59 mmol. 1.5 eq) of tert-butyl (4-hydroxybutyl)
carbamate and 400 mg (1.59 mmol. 1.5 eq) of triphenylphosphine in 10 ml of THF was added 312 pl (1.59 mmol,
1.5 eq) of DIAD in one portion and the reaction was left stirring overnight. The reaction mixture was then evaporated
and the crude product was purified by column chromatography on silica (He:EtOAc 4:1. Ry = 0.25: note: the methyl
4-hydroxybenzoate has identical RF with the product, therefore 1.5 eq of other reactants was used) 260 mg of white
powder was obtained (isolated vield 75%).

"H NMR (400 MHz, CDCl,): & 7.95 (d. /= 8.9 Hz. 2H). 6.87 (d. /= 8.9 Hz, 2H). 3.99 (t. /= 6.2 Hz, 2H). 3.85 (5.
3H). 3.17 (dd, J=12.8, 6.3 Hz, 2H). 1.86—1.75 (m. 2H). 1.69 — 1.61 (m. 2H). 1.42 (5. 9H).

2C NMR (101 MHz, CDCly): 6 166.92. 162.78, 156.10, 131.64, 122.57. 114.12, 79.20, 67.73. 51.89. 40.29, 28.49,
26.86. 26.49.

MS (ESI+): calculated mass C17HasOsN [MNa]™ 346.17; detected mass 346.2.

Preparation of 4-(4-((tert-butoxycarbonyl)amino)butoxy)benzoic acid (compound 6): 270 mg of compound 5 were
dissolved in 5 ml of methanol and 5 ml of 5 mol.I" NaOH were added. The mixture was refluxed until TLC analysis
showed complete disappearance of compound 5 (6 hours). The reaction mixture was evaporated and dissolved
water/EtOAc (20/20 ml). the water phase was acidified by 10% KHSO, (wt./vol.) to acidic pH and extracted 2 more
times by 20 ml of EtOAc. 240 mg of oily product which turned to crystalline white after removal of solvent traces
was obtained (isolated vield 95%).

"H NMR (400 MHz, CDCl;): & 8.03 (d. J= 8.9 Hz. 2H). 6.91 (d. J=9.0 Hz. 2H). 4.04 (t. J= 6.2 Hz, 2H). 3.27-3.20
(m. 2H). 1.91 — 1.78 (m. 2H). 1.69 (dd. J=14.8. 7.2 Hz. 2H). 1.44 (s. 9H).

3C NMR (101 MHz, CDCL): 8 171.51. 163.46. 156.20. 132.42, 121.92. 114.28. 79.42, 67.86. 40.36. 28.56. 26.89,
26.53.

MS (ESI-): calculated mass CisH2OsN [M] 308.16: detected mass 308.2.

Preparation of tert-butyl (4-(4-(3-(4-sulfamoylphenyl)ureido)phenoxy)butyl)carbamate (compound 7): 720 mg (2.33
mmol, 1.0 eq) of compound 6 were dissolved in 15 ml of dry toluene and 810 pl (4.65 mmol. 2 eq) of DIEA were
added. DPPA (552 pl. 2.56 mmol., 1.1 eq) was added to the reaction mixture in one portion and the reaction
temperature was raised to 90 °C for 2 hours. The reaction mixture was then evaporated and dissolved in dry ACN:

601 mg (3.49 mmol, 1.5 eq) of sulfanilamide was added in one portion and reaction mixture was heated up to 60 °C
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overnight while stirring. All volatiles were evaporated after 12 hours and the crude product was purified by column
chromatography on silica (He: EtOAc, 2:5, Ry= 0.25). 340 mg of product were obtained (isolated yield 30%).

'H NMR (400 MHz, DMSO): 5 §.98 (s. 1H). 8.59 (s. 1H). 7.71 (d. J= 8.8 Hz. 2H). 7.59 (d. J = 8.9 Hz. 2H). 7.34
(d, /=9.0 Hz. 2H). 7.20 (5. 2H). 6.91 — 6.81 (m. 3H). 3.91 (t. /= 6.4 Hz. 2H). 2.96 (dd. J=12.9. 6.7 Hz, 2H). 1.71 —
1.61 (m. 2H). 1.51 (dt. J=13.1, 6.5 Hz. 2H). 1.37 (s. 9H).

3C NMR (101 MHz, DMSO):  155.37. 154.02. 152.16. 142.99, 136.40, 132.04, 126.61. 120.14, 117.12. 114.50,
77.06, 67.05. 40.35 (overlap with solvent peak) 27.77. 26.85. 25.73.

MS (ESI+): calculated mass of CyHzoOgN,S [MNa]™ 501.17: detected mass 501.2.

Preparation of 4-(4-(3-(4-sulfamoylphenyl)ureido)phenoxy)butan-1-aminium 2.2.2-trifluoroacetate. (compound 8):
500 mg of compound 7 were dissolved in 1 ml of TFA and the reaction mixture sonicated and stirred alternately for 5
minutes. TFA was then removed by flow of nitrogen and the product was used in further steps without any further

purification.

Preparation of  2.5-dioxopyrrolidin-1-yl =~ 19-ox0-24-(4-(3-(4-sulfamoylphenyl)ureido)phenoxy)-4.7.10.13,16-
pentaoxa-20-azatetracosan-1-oate (compound 9): 33 mg (67 umol. 1.0 eq) of compound 8 were added slowly
(during 1 hour) into a solution of bisNHS-PEGS (36 mg. 67 pumol, 1.0 eq: Broadpharm) and DIEA (22 pl. 168 pmol.
2.5 eq) in DMF (1 ml). The reaction mixture was left stirring for fiwther 3 hours and then all the volatiles were
evaporated. The final product was purified by preparative scale HPLC (gradient: 15-50% (vol./vol.) ACN in 40
minutes, RT 30 minutes). 15 mg of product were isolated with purity well above 99% (yield 28%6). Analytical HPLC
RT = 18.7 min. HRMS (ESI+): calculated mass of C3sHsoO1N5S [MH]™ 7935.30693. detected mass 796.30678.

Preparation of 18-0x0-23-(4-(3-(4-sulfamoylphenyl)ureido)phenoxy)-3.6.9.12.1 5-pentaoxa-19-azatricosan-1-
aminium 2.2.2-trifluoroacetate (compound 10): 46 mg (112 pmol. 1 eq) of Boc-PEG5-COOH was dissolved in 0.5
ml of DMF along with 36 mg (112 pmeol. 1.0 eq) of TBTU and 49 pl (279 pmol. 2.5 eq) of DIEA. To this solution
55 mg (112 pmol. 1.0 eq) of compound 8 was added and the mixture was stirred overnight. The solvent was then
evaporated and the crude product dissolved in 10 ml of EtOAc. The organic phase was washed two times with
saturated bicarbonate. two times by 10% (wt./vol.) KHSO,, and once with brine dried and evaporated: 53 mg of
intermediate were isolated. 1 ml of TFA was then added to the crude intermediate and the reaction mixture was
alternately sonicated and stirred for 15 minutes. The TFA was then removed by flow of nitrogen and the product was
purified by preparative scale HPLC (gradient: 10-50% ACN in 40 minutes, RT = 22 minutes). 17 mg of product were
isolated (isolated yield over two steps 31%). Analytical HPLC RT = 16.5 min. HRMS (ESI+): calculated mass
C3pHys010NsS [MH]™ 670.31164: detected mass 670.31164.
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The detection probe for selective binding to CAIX was prepared by reacting the compound 9 with single-stranded
DNA oligonucleotide: 2 ul of 1 moll” HEPES buffered to pH 8.0 were added to 10 pl of the oligonucleotide
igPCR_amino at a concentration of 820 umol.I" (8.2 nmol. 1.0 eq) in the modification buffer and after stirring. 8.2 ul
of a solution of compound 9 at a concentration of 50 mmol.I! in anhydrous DMSO (410 mmol. 50 eq) was added and
stirred again. Finally, 5 pl of anhydrous DMSO was added to the mixture to prevent precipitation and after stirring
incubated overnight at room temperature. The resulting mixture was then diluted in 900 pl of an aqueous solution of
0.1 mol.I" HEPES. pH 8.0. incubated another day at room temperature and then purified from compound 9 and its
hvdrolyvzed form by ultrafiltration on Amicon Ultra 0.5 ml 10K. The resulting retenate contained 8.1 nmol of the
detection probe as determined spectrophotometrically (yield -~ 99%) and was analyzed using LC/MS (mobile phase:
0.05% (wt./vol.) aqueous ammonium acetate solution): retention time of the prepared detection probe was 5.14 min
with the observed mass of 17663.28 (predicted 17663.86); according to the LC chromatogram at 260 nm the
conversion of the conjugation was approx. 80%. The difference between observed masses of the detection probe and
the original oligonucleotide was 681.41 which corresponded to the predicted difference of 680.30. Prior use, the
detection probe has been annealed with equimolar amount of DNA oligonucleotide of complementary sequence CCA
GCT TTT GTC TGG TGG AGA AGG TGG CAG ATA AAA ATG CTC AAC TGG CAG G (Generi Biotech,
desalting purification: 1 OD = 1721 pmol) in TBS by rapid heating to 98 °C followed by slow cooling to room

temperature in thermal cycler.

The bivalent detection probe for selective binding of CAIX was prepared by reacting of compound 9 and single-
stranded DNA oligonucleotide of the sequence AAA CCT GCC AGT TGA GCATTT TTA TCT GCC ACCTTC
TCC ACC AGA CAA AAG CTG GAA A confaining the 3'-terminal 6-amino-2-(hydroxymethyl) hexyl phosphate
modification and the 5'-terminal 6-aminohexyl phosphate modification (custom synthesis Generi-Biotech. OPC
purification; hereinafter igPCR_bis_amino): 3.4 ul of 1 mol.1" HEPES buffered to pH 8.0 were added to 2.7 ul of the
oligonucleotide igPCR_bis_amino at a concentration of 1.9 mmol.1" (5.0 nmol, 1.0 eq) in the modification buffer and
after stirring, 5.0 ul of a solution of compound 9 at a concentration of 50 mmol1? in anhydrous DMSO (250 mmol.
50 eq) were added and stirred again. The resulting mixture was purified and analyzed using LC/MS identically as
described above for monovalent probe. Two major peaks were observed: first with RT of 5.13 min corresponding to
the single substituted oligonucleotide and second with RT of 5.29 min corresponding to the double substituted
oligonucleotide. Observed mass of the double substituted oligonucleotide was 19462.36. while the observed mass of
the original igPCR_bis_amino oligonucleotide analyzed in the same way was 18100.85 (predicted 18101.88. RT =
4.85 min). corresponding to weight difference of 1361.50 which corresponds to twice the mass of the conjugated
compound 9 (680.30). The mixture containing approx. 40% of single and 50% of double substituted detection probes

(according to the LC chromatogram at 260 nm) was used without any further purification and is referred as the
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“bivalent probe”. the total obtained amount of both species was 4.8 nmol as determined spectrophotometrically

(vield approx. 96%. yield of the bivalent probe approx. 50%).
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Supplementary Figure S1 Comparison of PSMA and CAIX seruumn levels between healthy and diseased state.

(a.b) Plots of PSMA (a) and CAIX (b) serum levels determined by DIANA in samples from 12 healthy males. 12
males with histologically proven PCa and 10 males and 2 females with histologically proven ccRCC. Horizontal
lines indicate median concentrations: * indicates statistically significant differences between the groups with p < 0.05

as determined by the two tailed Manm-Whitney test.
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Supplementary Figure S2 Theoretical background of inhibitor testing by DIANA.

(a) Dependency of the determined inhibition constant (K;) of tested inhibitor on measured AC, valid for monovalent
probe and plotted based on K; = (274 / (1 — 229)) * L., / (1 + (P / K)). used to determine the K; values of PSMA
inhibitors. L, is the total concentration of the tested inhibitor. P, is the total concentration of probe and K is the
dissociation constant of the probe. Constant is equal to the term 1 + (P, / K;). which can be approximated by one if
probe concentration Py, is held below its K.

(b) Dependency of the determined inhibition constant (Kj) of tested inhibitor on measured AC, valid for bivalent
probe and plotted based on K; = ((1 —2 * Regd) / (1 — Rog — (Rag® + (1 — 2 # Ry * 22909 — 1) * L, / (1 + (Proy / Kio)).
used to determine the Ki values of CAIX inhibitors. R.g is the ratio of K;; of the double-binding probe to K;; of the
single-binding probe (Rus= K> / Kyt Ky ~ 70 nM. K> ~ 1.5 nM for CAIX probe).

Grey lines show +/- s.d. of the determined K, under the assumption that C; is measured with s.d. of 0.15 cycle.
Dashed lines indicate the ICs, value: which corresponds to the inhibitor concentration at which 50% of the probe has

been displaced by the inhibitor.
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Supplementary Figure S3
Plot of K; values of 39 compounds determined by enzyme kinetics from titration of recombinant puritfied Awvi-
thPSMA with inhibitor (x-axis) versus K; values determined by DIANA from single measurement with 100 pM
inhibitor (10 M) and recombinant purified Avi-rhPSMA captured via its tag onto neutravidin (y-axis). Lines show
linear regression of log transformed values, dashed lines indicates values 1.5 times higher or lower than the linear

regression. Error bars, s.d. over duplicates for DIANA s.e. of the titration for enzyme kinetics.
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recombinant purified GCPIII
Supplementary Figure S4
Plot of K; values of 19 compounds determined by enzyme kinetics from titration of recombinant purified Avi-GCPIIL
with inhibitor (x-axis) versus K; values determined by DIANA from measurements with 1 uM (10° M) and 100 pnM
inhibitor (10 M) with recombinant purified Avi-GCPIII captured via its tag onfo neutravidin (y-axis). Lines show
linear regression of log transformed values, dashed lines indicates values 1.5 times higher or lower than the linear

regression. Error bars, s.d. over duplicates for DTANA. s.e. of the titration for enzyme kinetics.
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a) conc. HCI, 50 °C, 24h; b) NHS-OH, DCC, THF; ¢ 1) di-tert-butyl 2-(3-(6-amino-1-{tert-butoxy}-1-oxohexan-2-
yljureido)pentanedioate, DIEA, DMF, 2) TFA; d) ethanolamine, DMF, DIEA

Supplementary Figure S5 Synthesis of PSMA inhibitors
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Tol, RT to 80 °C 2) sulfanilamide, ACN, 60 °C; d) TFA. e) bisNHS-PEGs, DIEA, DMF; ) 1) Boc-PEGs-COOH
TBTU, DIEA, DMF 23 TFA

Supplementary Figure S6 Synthesis of CATX inhibitors
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Supplementary tables 1-22 on pages S20-S41 are skipped here (available online).
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