Univerzita Karlova

Prirodovédecka fakulta

Studijni program: Biochemie
Studijni obor: Biochemie

Tomas$ Knedlik

Glutamatkarboxypeptidasa Il jako cil farmaceutického zadsahu a molekularni adresa pro 1écbu
nadorovych onemocnéni

Glutamate Carboxypeptidase II as a Drug Target and a Molecular Address for Cancer
Treatment

Diserta¢ni prace

Doc. RNDr. Jan Konvalinka, CSc.

Praha, 2017



Charles University

Faculty of Science

Study program: Biochemistry
Branch of study: Biochemistry

OO
Cre (e
RS

/]
i

Tomas Knedlik

Glutamate Carboxypeptidase II as a Drug Target and a Molecular Address for Cancer
Treatment

Glutamatkarboxypeptidasa Il jako cil farmaceutického zdsahu a molekularni adresa pro 1é¢bu
nadorovych onemocnéni

Dissertation thesis

Jan Konvalinka, Ph.D.

Prague, 2017



Prohlasuji, ze jsem tuto diserta¢ni praci vypracoval samostatné pod vedenim Skolitele
doc. RNDr. Jana Konvalinky, CSc., a vSechny pouzité prameny jsem fadn¢ citoval. Tato prace

ani jeji podstatna ¢ast nebyla piedloZena k ziskani jiného nebo stejného akademického titulu.

V Praze, dne 9. 9. 2017 e,



ACKNOWLEDGEMENT

I would especially like thank my supervisor Jan Konvalinka, who gave me the
opportunity to join his team and to enter the world of science. His words of encouragement
and strong motivation have helped me in all time of research and his high moral principles
were also a source of inspiration in my personal life. Similarly, my sincere thanks go to “his
right hand” Pavel Sacha, always full of ideas and energy, who actually taught me almost
everything that I learnt in the laboratory. They have been amazing advisers!

Over the past ten years spent in the Jan’s laboratory, I experienced several generations
of Jan’s students, who have been creating a friendly atmosphere and have worked as a team.
At the beginning, there were the “mentors”: Mirka Rovenska — my first adviser and teacher of
basic lab skills, Petra Ml¢ochova — who taught me to climb and love mountains, and Klarka
Hlouchova — who has always been so positive over the results! Across the corridor, Klarka
Saskova and Milan KoZisek were always there to give helpful advice. Then, there is “my
generation”: my closest colleagues VaSek Navratil and Honza Tykvart, with who I spent most
of time in the lab, and Michal Svoboda and Kuba Began, who have always been ready to tell a
(sick) joke or discuss all possible sport events. Bara Vorlova and Moni Siva have been
maintaining a positive and friendly lab atmosphere and “the only one real doctor” FrantiSek
Sedlak has had an answer for each of my question. I also met the “youngsters” and
newcomers: especial thanks go to Honza Tuzil, Honza Parolek and Péta Dvotakova, my
undergraduate students, who were courageous enough to work under my supervision. Helca
Jindrova, Bétka BaudySova, Jana Beranova and Jitka Zemanova had to spend hours listening
to my sport and hiking stories and I am not sure they always liked it. I hope that Kristyna
Blazkova knew that all the (inappropriate) jokes were not meant seriously. Karc¢a Janouskova,
Lenka Simonova and Martin Pehr came at the end of my PhD career and I am sure they can do
better than I did. Importantly, the everyday life in the lab would not have been possible
without Bim¢a, Karolina Sramkova, Iva Flaisigova and Jana Pokorna, who has been taking
care of the most important lab instrument — an espresso machine. I would also like to thank all
my friends and colleagues at the IOCB, it was a pleasure to collaborate with them. I cannot
forget to mention Ales Bucek, a climber, mountaineer, photographer and great companion, and

Jirka Schimer, an enthusiastic scientist and passionate sportsman.

Finally, I would also like to express my deep gratitude to my family who has supported
me both psychologically and financially throughout my whole studies at the university. My
wife Veronika has been supportive of me throughout the entire process and has helped me get

to this point, not only in science.



ABSTRACT

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

prostate cancer targeted therapy as well as therapy of neuronal disorders.

Globally, prostate cancer represents the second most prevalent cancer in men. With the
age, most men will develop prostate cancer. However, prostate tumors are life threatening only
if they escape from the prostate itself and start to spread to other tissues. Therefore,
considerable efforts have been made to discover tumors earlier at more curable stages as well
as to target aggressive metastatic cancers that have already invaded other tissues and become
resistant to the standard treatment. Since patients undergoing a conventional therapy (a
combination of chemotherapy and surgery) suffer from severe side effects, more effective
ways of treatment are being searched for. Novel approaches include selective targeting of
tumor antigens overexpressed on tumor cells. GCPII represents such a target that may be used

either for imaging of advanced cancers or as an address for prostate-targeted drug delivery.

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

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



ABSTRAKT

Glutamatkarboxypeptidasa II (GCPII), znama také jako membranovy antigen
specificky pro prostatu (PSMA), je membranova metalopeptidasa, jez je exprimovana na
bunkach karcinomu prostaty. GCPII si déle ziskala pozornost neurologli, nebot’ v mozku §tépi
neurotransmiter N-acetyl-L-aspartyl-L-glutamat (NAAG). Touto aktivitou se GCPII muze
podilet na fadé¢ mozkovych poruch, jelikoz NAAG vykazuje neuroprotektivni u¢inky. GCPII
se proto stala prosttedkem pro zobrazovani a moznou cilenou 1écbu nadorti prostaty stejné

jako pro 1é¢bu mozkovych poruch.

Nadory prostaty celosvétové predstavuji druhé nejcastéjsi muzské nadorové
onemocnéni. U vétSiny muzl, diive ¢i pozdéji, dochazi k vytvoreni urcité formy nadoru
prostaty. Nadory prostaty jsou ovSem zivot ohroZujici pouze pii opusténi samotné prostaty a
nadord v 1épe léCitelnych stupnich, stejné jako do cileni na agresivni metastatické nadory
resistentni na standardni 1é¢bu. Pacienti prochdzejici konvenéni terapii (kombinace
chemoterapie a chirurgického zékroku) trpi pomérné zavaznymi vedlejSimi U¢inky — proto
jsou hledany u¢innéjsi zpusoby 1éCby zahrnujici selektivni smérovani na nadorové antigeny,
jez jsou mnohonasobn¢ vice produkovany nadorovymi buitkami. GCPII ptfedstavuje tento cil,
jenz by mohl byt pouzit bud’ pro detekci pokrocilych stupiiii nddorti ¢i jako molekuldrni adresa

pro cilené dorucovani 1é¢iv ptimo do nadorové tkané.

Studie uvedené v této praci se zaméeiuji na GCPII jako potencialni diagnosticky a
terapeuticky cil a dale na vyvoj novych molekularnich nastroji pro studium fyziologické 1
patologické role GCPII. Z téchto divodii jsme zhodnotili potencial GCPII stat se sérovym
markerem nadorid prostaty a urcili jeji koncentraci v krvi zdravé populace. Vzhledem k tomu,
ze vyvoj novych terapeutik a IéCebnych metod vyZzaduje modelové organismy,
charakterizovali jsme mys$i GCPII, jelikoz mysi predstavuji nejCastéji pouzivand pokusna
zvitata. Nakonec jsme vyvinuli polymerni konjugéaty nesouci inhibitory GCPII, které by se
mohly stat néstroji pro aktivni transport 1é¢iv do bun¢k exprimujicich GCPII. Tyto konjugaty
mohou ovSem slouzit 1 jako mimetika protilatek umoZznujici selektivni cileni zvolenych
proteint, jejich izolaci a vizualizaci in vitro a in vivo. Tento novy chemicko-biologicky

nastroj, nazvany iBodies, ma tak uplatnéni i mimo oblast nadorového antigenu GCPII.
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1. INTRODUCTION

The Introduction is divided into several sections. The first one describes the protein of
interest — glutamate carboxypeptidase II (GCPII) — bringing the most important pieces of
information regarding GCPII enzyme activity, structure and its close homologs. The second
section deals with GCPII and its implication in human health disorders. The third part
summarizes diagnostic and therapeutic approaches based on GCPII. Finally, the last section is
not focused primarily on GCPII, however, it introduces a world of polymer conjugates to

readers and their use in targeted drug delivery.

1.1. GCPIl — THE PROTEIN OF INTEREST

1.1.1. Discovery and name(s)

Glutamate carboxypeptidase II (GCPIl; EC 3.4.17.21) is a membrane
metallopeptidase that has been a target of research interest over the past three decades. At the
beginning, the protein was studied in three various scientific fields, which led to different
names of the protein: prostate-specific membrane antigen (PSMA) in urology [1],
N-acetylated-alpha-linked acidic dipeptidase (NAALADase) in neurology [2] and folate
hydrolase in dietology [3]. In 1987, GCPII was first described in the rat nervous system as an
enzyme capable of cleaving the most abundant brain peptide neurotransmitter N-acetyl-L-
aspartyl-L-glutamate (NAAGQ); therefore, neuroscientists termed the protein NAALADase, or
less often NAAG peptidase [2]. In the same year, GCPII was recognized as the antigen of
monoclonal antibody 7E11.C5 specifically immunostaining prostate epithelium, which was
the reason why the protein was called PSMA [1]. Several years later, it was shown that above-
mentioned names represent the same protein, which also possesses the same enzyme activity
as folate hydrolase located on the jejunal brush border [3-6]. Today, in spite of the
recommendation of the International Union for Biochemistry and Molecular Biology for the

use of name “GCPII”, PSMA remains the most common name used throughout the literature.

1.1.2. GCPIl structure

GCPII is a homodimeric type Il transmembrane glycoprotein [7]. Each monomer

consists of 750 amino acids that form a short N-terminal cytoplasmic tail (19 amino acids), a



transmembrane domain (24 amino acids), and an extensive C-terminal ectodomain (707 amino
acids) responsible for catalytic activity of GCPII [8, 9]. The polypeptide chain is heavily
glycosylated; oligosaccharides account for approximately 20% of the GCPII molecular weight
(approximately 100 kDa) [10]. Appropriate GCPII glycosylation was shown to be
indispensable for the proper folding and activity of the enzyme [11]; therefore, it has been
impossible to prepare GCPII using bacterial and yeast expression systems [12]. That was one
of the reasons why the first GCPII X-ray structures were published as late as in 2005 and 2006
by two independent groups [8, 9]. To date (October 2017; search for “glutamate
carboxypeptidase II, Q04609”), 63 crystal structures of GCPII/GCPII mutants with various
ligands have been determined and stored at the Protein Data Bank, the vast majority of them
with resolution under 2.0 A. All structures were resolved for the GCPII ectodomain (amino

acids 44-750); the short intracellular part is presumed not to adapt any stable conformation.

The large extracellular part of GCPII consists of three domains (Fig. 1; p. 10): the
apical (amino acids 117-351), the C-terminal (amino acids 591-750), and the protease-like
domain (amino acids 57-116 and 352-590) [8, 9]. The active site is formed by amino acids
residues originating from all three domains [9, 13, 14]. As already mentioned, GCPII bears
also oligosaccharide chains that contribute to its solubility and stability [15, 16]; GCPII
primary sequence contains 10 potential N-glycosylation sites. Oligosaccharide chains are
usually rather flexible and, therefore, their precise roles in protein structure stabilization
cannot be precisely determined. However, there is a noteworthy exception: Asn638
glycosylation, which was described to interact with an amino acid side chain of the other

monomer and is indispensable for GCPII activity [11].

Besides amino acids and oligosaccharides, there are also four ions [9]: two zinc ions in
the active site playing a crucial role in the enzyme catalysis [17]; a calcium cation and a
chloride anion are probably involved in the stabilization of the GCPII structure and substrate

specificity, respectively (Fig. 1; p. 10) [9, 18, 19].



Fig. 1: Crystal structure of a GCPII ectodomain in a complex with a urea-based inhibitor.

GCPII is a transmembrane homodimer with short cytoplasmic and transmembrane domains (not shown) and a
large extracellular part (monomers are depicted in the cartoon and surface representation). The ectodomain is
divided into three separate domains: the apical (cyan), the C-terminal (green) and the protease-like (pink). All
three domains form a tunnel leading towards the GCPII active site. The colored spheres (yellow, red and orange)
represent active site zinc, calcium and chloride ions. GCPII is heavily glycosylated; the oligosaccharide chains
are shown as sticks. The active site bound urea-based inhibitor (containing biotin attached via a polyethylene
glycol linker) is shown as blue sticks; the inhibitor is visible to stick out of a GCPII active site tunnel. Structure
PDB code: 4NGP [20].

1.1.3. GCPII tissue distribution

GCPII is quite widely distributed among human tissues and is not exclusively
restricted to the prostate, as its alternative name (i.e. prostate-specific membrane antigen,
PSMA) may suggest. GCPII is highly expressed in several human tissues: the nervous system
(astrocytes and Schwann cells), prostate (acinar epithelium), small intestine (jejunal-brush

border), kidney (proximal tubules) and liver [21-26]. Importantly, GCPII expression in
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prostate carcinoma is approximately 10-fold higher than in the normal prostate [22, 26, 27].
Thanks to this unique expression, GCPII represents an important target for prostate cancer

imaging and therapy (see Chapter 1.4.2. “GCPII as a target in prostate cancer”).

Interestingly, GCPII was also detected on endothelial cells in the tumor-associated
neovasculature [28-31] but not in the normal blood vessels. GCPII was shown to be expressed
in the neovasculature of breast, renal, lung, gastric and colorectal carcinoma and malignant
melanoma [28-30]. Since solid tumors require blood vessels for their survival and growth, the
tumor neovasculature represents a promising target for anticancer therapy (so called “anti-
vascular tumor therapy”) [32]. Indeed, proof-of-concept experiments employing anti-GCPII
antibody J591 were performed, assessing GCPII as a potential neovascular target for therapy

and imaging of solid tumors [33, 34].

Since GCPII is overexpressed in prostate carcinoma, researchers were motivated to
detect GCPII protein in the human blood (serum/plasma) to serve as a diagnostic serum
marker, similarly to the current prostate cancer screening test assaying prostate specific
antigen (PSA) in the men’s blood [35]. The previous publications on the GCPII presence in
the blood are slightly conflicting, reporting that GCPII blood concentrations range between
1 and 800 ng/ml [36-42]. Naturally, if GCPII were found in the blood in such high levels,
serious problems would arise for imaging/therapeutic agents targeting GCPII in the brain or
prostate. In addition, the potential for blood GCPII levels to serve as a useful cancer

prognostic marker has not been definitely answered.

1.2. GCPIl FUNCTIONS

1.2.1. GCPIl enzyme activity

GCPII belongs to the MH clan (family M28) of metallopeptidases; all of them are
cocatalytic zinc peptidases containing two zinc ions coordinated by five amino acid residues in
their active sites [43]. The MH clan peptidases use a water molecule as a nucleophile, which is
bound in the active site by the zinc ions and five residues [43]. A proton shuttle residue is
inevitable for the catalysis (Glu424 in GCPII) and its mutation leads towards the loss of the

enzyme activity [17].
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GCPII was shown to have a strong preference for dipeptides with a glutamate moiety
in the P1’ position [2, 12]. The observation led to a design of a canonical GCPII inhibitor

scaffold that usually involves a glutamate moiety to fit into the glutamate-binding subsite.

There are two endogenous substrates of GCPII in the human body — NAAG in the
brain (NAALADase activity; Fig. 2a) [2] and poly-gamma-glutamylated folates in the small
intestine (folate hydrolase activity; Fig. 2b) [3, 5]. Both peptidase activities release glutamates
from the particular substrate, which has subsequent significant physiological effects in the

particular tissue.
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Fig. 2: Physiological enzyme functions of GCPII.
GCPII possesses two physiological functions (in the brain and jejunum) that include releasing terminal
glutamates from its endogenous substrates. a) GCPII hydrolyzes the most abundant peptide neurotransmitter
N-acetyl-L-aspartyl-L-glutamate (NAAG) in the human brain. Free glutamate, a product of the hydrolysis, has
strong excitatory effects and its high concentration causes excitatory neurotoxicity. b) In the jejunal brush border,
GCPII cleaves off terminal glutamates from poly-gamma-glutamylated folates, thus enabling folate to be
transported across the intestinal mucosa into the blood.

In the human central nervous system, GCPII is responsible for hydrolyzing NAAG into
N-acetyl-L-aspartate and free L-glutamate (Fig.2a) [2, 44]. NAAG is one of the most
prevalent neurotransmitters in the human brain [45, 46]. It specifically binds and activates

metabotropic glutamate receptors [47], which leads to neuroprotective effects [48, 49]. In

12



sharp contrast to NAAG, free glutamate, the most abundant and major excitatory

neurotransmitter in the brain, is often the cause of excitatory neurotoxicity [50].

In the human jejunum, GCPII was identified as a folate hydrolase [3-5], the enzyme
that cleaves off terminal glutamates from dietary poly-gamma-glutamylated folates (Fig. 2b;
p. 12) [5], which cannot be transported across the intestinal mucosa. Thus, after the removal of

the glutamate residues, the folate molecules can be transported from the intestine to the blood.

1.2.2. GCPIl inhibitors

Inhibition of GCPII enzyme activity in the brain leads to neuroprotection (described in
more detail in the chapter 1.4.1. “GCPII in neurological disorders”), therefore, selective GCPII
inhibitors have represented an important branch of the GCPII-focused research. Moreover,
inhibitors can also be used as “homing devices” for GCPII-based imaging of prostate cancer
[51-53]. Therefore, over the past 20 years, a high number of GCPII inhibitors with different
chemical scaffolds have been presented; virtually all GCPII inhibitors were originally derived

from NAAG (Fig. 3; p. 14).

Naturally, general metallopeptidase inhibitors that act as chelators of divalent metal
cations, such as EDTA, EGTA or 1,10-phenanthroline, completely abolish GCPII enzyme
activity [2]. For the same reason, GCPII is also inhibited by polyvalent anions, e.g. phosphate
or sulfate [2].

GCPII contains two active-site zinc ions and the GCPII pharmacophore (S1’) pocket
exhibits a strong preference for glutamate and glutamate-like moieties [9, 12]. Therefore, it is
not surprising that the majority of GCPII potent and specific inhibitors have a general structure
consisting of a zinc-binding group and a glutamate moiety interacting with amino acid
residues in the S1’° pocket site of GCPII (Fig. 3; p. 14). Based on the zinc-binding group,
GCPII inhibitors are classified into three major categories: phosphorus-containing compounds

(e.g. phosphonates and phosphinates), ureas, and thiols (Fig. 3; p. 14).
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Fig. 3: General design of GCPII inhibitors.

Design of GCPII inhibitors is based on the structure of neurotransmitter NAAG, an endogenous GCPII substrate
in the brain. The GCPII inhibitors contain a zinc-binding group (ZBG) that chelates the catalytic zinc ions in the
active site. The ZBG is attached to the glutamate moiety at its 2-position (via linker X); glutamate is tightly
bound by the residues in the S1° site. An additional carboxyl group at the P1 position (connected via linker Y) is
bound by the hydrophilic subsite S1. Finally, some inhibitors (often used for fluorescent/SPECT/PET
visualization) contain bulky side chain R branching from the linker Y. GCPII inhibitors are classified according
to the type of the ZBG into three major groups: phosphonate-/phosphinate-based, urea-based and thiol-based
compounds. Inspired by [54].
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1.2.2.1. Phosphorus-containing GCPIl inhibitors

Phosphorus-containing inhibitors represent the first generation of GCPII inhibitors and
they were the core contributors in understanding of physiological functions of GCPII [55].
Mechanistically, the tetrahedral phosphorus group mimics a (tetrahedral) transition state of the
cleaved peptide bond [14]. A major discovery was made in 1996 when a phosphonate-based
GCPII inhibitor 2-(phosphonomethyl)pentanedioic acid (2-PMPA) was introduced [55], soon
becoming the gold standard of all GCPII inhibitors in terms of their potency and selectivity for

GCPII (Fig. 4a).
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Fig. 4: Phosphorus-containing GCPII inhibitors.

Phosphonate- and phosphinate-based compounds represent one of the most potent and frequently used classes of
GCPII inhibitors. a) 2-(phosphonomethyl)pentanedioic acid (2-PMPA) is the canonical phosphonate inhibitor of
GCPII [55]. 2-PMPA is highly potent and selective for GCPII; however, it has low oral availability. Therefore, a
prodrug  of 2-PMPA  with  phosphonate and  a-carboxylate covered with  hydrophobic
isopropyloxycarbonyloxymethyl (POC) was prepared (Tris-POC-2-PMPA) and showed excellent oral
bioavailability [56]. b, c, d) A series of phosphinate GCPII inhibitors (SPE, EPE, MPE) [18]. Interestingly,
binding of MPE leads to the rearrangement of two arginine residues in the S1 site, which results in 100-fold more
potent inhibition of GCPII by MPE compared to EPE [18].

Besides 2-PMPA and other phosphonates, a number of phosphinate GCPII inhibitors
were described, including compounds such as SPE, EPE, and MPE (Fig. 4b,c,d) [18];
nevertheless, they have never fulfilled their potential to be used as therapeutic agents, mainly

due to their lack of oral bioavailability, and the research took different direction, especially
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towards urea-based inhibitors [57]. Therefore, it was rather surprising when orally available
prodrugs of 2-PMPA were published in 2016 (Fig. 4a; p. 15) [56]. The authors achieved oral
availability by preparing prodrugs that liberate the active species upon hydrolysis in situ. This
approach might lead to the design and development of other orally available phosphonate-

based GCPII-specific inhibitors.

1.2.2.2. Urea-based GCPIl inhibitors

Urea-based GCPII inhibitors were developed in the early 2000s [58, 59] and now
represent the most widely used group of selective GCPII inhibitors (Fig.5; p.17). The
inhibitors usually contain a glutamate residue to bind to the S1’pocket of the enzyme; the
ureido group mimics a planar peptide bond of the cleaved substrate [54]. The major advantage
of the urea-based inhibitors is the modularity of their structure (especially in the P1 position)
and their relative simple synthesis and subsequent modification of the basic scaffold, usually
based on (S)-Lys-C(O)-(S)-Glu (Fig. 5a; p. 17) [60]. Therefore, a large number of various
urea-based inhibitors (conjugated with radionuclides, fluorophores, or toxins) were
synthetized and successfully used in experimental imaging and therapy of prostate cancer [51,
61-63]. ['*I]DCIBzL, containing a phenyl ring binding to the hydrophobic pocket in the S1
site, represents a prime example of such compounds and one of the most potent GCPII
inhibitors (Fig. 5b; p. 17) [60]. On the other hand, the treatment of neurological diseases with
a urea-based class of GCPII inhibitors is rather improbable due to their poor pharmacokinetic
profile, as was demonstrated by ZJ-43 (Fig. 5c; p. 17), which was one of the most extensively

used urea-based inhibitors in mice models [64-67].
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Fig. 5: Urea-based GCPII inhibitors.
Urea-based GCPII inhibitors have become the most widely used GCPII inhibitors, especially due to their
modularity, easy synthesis and potency. a) (S5)-Lys-C(O)-(S)-Glu offers an useful scaffold for the development of
imaging agents containing fluorescent or radiolabeled group attached via the e-amino group of the lysine residue
[60, 68]. b) ['*I|DCIBzL represents a low-molecular-weight agent targeted against GCPII for single-photon
emission computed tomography (SPECT) [60]. ¢) ZJ-43 has been used in numerous GCPII inhibition in vivo
experiments [64-67].
1.2.2.3. Thiol-based and other inhibitors

The unique feature of thiol-based GCPII inhibitors is their oral bioavailability; in fact,
they were developed as a response to the already mentioned unsuitable pharmacokinetic
profile and high polarity of phosphorus-based GCPII inhibitors. Therefore, in 2003, a potent
thiol-based GCPII inhibitor, 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA), was described
(Fig. 6a; p. 18). 2-MPPA was shown to be orally available in rats [69] and, importantly,
efficacious in several animal models of diseases after their oral administration, including
neuropathic pain [69], diabetic neuropathy [70], or familial amyotrophic lateral sclerosis [71].
Later, 2-MPPA was tested in phase I clinical trials [72], but its further development was

stopped due to its toxicity in animals. Generally, the thiol-based compounds are not ideal

drugs, since the thiol group is quite susceptible to oxidation.

Phosphoramidate GCPII inhibitors containing P1 carboxylate and hydrophobic benzoyl
moiety were shown to pseudoirreversibly inhibit GCPII (Fig. 6b; p. 18) [73].

Hydroxamate compounds represent another alternative zinc-binding group [74, 75].
Recently, hydroxamic acid-based inhibitors possessing nanomolar affinity for human GCPII
were discovered; they exhibit a unique binding mode in which the glutarate-like moiety

occupies the entrance funnel and not the S1° pocket (Fig. 6¢; p. 18) [74].
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Fig. 6: Thiol, phosphoramidate and hydroxamate GCPII inhibitors.

a) 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA) was shown to be orally bioavailable in animal models and
underwent phase I clinical trials; however, its further development was stopped due to the adverse effects in
animals [69, 72]. b) An example of a phosphoramidate GCPII inhibitor pseudoirreversibly inhibiting GCPII [73].
¢) A hydroxamate GCPII inhibitor with a glutarate-like moiety exhibits nanomolar affinity for GCPII and a novel
binding mode to the GCPII active site [74].

1.2.3. Potential non-enzyme functions of GCPII

Since its discovery, GCPII has been thoroughly studied as an enzyme — its enzyme
activities, inhibition profile and substrate specificity have been described in a large detail in
numerous studies. Therefore, the physiological roles, where GCPII works as an enzyme, have
been at least partially understood. Nonetheless, GCPII may play also other, non-enzyme
functions, as it is suggested by several features possessed by GCPII, which are commonly

associated with cell receptors and transporters.

Interestingly, GCPII shares 60% sequence similarity with transferrin receptor (TfR)
that is often considered an archetype of an internalizing receptor. TfR binds iron-loaded
transferrin, which in turn induces internalization of the TfR-transferrin complex into the cell.
As already mentioned, GCPII is a noncovalent transmembrane homodimer located on a cell
membrane. Formation of a homodimer is the dominant feature of many membrane receptors
[76]. Homodimerization is often induced by binding of a specific ligand, which usually results
in a cellular response [77]. Besides sequence similarity, GCPII and TfR share also similar
overall fold and domain organization. Therefore, it was not surprising when GCPII was shown
to undergo both constitutive and antibody-induced internalization [78, 79]. After endocytosis
from the plasma membrane, GCPII is transported back to the cell surface via recycling
endosomal compartment [80], analogously as TfR. These observations, together with a
mysterious GCPII role in the prostate and prostate cancer, led to the hypothesis that GCPII
might work as a membrane receptor and triggered a search for a (yet) unidentified putative

ligand of GCPIL
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Besides its potential receptor function, GCPII was reported be involved in a number of
other processes. GCPII was described to regulate angiogenesis by modulating integrin signal
transduction [81] and by producing pro-angiogenic peptides (generated by GCPII-catalyzed
laminin proteolysis) [82, 83]. Furthermore, GCPII was described to promote cell proliferation
by activation of the NF-«kB pathway [84] and to be associated with the anaphase-promoting
complex [85]. However, none of those hypotheses has been supported or confirmed by other

groups and further studies are needed to validate these GCPII potential non-enzyme functions.

1.3. GCPIl HOMmoOLOGS

Apart from (human) GCPII, there are several other proteins that are related to GCPII
(protein homologs; reviewed in [86]). The homologs may be found within one species
(paralogs), where they can play identical, similar or completely different roles, depending on a
degree of similarity and their tissue expression. Secondly, the corresponding proteins found in
the different species are called orthologs, usually with the very same function, (e.g. human,

mouse, rat, and pig GCPII).

In the human body, several GCPII homologs are found — their overall structure is
closely related (type II glycosylated homodimers), however, their functions are not well
understood and might be distinct from those of GCPII. The closest homolog PSMAL contains
an approximately 300 amino acid long N-terminal deletion and thus is probably proteolytically
inactive. Glutamate carboxypeptidase III (GCPIII), another close homolog, is the only one
with preserved NAAG-hydrolyzing activity [87, 88]. More distant GCPII homologs
NAALADase L (a different protein from PSMAL) and NAALADase L2 do not preserve any
of GCPII enzyme activities [89-91]. NAALADase L has been recently shown to be a human
ileal aminopeptidase (HILAP) rather than a neural carboxypeptidase [91].

Since GCPIII is the best-studied GCPII homolog and mouse GCPII represents an

important model protein, they are introduced in more detail below.

1.3.1.1. Glutamate carboxypeptidase Il1

Glutamate carboxypeptidase III (GCPIII; also known as NAALADase II) shares 67%
amino acid identity with GCPII [87, 89, 92]. GCPIII was shown to be present in the brain of
GCPII mice knockouts, which preserved ability to hydrolyze NAAG in spite of the lack of
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GCPII; therefore, GCPIII was suggested to compensate the missing GCPII activity [93]. On
the other hand, its pH dependence and substrate specificity as well as mRNA expression
profile (found in the testis, ovary, spleen, and brain) are somewhat different from GCPII [87].
Physiological role of GCPIII remained elusive until 2011 when it was identified as B-citryl-L-
glutamate (BCG) hydrolase from the mouse testes [94]. GCPII was shown to be responsible
for the hydrolysis of BCG [94], a compound also found in high concentration in the
developing brain [95]. In spite of the fact that the physiological function of BCG (and GCPIII
as well) is still unknown, BCG was suggested to be involved in brain development,
spermatogenesis and regulation of iron and copper concentrations [96-98]. Therefore, GCPIIIL,
as an enzyme degrading BCG, might regulate concentration of BCG and thus play an

important role in the above-mentioned functions.

1.3.1.2. Mouse glutamate carboxypeptidase Il
Nowadays, mouse GCPII represents the most important ortholog since the majority of

preclinical experiments is performed using mice models.

Mouse GCPII shares 91% amino acid similarity with human GCPII and thus, not
surprisingly, preserves both enzyme activities of its human counterpart: it hydrolyzes both
endogenous substrates of the human enzyme: NAAG and pteroyl-poly-glutamates [99]. All
key amino acids that participate in substrate binding and hydrolysis are preserved in mouse
GCPII, therefore, the mouse GCPII active site is presumed to be identical (or at least highly
similar) with human GCPII. However, until now, no crystal structure of mouse GCPII has
been published. In stark contrast to the tissue distribution of human GCPII, mouse GCPII is
not expressed in the mouse prostate but is found in high amounts in the mouse kidney and

brain [99].

Over the past 15 years, several studies using GCPII mouse knockouts have been
conducted to shed light on the role of GCPII [93, 100, 101]. However, their results were not
consistent — one group described early embryonic death of the knockouts [100], while other
two reported normal development to adulthood (noting that mice lacking GCPII are less

susceptible to traumatic and ischemic brain injury) [93, 101].
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1.4. GCPIl AS A THERAPEUTIC TARGET

1.4.1. GCPIl in neurological disorders

As it was already mentioned in the previous sections, GCPII is expressed in the central
nervous system cleaving there NAAG, a neurotransmitter exhibiting neuroprotective effects.
Thanks to the NAAG inactivation, GCPII may participate in glutamate-mediated neurotoxicity
and its inhibition was shown to be neuroprotective in animal models [102]. Therefore,
researchers are developing orally available GCPII inhibitors to increase NAAG, decrease

glutamate and thus provide neuroprotection.

1.4.1.1. NAAG: a major peptide neurotransmitter

NAAG was discovered in the mammalian brain (horse, bovine and human) in the mid-
1960s by three independent groups [46, 103, 104]. Slightly surprisingly at that time, NAAG
concentrations in the central nervous system were found to be low millimolar [105] — thus
being the most abundant peptide neurotransmitter and one of the most prevalent
neurotransmitters in general. Using immunohistochemistry, NAAG was shown to be broadly
distributed throughout the central nervous system with 10-fold concentration variations across

different brain areas [106-108].

NAAG is synthetized enzymatically by NAAG synthetase in a ribosome independent
manner [106, 109, 110]. As other neurotransmitters, NAAG is stored in the synaptic vesicles
of neurons [111] and is released following synaptic activation in a calcium dependent,
depolarization-induced manner [112-114]. After its release, NAAG activates cAMP-
negatively coupled group II metabotropic glutamate (mGlu) receptors, particularly mGlu
receptors type 3 (mGluR3; Fig. 7; p. 22) [47, 115, 116]. Under basal conditions, NAAG, as an
agonist of presynaptic mGluR3, inhibits the (further) release of cotransmitters, e.g. glutamate
[48, 117]. At the same time, NAAG also activates mGluR3 expressed on the glial cells
(astrocytes and oligodendrocytes) — stimulation of glial mGluR3 leads towards the release of
neuroprotective trophic factors such as transforming growth factor B (TGF-B) (Fig. 7; p. 22)
[118]. Importantly, mGluR3 antagonists, such as LY341495, minimize or completely abolish
the effects of the GCPII inhibitors [64, 66].
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Fig. 7: Proposed functions of NAAG, glutamate and GCPII on the synaptic endings.

Neurotransmitters NAAG and glutamate are released into the synaptic cleft from a presynaptic neuron. Glutamate
activates N-methyl-D-aspartate receptors (NMDAR), which leads to apoptosis under pathological conditions
associated with excessive glutamate levels. NAAG activates metabotropic glutamate 3 receptors (mGluR3) on
presynaptic neurons (resulting in the decrease of released glutamate) and on astrocytes (leading to the secretion of
neuroprotective factors, such as TGF-B). GCPII (and possibly GCPIII) hydrolyzes NAAG into N-acetyl-L-
aspartyl (NAA) and glutamate and, consequently, abolishes protective effects of NAAG. Selective inhibition of
GCPII increases intact NAAG levels and subsequently mGIuR3 activation, which results in neuroprotective
processes. On the contrary, the beneficial effects of NAAG could be blocked by mGluR3 antagonists (e.g.
LY341495). Inspired by [119].

1.4.1.2. GCPIl asa NAAG peptidase
High concentrations of glutamate released from neurons are associated with several

pathological conditions including ischemia/stroke, traumatic brain injury or inflammatory and
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neuropathic pain. Excess glutamate overactivates N-methyl-D-aspartate receptors (NMDAR),
which triggers a cascade of processes leading to apoptosis (Fig. 7; p. 22) (reviewed in [50]).

Once NAAG is released into the synaptic cleft, it is hydrolyzed by GCPII (and possibly
also by GCPIII) localized at plasma membrane of astrocytes and Schwann cells [120, 121].
Therefore, the NAAG-hydrolyzing activity of GCPII further increases the concentration of
synaptic glutamate and, more importantly, prevents NAAG from its neuroprotective activation

of both presynaptic and glial mGluR3 (Fig. 7; p. 22).

Therefore, inhibition of the NAAG-hydrolyzing activity in the brain using selective
GCPII inhibitors seems to help in two ways: by increasing amounts of neuroprotective NAAG
and, naturally, by decreasing concentration of glutamate as a reaction product. Uncleaved
NAAG can then activate presynaptic mGluR3 (reducing further glutamate release) and glial
mGIuR3 (releasing TGF-B) (Fig. 7; p. 22).

1.4.1.3. GCPIl inhibitors as therapeutic agents

A number of in vivo studies have evaluated therapeutic potential of selective GCPII
inhibitors for various neurological disorders; most studies focused on brain injury and pain
perception (reviewed in [51, 119]). Importantly, GCPII inhibitors seem not to influence
normal glutamate functions but rather pathological excessive glutamate signaling [102], which
is in contrast with other strategies modulating glutamatergic neurotransmission, such as

NMDAR antagonists [122].

Administration of 2-PMPA (the selective and potent GCPII inhibitor) reduced neuron
cell death and protected against ischemic brain injury in rat model of a stroke [102, 123].
Similarly, ZJ-43 inhibitor reduced neuronal and astrocyte damage following traumatic brain
injury in rats [124]. The GCPII inhibitors were also employed to reduce inflammatory and
neuropathic pain in rat models, exhibiting analgesic effects [64, 125, 126]. Chronic glutamate
toxicity may also be associated with the pathogenesis of amyotrophic lateral sclerosis (ALS)
[127]. GCPII inhibitors protected motor neuron from death in both in vitro cell culture
experiments and transgenic mouse models of ALS [71]. Furthermore, oral administration of
the inhibitors delayed the onset of the disease and slowed its progression in the mice models

[71].
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Above-mentioned data suggest that GCPII inhibition in the nervous system offers an
undoubted therapeutical potential. However, all the studies were performed using either polar
inhibitors not crossing the blood-brain barrier (2-PMPA, ZJ-43) or containing potentially
metabolically unstable sulfur (2-MPPA). Therefore, there is a need for a novel generation of
less polar GCPII inhibitors that retain the potency and selectivity of 2-PMPA. As described in
the section (1.2.2.1. “Phosphorus-containing GCPII inhibitors™), employing a POC prodrugs
of 2-PMPA might represent a promising strategy in the future development of GCPII
inhibitors [56].

1.4.2. GCPIl as a target in prostate cancer

1.4.2.1. Prostate cancer

Prostate cancer is the second leading cause of cancer death in men in the USA, killing
roughly 30,000 men a year [128]. It is also the most commonly diagnosed cancer
(approximately 200,000 new cases a year); most of men will eventually develop prostate
cancer if they live long enough. On the other hand, many men will die from unrelated causes

since most prostate cancers are slowly growing and not aggressive.

A considerable effort has been made to detect prostate cancer earlier at more treatable
stages and before it becomes life threatening. Screening for prostate specific antigen (PSA), a
protein produced by the prostate and found in the blood when prostate cancer is present, used
to be a promising approach to diagnose the disease [35, 129]. However, today the test is
considered controversial since high blood levels of PSA are often not associated with prostate
cancer and, therefore, the screening leads to many false positive results [130, 131]. Naturally,
there is a need for additional biomarkers that would either replace or supplement the PSA test
— the ideal marker would only be produced by the prostate cancer and associated with its

aggressive and high-grade stages.

There are several types of prostate cancer treatment. Currently, conservative approach
is often considered for low-risk prostate cancer — monitoring the tumor over time and
launching further and more invasive treatment only if the disease progresses. Localized
prostate cancer is most commonly treated by radical prostatectomy (removal of the prostate)
and radiotherapy. Once the cancer has escaped from the prostate itself and spread (usually) to

the bones and lymph nodes, the disease is much less treatable and the outlook is poor. The
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treatment involves chemical castration — administration of drugs suppressing male hormones;
however, the advanced metastasized prostate cancer is currently considered incurable

(reviewed in [132]).

1.4.2.2. GCPIlin the prostate

GCPII is strongly expressed on the secretory acinar surface of prostate glandular cells
[1, 22, 25, 42]. GCPII expression was shown to increase with increasing cancer grades
(Fig. 8), reaching highest expression levels in androgen-resistant prostate cancer [24]. Despite
its strong expression, the GCPII function in the prostate (if any) has not been revealed yet.
GCPII enzyme activity was postulated to increase folate uptake and subsequently proliferation
of prostate cancer cells [133, 134]; nevertheless, the hypothesis has been confirmed by neither
other group nor experiments. Thus, the physiological role of GCPII in prostate cancer remains
unknown. Anyway, GCPII, strongly expressed on prostate cancer epithelial cells, represents a

tempting target for both prostate cancer imaging and therapy.

Fig. 8: Immunohistochemistry analysis of GCPII expression in the prostate and prostate cancer.
GCPII expression in the prostate tissues was analyzed using CAB001451 antibody. a) Male, age 64 (prostate
cancer not diagnosed). b) Male, age 53 (adenocarcinoma, medium grade). c) Male, age 68 (adenocarcinoma, high
grade). Images  were obtained  from the Human  Protein  Atlas, entry  “FOLH1”
(http://www.proteinatlas.org/ENSG00000086205-FOLH 1/tissue).
1.4.2.3. GCPIl-based prostate cancer imaging

Molecular imaging enables non-invasive detection and visualization of molecular and
cellular processes in living organisms. There is a variety of techniques to be used, such as

positron emission tomography (PET), single photon emission computed tomography

(SPECT), magnetic resonance imaging (MRI), computed tomography (CT) and fluorescence
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imaging (usually near-infrared). Imaging has become an indispensable tool in both life
sciences and medicine (reviewed in [135, 136]). Agents targeting GCPII (both for imaging and
therapy) fall into two major categories: anti-GCPII antibodies and low-molecular-weight

GCPII inhibitors.

Currently, the only imaging agent approved by the U.S. Food and Drug Administration
(FDA) for GCPII-based prostate cancer imaging is the '''In-labeled monoclonal antibody
7E11 [137, 138]. The conjugate known as !!'In-capromab pendetide or ProstaScint™ has been
used to detect and localize prostate cancer metastases spread to soft tissues outside the prostate
as well as recurrent prostate cancer after radical prostatectomy [139, 140]. However, the
negative properties of the 7E11 antibody (recognizing the intracellular GCPII epitope), non-
specific tissue uptake (e.g. liver, kidney) and inherent limitations of SPECT lead towards

difficult interpretations of the results [141, 142].

There were high expectations with second-generation antibody J591 that binds the
external portion of GCPII and thus visualizes GCPII on viable cells [28, 31, 143]. J591 was
humanized and radiolabeled with ''!In, *™Tc or Zr for imaging and *°Y or !”’Lu for therapy
[144-146]. Indeed, ¥Zr-J591 detected bone lesions that were not identified by conventional
imaging [147] and '""Lu-J591 exhibited higher target-to-background signals compared with
Mn-7E11 [148].

Since antibodies suffer from the poor pharmacokinetics, usually requiring several days
to clear from non-specifically bound tissues (approximately 1 week), researchers have been
developing low-molecular-weight inhibitors to address and overcome this drawback. Small
molecules are bound by tumor GCPII and rapidly removed from the circulation by the renal
filtration. Research on urea-based inhibitors radiolabeled with '*F, ®Ga or **Cu for PET (or
"Ly for therapy) has become one of the most dynamically developing branches of GCPII-
focused studies [61, 149]. Currently, ®Ga-PSMA-11 (or %Ga-PSMA-11-HBED-CC)
represents the most promising PET tracer that has already demonstrated high potential for
detection of recurrent prostate cancer and metastases (Fig. 9a; p. 27) [150-152]. Another PET
agent, named 'SF-DCFPyL, with lower positron emission energy, offers higher image
resolution and might identify small prostate lesions with higher fidelity than ®*Ga-PSMA-11
(Fig. 9b,c; p. 27) [153, 154].
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Fig. 9: GCPII-targeted PET imaging agents.
a) Radiometal-labeled agent *Ga-PSMA-11; its structure consists of a urea-based GCPII inhibitor, linker and
metal chelator. The linker allows the inhibitor to reach the GCPII active site while keeping the bulky “reporting
part” outside of GCPII [61]. Radionuclide ®*Ga does not require an on-site cyclotron and has a shorter half-life in
comparison with '8F (68 min vs. 110 min). b) Radiolabeled agent ['*F]DCFPyL [149]. ¢) PET image sequence of
a prostate cancer patient acquired by ['®F]DCFPyL that demonstrated presence of metastatic lesions in multiple
bones and lymph nodes (black spots). Adapted from [154].
1.4.2.4. Prostate cancer therapy based on GCPII targeting

Successful in vivo GCPII targeting is an important prerequisite for prostate cancer
therapy using GCPII as a target. Although the biology and function of GCPII in prostate
cancer remain to be explained, GCPII, strongly expressed on prostate cell membranes and
internalizing, is an excellent target for the treatment of prostate cancer. Similarly to imaging,

there is a number of approaches including the use of (radiolabeled) antibodies, antibody-drug

conjugates (ADCs), small-molecules (radiolabeled or conjugated with toxins) and others.
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Not surprisingly, the first GCPII-targeted “therapeutic” agent was 7E11 antibody,
radiolabeled with *°Y instead of !''In (used in ProstaScint™); however, its use was associated
with hematologic toxicity [155, 156]. The toxicity and inability of 7E11 antibody to bind
viable tumor cells led to second-generation radiolabeled antibody '"’Lu-J591 [144] that was
tested in several phasel and II trials [148, 157, 158]. The phase II study in men with
metastatic castration-resistant prostate cancer (mCRPC) demonstrated excellent targeting of
77Lu-J591 and a dose-dependent PSA decline; a single dose of '7'Lu-J591 was well tolerated

with reversible myelosuppression [148].

Besides radioimmunotherapy, the monoclonal antibodies (namely J591) might serve as
homing devices for the delivery of cytotoxic molecules and toxins (i.e. ADCs). Deimmunized
J591 was conjugated to maytansinoid 1 (DM-1), an extremely potent cytotoxic drug [159]; the
phase 1/2 trial showed limited activity in mCRPC patients and neurotoxicity caused by
disulfide linker lability and rapid deconjugation of DM-1 [160]. Additionally, a conjugate of
anti-GCPII antibody and monomethyl auristatin E (MMAE) was developed [161, 162] that
later underwent a phase II trial, exhibiting low toxicity and a PSA response > 50% in 33% of
the mCRPC patients [163]. Other GCPII-targeted ADCs involve conjugates of J591 and
ricin A-chain [164] or anti-GCPII single-chain antibody fragment (scFv) D7 and the toxic
domain of Pseudomonas exotoxin A (PE40) [165]; the latter exhibited a significant growth

inhibition of a GCPII-positive tumor xenograft in mice [166].

As for small molecules, recently prepared !”’Lu-PSMA-617 is a promising therapeutic
agent for the treatment of mCRPC [167], which has been intensively studied and evaluated
during the last two years [168-170]. Two recent German retrospective multicenter studies
investigating !"’Lu-PSMA-617 radioligand therapy (145 and 59 mCRPC patients) showed
favorable safety and efficacy of the radioconjugate (a PSA decline > 50% occurred in 45%
and 53% of the patients, respectively) [170, 171]. In February 2017, the first U.S. multicenter
phase II trial of '""Lu-PSMA-617 targeted radioligand therapy received FDA clearance [172]
(ClinicalTrials.gov Identifier: NCT03042312), demonstrating a great potential of '"’Lu-
PSMA-617 for its future therapeutic use.

The use of small molecules is not limited to radioconjugates. Theranostic conjugate of

a GCPII inhibitor, cytotoxic drug (DM-1) and PET imaging probe was used for GCPII in vivo
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visualization in tumor xenografts in mice and selective toxicity towards GCPII-expressing
cells [173]. Furthermore, GCPII inhibitors have also been used as targeting moieties in a
number of various nanoparticles targeting GCPII, designed for imaging, therapy or

theranostics [174-176].

1.4.3. GCPIl as a target for treatment of inflammatory bowel disease

In contrast to the established connection between GCPII and treatment of brain
disorders and prostate cancer, the potential of GCPII for therapy of inflammatory bowel
disease (IBD) has been discovered rather recently. GCPII enzyme activity was shown to be
increased in IBD patients and murine models of IBD [177]. Interestingly, daily administration
of 2-PMPA dramatically ameliorated murine IBD symptoms and substantially reduced disease
severity [177, 178]; however, the mechanism of 2-PMPA action has not been determined.
Nevertheless, the results suggest that GCPII inhibition may represent a novel IBD therapy, but

further extensive research must be conducted to enlighten the role of GCPII in IBD.

1.5. HPMA COPOLYMER CONJUGATES

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer conjugates are multivalent
macromolecules that have been widely used as drug delivery carriers or imaging agents
(reviewed in [179-181]). The HPMA copolymers trace their roots to Prague in the 1960s when
Jindfich Kopecek started to work on water-soluble and biocompatible polymers based on N-
substituted methacrylamides [182-184]. The first use of HPMA copolymers was as blood
plasma expanders [185]. Slightly later, the HPMA copolymers were suggested to be used as

polymeric drug carriers [186].

HPMA copolymers could be prepared to contain a number of reactive groups, such as
thiazolidine-2-thione, randomly distributed along the polymer chain (Fig. 10; p. 30) [187].
These functional groups enable easy modification of the copolymer backbone with various
molecules, e.g. enzyme inhibitors for selective targeting, fluorophores and radionuclides for

visualization and drugs for cytotoxic effects [181, 187-190].

Since the detailed description of HPMA copolymer conjugates is beyond the scope of

the thesis, the interested readers can find more pieces of information in a recent review by
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Ulbrich et al. [180] or in reviews by the fathers of HPMA polymers — Kopecek et al. [179] and
Duncan et al. [191].

HPMA HPMA derivative HPMA copolymer

L =
- ’é% - =§
t ot

Fig. 10: Synthesis of HPMA copolymers.

Preparation of HPMA copolymers by reversible addition-fragmentation chain transfer (RAFT) copolymerization
of two monomer units: N-(2-hydroxypropyl)methacrylamide (HPMA) and 3-(3-methacrylamido-
propanoyl)thiazolidine-2-thione (Ma-3-Ala-TT). Ma-B-Ala-TT contains thiazolidine-2-thione group that is
reactive towards primary amino groups [187]. Therefore, by aminolysis of the reactive group, HPMA copolymers
can be easily decorated with a number of various molecules.

1.5.1. HPMA copolymer-drug conjugates

Traditional cancer treatment has involved the use of non-specific cytotoxic molecules
that inhibited mitosis and thus affecting preferentially the rapidly dividing cancer cells.
However, modern “targeted therapy” aims to target only the tumor cells, not harming the
healthy tissues. To achieve accumulation of the cytotoxic drugs in a tumor, a selective delivery
system is required. Antibody-drug conjugates represent a highly effective and one of the best

examples of selective anti-cancer (bio)molecules.

HPMA copolymer-drug conjugates offer an alternative approach for “targeted” drug
delivery to tumor cells. In contrast to “active” targeting by selective antibodies, HPMA
copolymer conjugates rely on the “passive” accumulation in tumors via the enhanced-
permeability and retention (EPR) effect (described in more detail in the next chapter) [192-
194]. When compared to low-molecular-weight drugs, the advantage of polymer-conjugated
drugs is (besides their accumulation in the tumor via EPR effect) their improved
pharmacokinetics (increased circulation times in the bloodstream) and “solubilization” of

usually hydrophobic molecules by their conjugation to the water-soluble polymers [195, 196].

After endocytosis into a cancer cell, the conjugates enter a lysosomal compartment;

therefore, the drugs must be connected to an HPMA backbone via a cleavable linker.
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A disulfide group (undergoing reduction) [197, 198], pH-sensitive bonds (unstable in low
lysosomal pH) [199] and tetrapeptide Gly-Phe-Leu-Gly sequence (cleavable by lysosomal
cathepsin B) [200] are examples of such linkers. A doxorubicin, an anthracycline molecule
intercalating DNA and interfering with its function, is an archetypal drug used for delivery by
HPMA conjugates [201]. The HPMA copolymer—doxorubicin conjugates PK1 and PK2
(Fig. 11) underwent phase I and phase II clinical trials and showed antitumor activity against
breast, lung [202, 203] and hepatocellular carcinoma [204], respectively. A large number of
other polymer-drug conjugates were prepared, containing various drugs, linkers or even
targeting ligands. Incorporation of targeting ligands selective for cancer cells, such as
oligosaccharides (conjugate PK2) [204], peptides [205] or fragments of antibodies [206, 207],

enables also active targeting via cancer cell surface proteins.

galactosamine
derivative

HO

[o] OH O doxorubicin

doxorubicin

PK1 PK2

Fig. 11: HPMA copolymer-doxorubicin conjugates PK1 and PK2.

a) Conjugate PK1 contains doxorubicin attached by Gly-Phe-Leu-Gly tetrapeptide linker that is cleaved by
cathepsin B present in the lysosomes. PK1 delivery to solid tumor depends solely on its passive accumulation via
the enhanced-permeability and retention (EPR) effect [202, 203]. b) Conjugate PK2 bears besides doxorubicin a
galactosamine derivative that binds a specific receptor on hepatocytes [204].
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1.5.2. Enhanced-permeability and retention (EPR) effect

The enhanced-permeability and retention (EPR) effect is a phenomenon by which
macromolecules accumulate in solid tumors more than in normal tissues [208, 209]. The EPR
effect is attributed especially to two factors: defective tumor vasculature and impaired
lymphatic drainage. Since rapidly growing (solid) tumor cells become dependent on the blood
supply, they must promote the production of new blood vessels in order to be supplied with
oxygen and nutrients and grow quickly [210]. This process, called tumor angiogenesis, results
in the formation of abnormal imperfect neovasculature that contains poorly aligned endothelial
cells with fenestrations [211]. Due to the leaking vessels, molecules can escape from the
vessels and begin accumulate in the solid tumor. At the same time, malfunctioning lymphatic
drainage cannot properly remove accumulated molecules; this process is highly dependent on
the size of the molecules — the larger the molecules (and their surface charge), the more
efficient accumulation in solid tumors [208]. Taken all above-mentioned facts into account,
the EPR effect is the major mechanism by which macromolecular polymer-drug conjugates

exhibit their therapeutic effects on solid tumors [193].

The EPR effect represents “passive targeting” of tumor agents, which is in contrast to
active (i.e. selective) targeting usually accomplished by a specific interaction between a cell

surface protein and a targeting agent.

1.5.3. HPMA copolymer conjugates targeting GCPII

Kopecek’s group published two studies on HPMA conjugates targeting GCPIIL. In the
first publication, they conjugated anti-GCPII antibody (serving thus as a targeting moiety) to
an HPMA copolymer and analyzed subcellular trafficking of the obtained conjugate [212].
The binding affinity of the conjugated antibody was not compromised by the attachment to the
copolymer; interestingly, the conjugate was rapidly internalized into the cells and
subsequently transported to late endosomes [212]. The second study describes HPMA-
docetaxel conjugates decorated with GCPII inhibitors for GCPII-targeted drug delivery [190].
They observed no difference between the GCPII-targeted and non-targeted conjugate in in
vitro cytotoxicity assay (probably due to the deconjugation of docetaxel from the conjugate);
nonetheless, the GCPII-targeted conjugate exhibited stronger in vivo antitumor activity in nude

mice bearing prostate C4-2 cancer xenografts [190].

32



Recently, hyperbranched polyethylene glycol polymer conjugate loaded with
doxorubicin and featuring urea-based GCPII inhibitors on its periphery was described [213].
Tumor regression study in mice demonstrated 90% reduction in tumor volume while free
doxorubicin reduced the tumor volume only by 30% and caused considerable toxicity to the

mice [213].
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2. RESULTS

2.1. AIMS OF THE THESIS

1.

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

blood correlate with age, sex or, eventually, prostate cancer stage.

To prepare and characterize mouse GCPII regarding its enzyme activity,
inhibition profile, substrate specificity and, importantly, tissue distribution in
mice. To compare the results with human GCPII and elucidate if mouse is a

suitable animal model for GCPII-based therapies.

To design and develop polymer-based antibody mimetics capable of GCPII
targeting in common biochemical methods. To prepare these antibody mimetics
for other enzymes and proteins and verify their universal and versatile

applicability.
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2.2.1. Paper |: Detection and quantitation of glutamate carboxypeptidase Il in the
human blood

Motivation of the study

Glutamate carboxypeptidase II, better known as prostate-specific membrane antigen
(PSMA) among urologists, is strongly expressed in the human prostate and, interestingly,
approximately 10-fold overexpressed in prostate cancer. Even though its role in the prostate
and prostate cancer progression (if any) is not known, GCPII’s potential to become a
diagnostic and/or therapeutic target was recognized 20 years ago. An '!!indium-antibody
conjugate raised against GCPII, trade name ProstaScint’", became the first (and unfortunately
also the last) detection agent to image GCPII expression and thus the extent of prostate cancer,

which was approved by the FDA.

GCPII presence was also analyzed in the human blood. GCPII was detected in the
human blood by several groups, however, the results were inconsistent and GCPII levels in the
blood differed significantly. Besides GCPII, another metallopeptidase (plasma glutamate
carboxypeptidase, PGCP) was identified in the blood plasma and reported to possess NAAG-
hydrolyzing activity.

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

the blood vary among healthy volunteers.
Summary

We shed light upon conflicting reports on the presence of GCPII in the human blood.
We also analyzed if another protease, plasma glutamate carboxypeptidase, may contribute to

the NAAG-hydrolyzing activity of GCPII.

First, we cloned two PGCP constructs (containing an Avi-tag placed at its either
C-terminus, or N-terminus), expressed them in insect cells and purified them via affinity
chromatography. We then verified that the proteins are properly folded and enzymatically
active — both constructs cleaved a cognate substrate of PGCP (L-seryl-L-methionine). In
contrast with the previous report, neither of the constructs cleaved NAAG, the endogenous

substrate of GCPII.
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Having proved that PGCP does not contribute to the enzyme activity of GCPII, we
used a NAAG-hydrolyzing assay for detection and subsequent quantitation of GCPII in the
human blood plasma. We analyzed three blood plasma samples from healthy individuals and
detected NAAG-hydrolyzing activity in all of them (Fig. 12a). The activity was sensitive to 2-
PMPA and other selective GCPII inhibitors, suggesting that GCPII is solely responsible for
the activity (Fig. 12a). Furthermore, we confirmed presence of GCPII in the blood plasma by
immunoprecipitation of GCPII from the diluted blood plasma using biotinylated monoclonal

antibody raised against native GCPII (Fig. 12b).
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Fig. 12: GCPII was detected in the blood plasma.

GCPII was detected and isolated from the blood plasma. a) NAAG-hydrolyzing activity, which is GCPII-specific,
was detected in three volunteers’ heparin blood plasma samples (PL, PL2 and PL3). The activity was inhibited by
a panel of selective GCPII inhibitors. b) GCPII was immunoprecipitated (IP) from the human blood plasma using
biotinylated GCPII-specific antibody 2G7 (lane 7). As a positive control, the plasma sample was spiked with
recombinant human GCPII (thGCPII). As a negative control, blank streptavidin agarose was used. GCPII on the
western blot was visualized with anti-GCPII monoclonal antibody GCP-04, followed by horseradish peroxidase-
conjugated goat anti-mouse IgG secondary antibody (G-anti-M-HRP). A half of the membrane was probed with
G-anti-M-HRP to visualize the nonspecific signal caused by the secondary antibody. (1,6) thGCPII standard,
1 ng; (2,7) Elution from IP; (3,8) Elution from IP-positive control; (4,9) Elution from IP-negative control; (5,10)
All blue standard (Bio-Rad); (11) rhGCPII standard, 2 ng; (12) lymph node carcinoma of the prostate (LNCaP)
cell lysate, 1.5 pg total protein. Twenty-five microliters of the elution fraction sample was loaded to each lane.
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Finally, we collected blood plasma samples from healthy individuals and determined
GCPII concentration in their blood (Tab. 1). The GCPII levels ranged between 1.3 and
17.2 ng/ml; slightly surprisingly, we detected GCPII also in the female samples, which
suggests a non-prostatic origin of GCPII. The geometrical mean of the GCPII levels in the
blood plasma was 3.2 ng/ml; for men only: 3.7 ng/ml; and female only: 2.0 ng/ml. We

observed no correlation between GCPII concentration and the age of the volunteers.

Tab. 1: GCPII levels in the blood plasma of healthy volunteers.

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

Age GCPII in plasma
(years) (ng/ml)
female 1 22 1.4+0.3
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 4.0+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+03
male 7 27 1.3+£0.3
male 8 27 34+0.7
male 9 28 4.6+0.7
male 10 28 1.5+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
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My contribution

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

prostate cancer. I also wrote a draft of the manuscript.
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2.2.2. Paper ll: Biochemical characterization and tissue distribution of mouse
glutamate carboxypeptidase Il

Motivation of the study

Glutamate carboxypeptidase II, which is overexpressed on prostate carcinoma cells and
also implicated in glutamate excitotoxicity in the brain, became an interesting diagnostic
marker of prostate cancer and a possible therapeutic target both for prostate cancer and

neuronal disorders connected with increased levels of glutamate in the central nervous system.

For the development and subsequent testing of novel therapeutics, it is necessary to
have a suitable animal model. Mice represent usually the most promising candidates while rats
and pigs are the second choice. Several years ago, a study comparing human, rat and pig
GCPII was performed in our laboratory [21]; however, the mouse ortholog was not included

although mice are the most widely used animals in the GCPII-focused research.

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

enzyme activity and tissue distribution, which had been needed.
Summary

In this paper, we prepared recombinant mouse GCPII and compared it in detail with
the human ortholog. We focused particularly on the expression pattern of mouse GCPII since
this is a highly relevant aspect for the development of new anticancer and neuroprotective

therapies based on GCPIIL.

First, we characterized the enzyme activity of mouse and human GCPII using both
endogenous substrates: NAAG (brain) and pteroyl-di-L-glutamate (small intestine). We
observed no striking differences between the compared enzymes — mouse GCPII possessed
lower catalytic efficiency but similar substrate preferences compared to the human enzyme.
We also analyzed the inhibition profile of both enzymes using a panel of ten common GCPII

inhibitors, showing comparable inhibition constants for the majority of inhibitors.
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Finally, we focused on the GCPII distribution in mouse tissues. We collected tissue
samples from six mice (3 females and 3 males) and determined GCPII expression levels using

two independent assays (western blotting and GCPII activity assay) (Fig. 13).
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Fig. 13: Expression profile of GCPII in mice.

a, b) Western blot analysis of the GCPII distribution in mouse female and male tissues, respectively. GCPII was
visualized by monoclonal antibody GCP-04, followed by HRP-conjugated goat anti-mouse IgG secondary
antibody. Recombinant mouse extracellular GCPII was used as a standard (avi-mGCPII) and 50 pg of total
protein was loaded. c¢) Expression profile of GCPII in mice tissues determined by quantification of GCPII-
specific NAAG-hydrolyzing activity by radioenzymatic assay using [’ H][NAAG as a substrate and avi-mGCPII as
a standard. Each tissue sample was measured in duplicate using 1-50 pg total protein in the reaction; the assay
was performed with the same tissue samples used in the western blot analysis. The asterisk (*) represents the
missing sample (female 1 eye, male 1 adrenal gland).
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We detected highest GCPII expression levels in the mouse kidney, brain and salivary
glands. We did not detect GCPII in the mouse prostate, which is in agreement with previous

studies (Fig. 13; p. 41).

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

drug delivery approaches.
My contribution

I expressed and purified recombinant mouse glutamate carboxypeptidase II (GCPII).
I performed the majority of the experiments, including analysis of GCPII enzyme activity,
inhibition profile and distribution of the GCPII protein in mouse tissues. I also wrote a draft of

the manuscript.
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2.2.3. Paper lll:iBodies: modular synthetic antibody mimetics based on
hydrophilic polymers decorated with functional moieties

Motivation of the study

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

prepare antibodies with sufficient binding potency and selectivity towards the target.

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

more or less potent and selective inhibitors.

Therefore, we combined these two approaches together and developed synthetic
antibody mimetics, which we called iBodies. The iBodies are based on water-soluble N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer decorated with three low-molecular-
weight ligands: a targeting ligand (usually an enzyme inhibitor), an imaging probe and an
affinity anchor (Fig. 14; p. 44). The ligands ensure selective targeting of a protein of interest,

visualization of the conjugate and enable its isolation.

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

known.
Summary

In this study, we developed novel polymer-based antibody mimetics, using enzyme
inhibitors as targeting ligands (Fig. 14; p.44). We chose glutamate carboxypeptidase II
(GCPII) as a model protein and our primary target.
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Fig. 14: Schematic structure of iBodies.

The iBodies are polymer-based antibody mimetics. a) The iBodies consist of an N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer, which is substituted with various small molecules for
distinct functions: an imaging probe, affinity anchor and targeting ligand (e.g. selective enzyme inhibitors); b)
affinity anchor biotin; c) fluorescent molecule ATTO488.

A previously described selective GCPII inhibitor was conjugated to an HPMA
copolymer, serving as a targeting ligand and enabling selective recognition of GCPII
(Fig. 15a; p.45). Besides the inhibitor molecules, ATTO488 (functioning as an imaging
probe) and biotin (for isolation/immobilization of the conjugate) were attached to the

copolymer backbone. The obtained conjugate, an anti-GCPII iBody, was then tested in a

number of biochemical applications to evaluate its properties and applicability.

The binding of the conjugate to GCPII was analyzed using GCPII enzyme activity
inhibition assay and further by surface plasmon resonance, which revealed remarkably low
dissociation constant of the interaction (Fig. 15b; p. 45). Therefore, we proceeded to in vitro
methods such as “immunoprecipitation” (isolation of GCPII from cell lysates and the blood
serum; Fig. 15¢c; p.45) and sandwich ELISA (reaching limit of detection as low as 1 pg
GCPII; Fig. 15d; p. 45). Having succeeded, we also verified the suitability of the iBody as a
tool for the selective GCPII visualization on GCPII positive cells using flow cytometry
(Fig. 15e; p.45) and confocal microscopy (Fig. 15f; p. 45). All above-mentioned methods
showed that anti-GCPII iBody is an excellent substitute for anti-GCPII antibodies in common

biochemical applications.
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Fig. 15: Applications of anti-GCPII iBody in biochemical methods.

a) Selective GCPII inhibitor used as an iBody ligand. b) Surface plasmon resonance (SPR) analysis of the
interaction between (immobilized) GCPII and anti-GCPII iBody. c¢) Western blot analysis of GCPII
“immunoprecipitation” from lymph node carcinoma of the prostate (LNCaP) cell lysate using anti-GCPII iBody
or monoclonal antibody (mAb) J591. As negative controls, iBody lacking the selective GCPII inhibitor (NC
iBody) and blank streptavidin agarose (NC(SA)) or blank protein G sepharose (NC(PGS)) were used. As a
standard, recombinant extracellular GCPII was used (thGCPII). d) Sandwich ELISA using GCPII-specific mAb
2G7 as a capture antibody and either anti-GCPII iBody or biotinylated mAb J591 as a detecting agent. ) Flow
cytometry of cells expressing and not expressing GCPII (LNCaP and PC-3, respectively). Cells were incubated
with either anti-GCPII iBody or anti-GCPII mAb 2G7 labeled with ATTO488 (2G7-ATTO488) to compare
iBody staining and antibody staining. As a negative control, iBody lacking the selective GCPII inhibitor was used
(NC iBody). f) Confocal microscopy analysis of LNCaP and PC-3 cells, incubated with anti-GCPII iBody, mAb
2G7-ATTO488 or NC iBody.
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Furthermore, we showed universality of the approach by developing of iBodies
targeting other enzymes: HIV-1 protease (using a selective HIV-1 protease inhibitor based on
commercially available inhibitor ritonavir) and a group of enzymes (using a class-selective
inhibitor of all aspartic proteases — pepstatin A). To demonstrate that iBodies can be created
towards virtually any target, for which a ligand is known, we prepared iBodies targeting His-

tagged proteins, using Ni*"/Co**-loaded nitrilotriacetic acid (NTA) derivative.

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

use in a number of biochemical applications.
My contribution

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

manuscript.
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3. DISCUSSION AND CONCLUSIONS

GCPII has become a potential diagnostic and therapeutic target in two distinct areas, as
reviewed in the Introduction chapter. First, researchers are trying to develop orally available
GCPII inhibitors to block GCPII (undesirable) NAAG-hydrolyzing activity in the brain during
neuropathological conditions associated with glutamate-mediated excitotoxicity. Second, due
to its high and relatively specific expression on the surface of prostate carcinoma cells, GCPII

represents an ideal molecule to be targeted in order to image and/or treat prostate cancer.

A considerable progress in the field of GCPII targeting has been done within the last
10 years, concerning mainly highly potent and selective GCPII monoclonal antibodies and
small inhibitors. On the other hand, there are still challenging questions that remain to be
answered. Is there a putative GCPII (protein) ligand? Does GCPII function as a receptor
transporting the unknown ligand into the cells? What is the physiological role (if any) of
GCPII in the prostate? Are the increased levels of GCPII in prostate cancer the cause or the
consequence of the malignant transition? Why is GCPII expressed in the neovasculature of
most solid tumors? An answer to any of the above-mentioned issues will represent a milestone

and probably also a turning point in the GCPII-related research.

Sadly, this thesis has not shed light upon any of these questions. Nevertheless, we
provided important information regarding GCPII presence in the human blood. Previous
papers reported conflicting findings, high blood concentrations of GCPII and most importantly
the correlation between GCPII levels and prostate cancer stage. If there was such a correlation,
GCPII could be “easily” used for screening for prostate cancer (and its stage). Similarly,
prostate-specific antigen (PSA) blood test used to be used for that purpose. However, in 2011
the United States Preventive Services Task Force (USPSTF) recommended against PSA
screening in healthy population — the risks outweighed the potential benefits since the
correlation was not strong enough. Furthermore, the reported high GCPII blood levels would
have led to problems with all GCPII-targeting agents for imaging and therapy since they
would have been bound by GCPII already in the blood, rendering these diagnostic or
therapeutic tools useless. These considerations motivated us to carry out a study assessing
GCPII presence (and concentration) in the human blood. Using two unrelated methods

(enzyme activity and immunoprecipitation followed by western blotting and mass

47



spectrometry), we confirmed GCPII presence in the human blood plasma. In sharp contrast to
previous findings, we detected much lower GCPII concentrations — nanograms per milliliter
instead of hundreds of nanograms per milliliter. Importantly, we also detected GCPII in the
women’s blood plasma, thus suggesting that GCPII originates from a non-prostatic source.
Moreover, GCPII blood levels did not show any significant variations between healthy men
and women. While working on the project, we developed methodology and collected samples
from prostate cancer patients in order to perform a follow-up study to resolve the possible link

between GCPII blood levels and a prostate cancer stage.

In 2008, our group published a study on animal homologs of human GCPII comparing
their enzyme activity, inhibition properties and tissue distribution. However, mouse GCPII
was not included in the comparison, in spite of being by far the most commonly used animal
in the GCPII-oriented preclinical trials. Several pieces of information regarding mouse GCPII
tissue expression had been collected over the years from different papers; nonetheless, the
detailed and systematic characterization remained lacking. Therefore, we performed such a
study, carefully comparing both enzyme activity properties (including inhibition profile and
substrate specificity) and GCPII distribution in the mouse tissues (analyzed by quantitative
PCR, western blotting, enzyme activity and immunohistochemistry). Since mice are widely
used as preclinical models in the development of novel low-molecular-weight inhibitors as
well as imaging and therapeutic agents, potential differences in either enzyme activity or tissue
expression might be highly relevant. We discovered that mouse GCPII approximates well
human GCPII, which was rather expectable, taking into account their high sequence similarity.
Contrastingly, we observed differences in their tissue expression, especially no GCPII
expression in the mouse prostate and high expression in the mouse kidney and salivary glands.
Our results should provide the researchers with sufficient information to design their
experiments in a proper way and to avoid potential complications stemming from a distinct

GCPII expression profile.

Finally, we set out to develop novel antibody mimetics (called iBodies) that could be
used to study GCPII (and not only GCPII) physiological functions. Traditionally, monoclonal
antibodies capable of highly selective targeting of the desired protein have been used for this
purpose. In spite of their tremendous success, antibodies might suffer from various problems;

therefore, scientists developed antibody mimetics — molecules structurally different from
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antibodies and binding their targets. Affibodies, designed ankyrin repeat proteins (DARPins)
and aptamers represent prime examples of such molecules. Our efforts were inspired by N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer conjugates used for targeted drug
delivery to solid tumors via the enhanced-permeability and retention (EPR) effect rather than
via active and selective targeting. Since our laboratory has a strong background in the design
and structure-activity relationship studies of GCPII inhibitors, we used low-molecular-weight
GCPII inhibitors as targeting molecules and conjugated them to an HPMA copolymer. We
developed an HPMA conjugate that selectively binds GCPII (having the K; of 3 pM) and
evaluated its properties in several commonly used in vitro and cell culture applications. The
extremely low inhibition constant is probably the result of the synergy of multiple targeting
ligands bound to a single molecule of a carrier, leading to the tighter binding to the target.
Besides the conjugate “raised” against GCPII, we also developed analogous conjugates
targeting other clinically relevant proteins, demonstrating the versatility of the approach —
having replaced one inhibitor with another, we switched the selectivity of the whole conjugate.
For GCPII, a number of successive conjugates have been developed, varying in their size,
number of inhibitors, or types of additional ligands attached. We hope that this battery of tools
will help with elucidation of some of the GCPII mysterious questions mentioned at the

beginning of the Discussion.

To conclude, we confirmed GCPII presence in the human blood plasma and showed
that its levels do not vary significantly among healthy males and females. Additionally, the
project constitutes a basis for a follow-up study elucidating a potential correlation between
GCPII levels in the blood and prostate cancer stage. Secondly, we performed the detailed
biochemical characterization of mouse GCPII that is enzymatically rather similar to its human
counterpart, however, these two proteins differ in their tissue distribution. Lastly, we
developed polymer conjugates decorated with GCPII inhibitors for future selective drug
delivery to cells expressing GCPII. Additionally, these conjugates also serve as antibody
mimetics enabling selective targeting of desired proteins in vitro and in vivo. Therefore, this
novel class of antibody mimetics, called iBodies, represents a versatile chemical-biological

tool that also has the application outside of the area of GCPII.
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Detection and Quantitation of Glutamate
Carboxypeptidase Il in Human Blood

Tomas Knedlik,'” Viclav Navratil,"? Viktor Vik,® Dalibor Pacik,* Pavel Sicha,?

and Jan Konvalinka'**

'Gilead Sciences and IOCB Research Centre, Institute of Organic Chemistry and Biochemistry, Academy of

Sciences of the Czech Republic, Prague, Czech Republic

Department of Biochemistry, Faculty of Science, Charles Universityin Prague, Prague, Czech Republic

*Department of Urology, Thomayer Hospitalin Prague, Prague, Czech Republic

“Department of Urology, Medical S chool Masaryk University, University Hospital Brno, Brno, Czech Re public

BACKGROUND. Glutamate carboxypeptidase II (GCPI) is a transmembrane enzyme that
cleaves N-acetyl1-aspartyl4-glutamate (NAAG) in the brain. GCPI is highly expressed in the
prostate and prostate cancer and might be associated with prostate cancer progressiomn.
Another exopeptidase, plasma glutamate carboxypeptidase (PGCF), was eparted to be similar
to GCFI and to share its NAAG-hydrolyzing activity

METHODS. We performed a radicenzymatic assay with PHJNAAG as a substrate to detect
and quantify the enzymatic activity of GCPII in plasma. Using a spedfic antibody raised
against native GCPI (2G7), we immunoprecipitated GCPI from human plasma. We also
coned two PGCP constructs, expressed them in nsect cells, and tested them for their MAAG-
hydrolyzing activity.

RESULTS. We detected GCFII proten in human plasma and found that its concentration
ranges between 1.3 and 17.2ng/ml in volunteers not diagnosed with prostate cancer
Recombinant PGCF was ensymatically active but exhibited no N AAG-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 GCPI
alone is responsible for the MAAG-hydrolyzing activity observed in human blood. The
potential correlation between GCFIL serum levels and the disease status of prostate cancer
patients will be further investigated. Frostate 74:768-780, 2014, © 2014 Wiley Perindicals, Inc.

KEY WORDS: glutamate carboxypeptidase II; prostatespecific membrane antigen;
serum marker; prostate cancer; plasma glutamate carboxypeptid ase

INTRODUCTIOM

Prostate cancer is the most prevalent tvpe of cancer
and one of the leading causes of death among men in
the United States and Westem 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 carboxyvpeptidase I (GCPI), also known
as prostte-specific membrane antigen (PSMA), N-
acetylated-al pha-linked acidic dipeptidase (MAALA-
Dase) or folate hydrolase, i a transmembrane metal-
lopeptidase with a short cvtoplasmic tail and a large
extracellular domain [2-4]. In humans, GCPI is

£ 2014 Wiley Periodicals, Inc.

expressed predominantly in the prostate and in lower
amounts in several other tissues, such as brain, kidney,
and small intestine [5-8). GUPI possesses bwo known
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enzymatic activities: (1) in the central nervous sysbem,
it hydrolyzes the abundant peptidic neurotransmitter
Nacetyr-aspartyl-iglutamate (MAAG) into N-ace-
tylr-aspartate and free L-glutamate, thus participating
in glutamate excitotoxdcity [4]; (2) in the small inbes-
tine, GCMI cleaves glutamates from  poly-gamma-
glutamylated folates, enabling folate to be transported
across the intestinal muecosa [9). Although GCPII is
highly expressed on prostabe epithelial cells, the
phvsological role of the protein in this tissue has not
vet 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
Hssue [15]. Although the function of GCPH in the
prostate is still unclear, the protein’s potential as a
diagnostic and/or therapeutic target was identified
many vears ago [16]. As a transmembrane protein that
undergoes intemalization, GCPI seems to be an ideal
trget for monoclonal ant’bndy or  inhibitor-based
imaging or therapy [17-19]. An Mn-labeled antibody
mised against GCPI (trade name ProstaScint™) cur-
rertly i used in the first diagnostic scan detecting
GCPH 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
GCP [21]. In the past 10 years, scientists have been
working on second generation antibodies that recog-
rize the extracellular porfon of GCPIL enabling
visualization of viable cells [22.23]. These antibodies,
coupled with either a radionuclide or a toxic agent,
would specifically bind to prostatke cancer cells
expresdng large quantities of GCPIL and, following
intemalization, would cause damage to the cancer
cells [24,25] {reviewed in Ref. [26]).

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

The current prostate cancer screening test is based
on guantitation 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 prostake
infection, also may lead to elevated FSA levels [3].
Corsequently, the Centers for Disease Control and
Preventon (CDC) and the US. Preventive Services
Task Force (USPSTF) have recommended against PSA-
based sereening for men who do not have symptoms
of prostate cancer [35]. Measuring the level of GCPII in
blood might be an altermative to the PSA-based
screening test Different levels of GCPIT in blood also
may cormelate 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 GCPI on the
prostate epithelium.

It is imporant to note that another metallo pepti-
dase homologous o GCPII, called plasma glutamate
carboxy peptidase (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
MAAC-hydrolyzing and SerMet-hydrolyzing activie
ty [3637]. Due o its potential NAAG-hyvdrolyzng
activity, PGCP might interfere with the detection of
GO in enzyme-based assays. The funcHon of PGCP
i unknown, but it has been suggested to play a role in
hydrolyss of dreulating peptides and proteins [36].

In this waork, we set out t© resolve the conflicing
reports conceming GCPI's presence in the blood and
its potential to serve as a marker for prostbe cancer
prognosis. We also analvee the potential GCPT-like
activity of PGCF, which might interfere with GCPII-
based assay.

MATERIALS AND METHODS

Radiocenzymatic Determination of NAAG-
Hydrolyzing Activity in Human Plasma

The radicenzymatic assay was performed as previ-
ously deseribed [43839], with minor modifications.
Plasma samples were diluted 10 to 100-fold with
20mM Tris—-HCl, 150 mM NaCl, 0.1% Tween 2, pH
7.4, fand inhibitor solution, if used) to a final volume
of 90ul. Reactions were first incubated for Smin at
37°C and then started by adding 10 pl of 1pM NAAG
(containing 50nM tritium-labeled NAAG, labeled at
the terminal glutamate moiety; Perkin-Elmer), and
incubated at 37°C for 18 hr. The meactions were stopped
with 100l of joe-cold 0mM KH:PO, 2mM 2-
mercaptoethanol, pH 7.4, The meleased glutamate was
then separated from the unmacted substrate using ion
exchange AGL-X8 resin (Bio-Rad). The radivactivity of
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the sample was quantified by liquid scintillaion using
the Rotiszint BOO 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
GCPIl-Specific Antibody 2G7

The novel mouwse monoclonal antibody 257, which
binds an extracelhular epitope in native (i.e, enzymatical-
Iy active) GCPI, was prepared in the laboratory of
Vaclav Horgjsl (Institute of Molecular Genetics, Academy
of Sciences of the Czech Republic, Prague, Ceech
Republic). Mice (F1 hybrds of BALB/¢ and B10.A
strains) were immunized with recombinant extracellular
GCII (amine acids $4-750) as previously deseribed [40].

The antibody 267 was purfied from 800ml of
hybridoma-conditioned medium that was concentrated
to 10 ml using a LabScale TFF System (with Pellicon™
XL 50 Cassette, Biomax 100, MWCO 100 kDa; Milli-
pore). The concentrated medium was mixed in a 3:1
ratio with 4M NaCl, 2M glyeine, pH 85, and the
equilibrated concentrated medium was loaded onto a
HiI‘rapT'M FF Protein A Sepharose column (1 ml column
volume; GE Healtheare Life Sciences) connected to an
AKTA PRIME machine. The column was then washed
with 50ml of 1M NaCl, 05M glycine, pH 8.5 Bound
antibodies  were  eluted  with  10mM  sodium
citrate, pH 50, and elution fractions were immediately
neutralized with 1M HEPES, pH 8.0 (mived in a 5:1
ratio). The elution fractions wene mixed and dialyzed
against PBS using Slide-A-Lyzer™ MINI Dialysis Units
(10kDa MWCO; Thermo Scientific).

The purified antibody was biolnylated using EZ-
Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific,
Inc.) according to the manufacturers instructions.
Briefly, 1.2 ml of purified 2G7 antibody in PBS (conoen-
tration 0.4 mg/ml) was mixed with 24 pl of 10mM
Sulfo-NHS-LC-Biotin, nsulting in a 75fold molar
excess of the bionyvlation reagent. The meaciion was
incubated on ice for 12hr then stopped by dialysis
against A mM Tris—-HCl, 150 mM Na(l, 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 biotinyvlated
26G7. First, 10 pg of biotinyvlated 2G7 was diluted into
1ml of 20mM Tris-HCl, 150 mM NaCl, 0.1% Tween-
20, pH 7.4 (TBST buffer). The antibody solution was
mixed with 50pl of Streptavidin Sepharose (GE
Healtheare Life Sciences) and incubated for 2 hr at6°C.
Afterwards, the resin with bound 2067 was washed
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twice with 1 ml TBST. A citrate plasma sam ple (600 pl)
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 Sreptavidin Sepharose
by adding 30 pl reducing SDS sample buffer and
heating to 100°C for 10 min.

Blood Plasma Sample Preparation

Blood plasma samples were provided by healthy
volurteers at Thomayer Hospital in Prague, with agree-
ment of the loal ethical commission. Blood was with-
drawn into Vacuette™ tubes (Greiner BioOne) containing
either sodium dtrate (# 456323) or lithium hepardn (#
456083) and placed in the refrigerator. Within 8 hr, tubes
were centrfuged at 2000¢ for 10min with minimal
deweleration, and blood plasma was transferred into a
microtube. Samples were stored at < 20°C until analysis

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

5D5-PAGE and Western Blotting

Protein samples were resolved by reducing sodium
dodecyl sulfate polvacryvlamide gel electrophoresis
SOE-PAGE). Gels were either silver-stained, stained
with colloidal Coomassie G250 (blue slver) for mass-
spectrometry analysis, or electroblotled onto a PYDF
membrane.

After bloting, the membrane was blocked with
Blocker™ Casein solution (Thermo Scientific) at room
wmperature for 1he. To visualize GCPIL the blots were
incubated with the primary antibody GCP-(4 (de-
seribed in Ref. [41]) for 12hr at £°C (diluted in Block-
er™ Casein, 360 ng/ml), washed three times with PBS
contining 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
0 remove unbound antibodies and developed with
SuperSignal West Femto Chemiluminescent Substrate
(Thermo Scientific). Chemiluminiscence was captured
with a ChemiDoeIt™ 600 Imaging System (UVF).

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. Dolene (Department
of Biochemistry and Molecular and Structural Biology,
J. Stefan Institube, Ljubljana, Slovenia). To remove the
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Belll restriction site inside the PGCP sequence, we
used site-directed mutagenesis with the following two
primers: 5-peactekacttabtaagrakettgrectpe -3 and 5'-
cgeageocaagatee taabagtgagagtee-3'. The mutagenesis
was carried out according to the manufacturer's proto-
ool [Quikﬂﬁangum Site-Directed Mutagenesis, Strata-
gene). Then, the mutated pFastBacPGCP plasmid was
used for preparation of two PGCP constructs.

The fist corstruct, aviPGCT conkains a peptide
sequence cormesponding to the biotin ligase substrate
(Avi-tag; [4£2]) and tobacco-etch virus protease
(TEV; [43]) cleavage sequence at the N-erminus of
mature POGCP (amino acids 45-472). The sequence
corresponding to the mature PGCP chain was ampli-
fied by smndard PCR with the following primers: 5'-
anaagatctgatgttpctampgeaateate-3 and 5'-aaactegagee-
mgpacctaggeag-d’ (restriction sites introduced into the
sequence are undedined). The primers introduced a
Byl site at the 5 end and an Xhol site at the 3 end of
the sequence. The resuling DNA  fragment was
cleaved with Bglll and Xhol and ligated into pMT/
Bil’ / AVITEV /thGCPI plasmid [39] cleaved with the
same endonucleases.

The second construct, ProPOCPavi, contains the
propeptde part and the mature dhain of PGCT (amino
acids 2144 and 45472, nespectively), followed by a
DMNA  sequence mmesponding to the .d.viI‘agm 1S
quence (GeneCopoeia, Inc) at the Coterminus. The
DA sequence encoding POCTP with propeptide was
amplified using primers T-aasagatctasagctatatgeaa-
gaatg-3 and 5- asatgawatectecpetioctocggacctagpeag-
cattt-3.  Two restriction  sites  (underlined) were
introduced into the sequence: Belll at the 5" end and Bdl
at the 3 end of the sequence. The amplicon was deaved
with Bglll and Bcll 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
Avitag sequence; therefore, mutageness was per-
formed B remove the stop-codon sequence using
primers 5-gpaggaagegpag gaagatelgpectgaacg-3 and 5-
cgtieagpocagatcdtodocgetioctee-3. The mutageness was
carried out acwording o the manufacturer’s protocol
(DuikChange ™ Site-Directed Mutagenesis, Stratagene).
Finally, the Cterminally Avi-tagged ProPGCP sequence
in pTRE-Tight vector was cleaved with Befll and Xhol
and irgerted into pMT /Bil*/V3-HisA (Invitrogen ).

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

Preparation of Stable Drosophila 52 Cell Lines
Expressing aviPGCP and ProPGCPavi

Previously prepared Drosophila 52 cells expressing
BirA biotin-protein ligase localized in ER were used

for preparation of skble aviPGCP and ProPGCPavi
transfectants [39]. BirA ensures specific in vivo bio-
tinvlation of the expressed protein at its Avitag
sequence. The cells were transfected using Caleium
Phosphate Transfection Kit (Invitrogen) with 9pg of
either pMT/BiP/aviPGCP or pMT/BiP /ProPGCPavi
together with 0.5 pg of pCoBlast (Invitrogen), analo-
gously as previously deseribed [38]. The transfectod
cells were cultivated in the presence of both blasticidin
(5 pe /ml, Inwitrogen) and hyvgromycin B (300 pg/ml,
Invitrogen).

Approximately 2 » 10° stably transfected cells were
transferred into a 35 mm Petri dish supplemented with
2l SFOO0I medium (Invitrogen). The following day,
protein expression was induced by adding CuS0y
(Sigma) to a final concentration of 1mM. After 3 days,
cells were harvested by centrifugation, and the medi-
urn was frozen until use.

Large-Scale Expression of ProPGCPavi and
aviPGCP in Drosophila 51 Cells

The protocol for largescale expression of PGCP
corstructs was identical to that descibed previous-
ly [40]. The final volume of cell suspension was 100ml
for aviPGOP and 500 ml for ProPGCPavi.

Purification of PGCP Constructs

Purficaion of POCP constructs was performed as
previously described [39]. Brefly, cell medium con-
taining secreted biotinylated ProPGCPavi (300 ml) or
aviPGOP (100 ml) was centrifuged at 3,400¢ for 45 min.
Then, it was concentrated 10-fold using a LabScale
TFF System (Millipore) with a Pellicon®™ XL 50
Cagsetbe, Biomax 100 (ProPGCPavi purification) or 20-
fold usdng a Vivaspin-6 centrdfugal concentrator with a
10kDa MWCO membrane (aviPOCP  purification).
The concentrabed medium was centrifuged again at
3400¢ for 20min 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 1 ml {or 200 pl for aviPGCP purifica-
Hon) of Streptavidin Mutein Mabix (Roche) and
incubated with gentle shaking at 6°C for 15hr. After-
wards, the resin was washed with 30 column volumes
of 100mM Trs-HCl, 150mM NaCl, pH 7.2. Bound
biotinylated proteins were eluted with 5ml of 100 mM
Tris=HC1, 150 mM NalCl, 2mM Debictin, pH 7.2, in
five corsecutive elution fractions (after the first elution
fraction, the resin was incubated with elution buffer
for 1hr). After regeneration of the nesin, the How-
through fraction was again mixed with the mesin, and
the purification procedure was repeated.
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HPLC Determination of SerMet-Hydrolyzing
Activity

Purified enzyme 30 ng), inhibitor solubon (if used),
and buffer solution (either 100 mM sodium acetate,
I5mM zine acetate, pH 55, or 100mM Tris-HCI,
1mM zine acetate, pH 7.5) werne mixed in a final
volume of 45 pl. Then, Spl of 10mM r-servl-r-methio-
nine (Bachem) was added, and meactions were incubat-
ed at 37°C for 1hre. Reactions were stopped by adding
125l of 200mM sodium borate, pH 10. Reaction
products were detected and quantified according to a
previously described method using e-phthalaldehyde
(OPA) derivatization [#4] and analyzed on an Agilent
1200 Sedes system using an Acc(Q)-Tag Ultra column
(2.1 = 100 mm; Waters).

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

Blood plasma samples were resolved by 5D5 gel
electrophoresis and the gel was stained with colloidal
Coomassie (=250, The gel was cut to pieces and the
proteing in el were destained, reduced by dithiothrei-
tol, alkvlated by iodacetamide and digested by trypsin
The peptides wene extracked and dissolved in 0.1%
formic acid. Samples were analyzed on UltiMate 3000
ESLCrano system (Dionex) coupled to a TripleTOF
5600 mass specrometer with a NanoSpray 1 spurce
(AB Sciex). The peptides were separated on Acclaim
PepMapl00 analytical column (3 wm, 15 cm 75 pm 1D,
Thermo Scientific) using gradient from 5% to 30% over
55min M5 mass range was set to 350-1250m/z, up to
25 ion candidates per cyde 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 40 (AB Sdex) was used for protein
identifiction against Homo Sapiens Database (UniProt—
SwissProt and TrEMBL, November 18, 2013).

RESULTS

MNAAG-Hydroly zing Activity in Human Plasma
Can Be Blocked by GCPIl Inhibitors

Three citrate plasma samples obtained from three
different individuals (denominated PL, PL2, and
PL3) wene tested for their NAAG-hydrolyzing activ-
ity using radicenzymatic assay with tritium-labeled
MAAG. Prior to  the assay, plasma samples
were dialvzed against 50mM Tds-HCI, 25 mM
MNaCl, pH7 4.

We observed NAAGhydrolyzing activity in all
three plasma samples (Fig. 1A). This activity was
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sensitive to the GCPIlspecific inhibitor 2« phosphono-
methylipentanedioic acid 2-PMPA, final concentration
500 M) and was also inhibited by a collection of other
specific GCPI inhibitors, including  243-mercapto-
propylipentanedioic acid (2-MPPA, 100 pM), 2-[(pen-
wfluorophenylmethy Dhydroxyphosphiny ] methyl-
pentanedicic  acid  (GPI-5232, 500pM; GPES495,
200 pM; GPI-5496, 1mM), (253'SH[(3-amino-3'-car-
boxy-propyl Fhvdroxyphosphinovlmethy [j-pentane-
dinic acid (EPE, 1mM), and methotrexate (1 mM).
Inhibitors GPI-5232, GPI-5485, and GPL-5496 are ster-
episomers. The plasma samples PL2 and PL3 wene
tested only with 2-FMPA (Fig. 1A).

The diluted plasma samples eshibited a linear
dependence of substrate conversion on added plasma
volume. More concentrated samples (non-diluted or
less than 10-fold dilution) meadhed a conversion pla-
wau (Fig. 1B), presumably due to matrix effects
Therefore, 10- to 100-fold diluion of plasma samples
(the linear area of the curve) was used for GCPI
quantification in plasma. Standards of recombinant
extracellular GCPI (rhGCPH; prepared as described in
Ref. [40]) exhibited linear dependence of substrate
conversion on thGCPIDamount in the region between
Oand 50pg chGCPI (Fig. 1C).

GCPIl Can Be Immunoprecipitated from Plasma
and Detected by Mass Spectrometry

To verdfy that GCPII is in fact present in human
blood, we immunoprecipitated GCPII fFom human
citrate plasma with biotinylated antibody 267 coupled
i Streptavidin Sepharse resin The presence of GCPI
in plasma was confirmed by Westem blot analysis of
the elution frachons with GCPll-specific antibody
GOP04 (Fig. 2) and eventually by mass spectrometry,
which detected peptides covering 34% of the GCPI
sequence (data not shown).

As a positive control, the diluted plasma sample
was spiked with recombinant extracellular GCPI
(rhGCMI; prepared as described in Ref. [40]) 0 a final
concentration of 850 pg/ml (Fig. 2, lanes 3 and B). Asa
negative control, no 267 antibody was bound o the
Streptavidin Sepharose resin mixed with the diluted
plasma sample (Fig. 2, lanes 4 and 9). The diffuse
appearance of the GCPI bands suggests GCPI is
heterogenously  glycosvlated, in contrast to uniform
high-mannose glyeosylation of rhGCPID standard
expressed in insect cells (Fig. 2).

Interestingly, we were unable 0 immunoprecipitate
GCPH with non-biotinylated antibodies raised against
native GCPI (including [591) that were bound to
Protein GG Sepharose rather than Streptavidin Sephar-
ose (data not shown).

75



Quantitation of GCPIl in Human Bleood 773

Hydralysis of MAAG by human plasma
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M AAG-hydrolyzing activity in hurman plasma and its inhibition by a set of specific GCPllin hibitors. Panel A MA AG-hydrolyzing activ-

ity ofthree different human plasma mmples (PL PL2, PL3) wasanaly zed using radicenzymatic asmay with [“H]NMG_TG probe GCPIl inhibition,
a panel of GCPI inhibitors was used: 2-PMPA (5000 M), 2-MPPA (100 M), GPI-5232 (500 M), GPI-54%5 (200 pM), GP-54%6 (ImM), EPE
(I M), and methotrecte (L m M) The activities were meassured in du plicate; values are presented as the mean +standard deviation. Tenmicro-
liters of plasma was loaded in each reaction. Panel B:Two plasma samples (male #12and fernale ##4, seeTable |) of different GCPI concentra-
tion were chosen to illustrate the dependence of substrate conversion on the volume of added plasma. When more than 10 pl of undiluted
plasrmawas added, substrate comversion reached its platean. Panel ©: Calibration curve of deaved [“H]NAAG by recombinant ext racellular
GCPIl{r hGCPIl ). The analyzed plasma samples were dluted tofitints the linear region of the calib ration curve (0-50 pg rhGCPI).

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

We set out to analyze the distribution of GCTII
concentration in the blood of healthy individuals.
Blood samples were collected from volunteers not
diagnosed with prostake  cancer, including  four
fermnales. All individuals” PSA levels fell below 2.5ng/
ml (Table 1), and therefore they can be considered
healthy and without considerable sk of prostate
cancer [45]. The GCPH concentration was determined
in these samples using radicenzymatic assay with
FH|MNAAG as a substrate. Purified recombinant extra-
cellular GCPIL (0.01-1ng/ml; prepared as described
in Ref. [40]) was used as a standard. Flasma samples
were diluted 10- to 100-fold, which was necessary to
fit into the range of the standards. To verify that
GCPH is the proteolytic agent, patients” plasma
samples were inhibited with 500 nM 2-PMPA. The
addition of the GCPIl-specific inhibitor led to com-
plete loss of the activity in all tested samples. The
GCPH eoncentration in plasma ranged between 13
and 172ng/ml Since the wvalues for the GCTII
amount in the blood are always positive, they should

follow log-normal distribution. Therefore, geometrical
mean and non-symmetrical standard deviations are
used and reach the following values (see Table I):
32ng/ml (+3.3; — L6 ng/ml); for men only: 3.7 ng/ml
(+3.8; —19ng/ml); all female samples fell under
Sng/ml: 2.0ng /ml (+1.4; <08 ng/ml).

The GCPI concentration in plasma did not correlate
with the age of the volunteers (Peamson’s correlation
coefficient: 0.28 P-value: 031). The Pearson’s correla-
tion analysis revealed no cormelation between GCPII
and PSA plasma concentrations (Pearson’s cornelation
coefficient: 0.08; P-value: 0.81).

Purified Recombinant PGCP Constructsare
Enzymatically Active but do not Possess MAAG-
Hydrolyzing Activity

We prepared two POCP constructs to elucidabe
whether and o what extent PGCP contributes to
MAAC-hyvdrolyzsng actvity in human plasma.

Endogenous PGCP containg a signal peptide, pro-
peptide, and mature chain. We replaced the endoge-
nous signal peptide with the Bil signal sequence and
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Fig. 2. Immunoprecipiation of GCFIl from human plhsma.
GCPI was immunoprecipitated from 600wl citrate plasma with
biatinylated antibody 2G7 bound to Strepravidin Sepharose. As a
negative control, an experiment without antibody 267 was per-
formed. As a positive control, diluted plasma sample was spiked
with recombirantecracelular GCP (rhGCPIY, lac king its end og-
engus intracellular and transmembrane parts The Western blot
was performed with the antibody GCP- 04 (described in Ref. [41]),
recognizing denatwred GCPI, followed by HRP-conjugated goat
anti-mouse lgG secondary antibody { G-anti-M-HRP; T herma 5ci-
entific). A half of the membrane was probed with G-anti-M-HRP
only o visualise the non-specific signal caused by the secondary
ariti body. The arrows indicate the position of immunopre cipitated
GCP (lanes 7 and B), rhiGCPI in the spiked sample (lane B), or
rhiGCPI used as a standard (lnes 6and 11). (1 6] rhiGCPI sandard,
I'mg; (2,7 ) Elution from P} (3,8) Elution from IP-positive contral;
(#9) Elution from IP-negative control; (5,000 All blue standards
(Bia-Pad); () rhGCPI standard, 2ng: (12) LMCaP lysate, 1.5 pg
total protein. Twenty -five microliters of the eluton fraction sample
wias loaded woeach lane

placed an Avi-tag at the N-termimus or C-terminus.
The propeptide part was preserved only in the C-
terminally tagped construct, allowing it to remain free
for further molecular processing and activation of
PGCP (Fig. 34,C).

Condidoned media from cultures of Drosoplila 52
cells stably transfected with ProPGCPavi or aviPGCP
were concentrated, and Avi-ageged PGCT constructs
were purified by affinity chromatography using Strep-
tavidin Mutein Matrix. The pudfication vield was
33myg of ProPGCPavi (purified from 500ml of cell-
conditioned medium) and 0.22 mg of aviPGCP (puri-
fied from 100ml of cellconditioned medium). The
purity of the proteins was determined by SDS-PAGE
(Fig. 3B,D).

The availability of sufficient amounts of recombi-
nant purified POCP (ProPGCPavi and  aviPGCP)
enabled determination of PGCP's enzymatic activiies.
To verify that we obtained properly folded and active
PCGCP constructs, we determined their protealytic
activity using a cognate substrate of PGCT, the dipep-
tide r-seryl-r-methionine (SerMet) [3746]. The deter-
minations were performed in two different buffers: in
100 mM Tris-HCl, 1mM ZnCl, pH 7.5 (according to
Gingras et al. [36]), and in 100mM sodium acetate, pH
5.5, including 15mM zinc acetate (according to Zajc
etal. [37]).
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TABLEL GCPIl Concentrations in Plasma of Healthy
Individuals

GCPIL in PSA in
Age (vears) plasma (ng/ml) plasma (ng/ml)

Female 1 n L4x03 0,004
Female 2 31 L3x03 N/D
Female 3 43 L9003 N/D
Female 4 46 43203 N/D
Male 1 X 3706 079
Male 2 n 4006 041

Male 3 24 2304 083
Male 4 25 57x08 21

Male 5 26 LExD3 N/D
Male & 26 L4x03 N/D
Male 7 7 L3x03 056
Male 8 7 3407 095
Male 9 5 46207 047
Male 10 ] L5+03 057
Male 11 33 3205 080
Male 12 kL 172150 049
Male 13 45 24206 085
Male 14 50 3004 062
Male 15 52 9910 163

Radioenzymatic assay with [*H[MN AAG was used to determined
GCFI concentmtions in heparin-treated plasma samples with-
dmwn from 19 healthy volunteers. The samples were measured
in duplicate using different volumes (2.5 and 5pl, or 5 and
10 pl) of added Jjam1a in three separate apeu'mentﬁ: values are
presented as the mean £ standard deviation. PSA concentrations
wene determined at Thomayer Hospital in Prague. Recombinant
extmealular GCPI ([0L01-1ng/ml) was used to construct a
calibration curve of NAAG-hydrolyzing activity.

Both ProPGCPavi and aviPGCP possessed  Serhet-
hydrmolyzing activity (Fig. 4A). The enzyvmes hydro-
Iyzed SerMet in both buffers; however, they exhibited
higher activity in the acetate buffer The activity was
senstive to 25 mM EDTA but completel v insensitive to
500 nM 2-PMPA, a GCPI-specific inhibitor (Fig. 4A).

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

DISCUSSION

GCPI was identified as a potental target for
imaging and therapy of prostate cancer 15 vears
ago [47 48]. However, the precise physiological role of
the enzyme in the prostate and prostate cancer
remaing unknown Although GCPI is considered a
prostate cancer marker, there currently are no methods
available that monitor GCPI levels to predict prostate
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Fig. 3. Recombinant PGCPconstructsand cheir purification. Panels A C: Schematic representation of aviPGCP and ProPGCPavi, respec-
tively. Avi—sequence of 15 amino acids recognized by biotin-protein ligase and biotinylated on thes -amino 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 FGCE Spacer sequenceand amino acids introduced during dloning aredepictedinasmaller font size. Cre-
ated according wo Rel [39]. Panels B,D: Analysi of purification of aviPGCP and ProPGCPavi, respectively Proteins were expressed in Dro-
saphile 52 cells, and e quilibrated concentrated medium was mixed with Streptavidin Mutein Matrix and incubated overnight at 4°C. The resin
with bound biotinylated proteins was separated on a gravity-flow column. The column was washed with Tris buffer, and proteins were eluted
with an excess of biotin. Fractions from pur fication were separated by SD8-PAGE and analyzed by sitver-staining. (1) All blue standards
(Bio-Rad), recombinant extracelular GCPII {30 kD a); (2) Load . | 3) Flow-through; (4) Wash; {5—8) Elutions |- 4; (%) Flow-through ; (10) Wash;
(I1-14) Elutions | —4. Purification of each proteinwas performed intwo rounds; the first round & represented by lanes3— B, the second by lanes

P14, A half microliter of load, flow-through, and E2 and 5l of wash, El, E3, and E4wereloaded onto thege.

cancer progress. Quanttaton of GCPI 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 structumes, as well as specific drug
delivery targeting GCPIIL, has made remarkable prog-
ress in mecent years [182549). Attenuation of GCPI
activity might also play an important role in the
treatment of neurological disorders associated with
excess glutamate [50] The potential presence of GCPI
in blood may compromise these approaches due to
norespecific interacion of the ligands with the soluble
enzyme circulating in the blood. However, in 2012
Denmeade et al. [51] described a PSMA prodrug that
was ot hvdrolveed upon prolonged incubation in
human plasma. This observation suggests that GCPI
concentration in plasma is low and does not suffice to
significant hvdrolysis of ested prodrugs.

After detecting NAAG-hydrolyzing activity in hu-
man blood plasma, we tested the possibility of inhibit-
ing this activity with GCPI-specific inhibitors. We
found out that the actvity could be inhibited with all
inhibitors ested, suggesting the presence of GCPI or
its close homolog GCPII (Fig. 1A) The activity was
dependert upon the volume of added plasma but

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 experdments to confirm
the presence of GCPII in plasma. In our hands,
Western blots vielded irmeproducible 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 mised against na-
tive GCPI (207), we were able to immuno precipitabe
CGCPI from human plasma samples (Fig. 2). The
specificity of the GCPII detection was assured by two
additional skeps after the immunoprecipitaiion, the
elution fraction was analyzed with a second previous-
Iy described anti-GCPI antibody GCP-04 and by mass
spectrometry (a direct method of identificaion). Al-
though the Western blot analysis of immunoprocipi-
tated GCPI was not used for GCPI quantification in
the blood, the quantity of immunoprecipitated GCPIT
roughly comresponded to that predicted by madicenzy-
matic assay. Mass spectrometry detected 18 different
peptides covering 34% of the full-length GCPI se-
quence. One peptide corresponds to the first 16 amino
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A Hydrolysis of SerMet by recombinant PGCP
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Fig. 4. Analysisofenzymaticactivities of PGCPoonstructs. Panel A: SerMet-hydrolyzingactivity of PGCP constructs was measured using
an HPLC- based method with o- phthalldehyde (OPA) derivat zation. Measurements were performed in two different buffers: 100 mM Tris—
HCL, I mM ZnCly, pH7.5 (according to Gingras et al. [36]) and 100 mM sodium acetate, pH 5.5, including |5mM zinc acetate (according to
Zajc et al. [37]). The amountof ProPGCPavi and aviPGCP inthe reaction was 30ng The activity of PGCP constructs was inhibited by 25 mM
EDTA but not by 500nM 2-PMPA. Panel B:T he NAAG-hydrolyzing activity of PGCP constructs was determined using radioenzymatic assay
with [PH]MA AG. The assay was performed in two different buffers: 100 mM Tris—HCL, pH 7.5, | mM ZnCly {according o Gingras et al. [36])
and 100 mM sodium acetate, pH 5.5, induding 15 mM zinc acetate (according to Zajc et al. [37]). The amounts of ProPGCPavi and aviPGCP
used in the reac tions were 5ug and 3.3 pg, respectively. As the SerMerhydrolyzing activicy of PGCP constructs was inhibived with 25 mM
EDTA,, the same EDTA concentration was tested in this experimental setup as well. Recombinant GCPIl (Sng to 5pg) was used as a positive
contrel; GCPllactivity was measured in 50 mM Tris—HCI, 150 mM MNaCl, pH 74,0.1% Tween-20 (TBST ). BSA (5 wg) inTBSTserve d as anega-

tive contral.

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

The source of the GCPII that we observed in plasma
remains unclear, GCPI, as a transmembrane probein,
may be partly shed from the cell suface 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 megions.  Several
GCPH splice vadants have been described; however,
none of them is a secreted protein [52-54) Lasty,
GCPII could stem from an extraprostatic source, which
could explain the activity in female plasma samples.
We analyzed the immunoprecipitabed GCPIL by West-
em blot with the antibody GCP-04, which recognizes
denatured GCPIL As shown in Figure 2, GCPII
migrated at a molecular weight of about 120 kDa,
comesponding  to full-length, heavily glycosylated
GCPIL rather than to a truncated form of the enzyme.

The Prastate

Importanty, we were not able to immunoprecipitate
GCPI from plasma with unmodified antibodies in-
cluding J591 (ie, not biotinvlated or not covalently
bound to resin. This might have boen caused by high
concentrations of endogenous antibodies that blocked
binding sites on Protein G Sepharose.

To identify how GCHI concentraton in plasma
varies within a healthy men and women of varous
ages, we took blood samples from 19 volunteers and
determined GCPH concentrations in the samples using
radipenzymatic assay. The GCPI concentration was in
the range of 1.3-17.2ng/ml; geometrical mean and
notesymmetrical deviabons were 32ng/ml (+3.3
~Long/ml}; for males: 3.7 ng/ml (4+3.8; =19ng/ml);
for females: 2.0ng/ml (+1.4; —0.8ng//ml). We did not
observe a cormelaion between GCPI concentration
and the age of volunteers. The Pearson’s correlation
analysis showed no comrelation between GCPI and
P5A concentrations in plasma. It would be interesting
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W analyze GCPI concentrations in the blood of
prostate cancer patients to determine whether there is
a correlation between the level of GCPH and prostate
cancer stage.

Our quantitation of GCPIin plasma was based on
a radioenzymatic assay making use of ability of GCPI
0 hydrolyze NAAG. This marks the first time that
GCPI concentration in plasma has been determined
by it enzvmatic activity, Previously, GCPI was
detected using antibody-based approaches, such as
Western blot and SELDI immunoassay [27-32]. Using
Westem blot, GCAL was detected in the serum of
normal men, men with benign prostate hyperplasia
(BPH), and prostate cancer patients. The correlation
between GCPI concentration and prostate cancer
progress remaing unclear Some groups have revealed
prognostic corelations in advanced prostate can-
cer [28], whereas others do not consider GCPIL 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, GCPH concentraion range was
wide and overlapping in all groups [32]. They deter-
mined the concentraion of GCPII in blood of normal
males between 1064 and 611.5ng/ml, significantly
higher than shown by our work [32]. Both studies
showed GCPI concentration in blood of healthy males
i be higher than the concentration of PSA.

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

Using the specific substrate of GCPI, B-citryl-v-
glutamate (BCG) [56], we found out that GCPII
does not contribute to NAAG-hvdmolyvzing activity.
Since the observed BCG-hydrolyzing activity was
minimal, we cannot quite exclude the presence of
GCPII in plasma; however, if present, its concentra-
tion would be at least 50-fold lower that GCPII (data
not shown).

In 1999, Gingras et al. [36] described PGCE, a
plasmatic zinc metallopeptidase reportedly possessing
the same enzymatic activity as GCPIL PGCP belongs
to the MEROTS peptidase family M28 and is a distant
homaolog of GCPIL, sharing 25% amino acid sequence
similarity. We prepared two POCP constructs and
expressed them in Drosophila 52 cells. Both constructs
have an Avi-tag sequence, enabling fast, efficient, and
simple purificaion that makes use of the interaction
between the biotinvlated Awi-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 engyme’s endogenous propeptide part at the N-
terminus (ProPGCPavi). POCP forms enzymatically
active dimers, wheneas 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 corstructs. The
origin of the double band can be explained by cleavage
within the sequence of the purified proteins. In the
case of aviPGCF, a cleavage similar to that reported
within the N-terminal part of purified aviGCPI [39]
may have taken place, whereas in the case of ProlPGC-
Pavi, removal of the propeptide was observed [37).

To confirm that we purified active and properly
folded POCP constructs, we probed them with a
cognate substrabe of POCE, the dipeptide SerMet.
Because the actvity of PGCP had previously been
determined in two different buffers, we performed our
assay in both of buffers: 100mM Tris—HCl, 1mM
InCly, pH 75 (according o Gingras et al. [36]), and
100 mM sodium acetate, pH 5.5, including 15 mM zinc
acetate (according to Zaje 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 o tokal converson in both buffers. The activity
was sensitive to EDTA, a metalloprotease inhibitor,
but not sensitive o 2-PMPA, a GCPI-specific inhibitor
(Fig. 4A).

Because we used NAAG-hydrolyzing activity for
CCP quantification and because PGCT 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-hyvdrolvzing activity
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with either POCP comstruct, even when high PGCP
concentrations werne used (Fig. 4B). When compared
with recombinant PGCE a 500,000-fold lower amount
of GCPI exhibited significant NAAG-hydrolyzing
activity. This mesult is in direct contradiction to the
results previously published by Gingras et al. [36] who
purfied PGCP from human plasma and placenta and
showed that it ceaved NAAG. This discrepancy might
be caused by co-purdfication of GCPII together with
PGCP in Gingras” experment.

In fact, PGCP is the only glutamate carboxy pepti-
dase found in plasma that has ever been shown to
exhibit NAAG-hydrolyzing activity, and the inhibitors
we wed have been previowsly shown o be very
specific for GCPH/GCPIL The combination of specific
immunochemical detecton, specific substrate cleav-
age, specific inhibitory profile, and detection by LC-
MS provides, in our opinion, very strong evidence for
our conclusion that GCPI is the proteolvic agent
responsible for the NAAG hydrolysis in the blood.

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

CONCLUSIOMS

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 odgin, form, and possible fincton of
GCPI in plasma remain unknown and are under
further irvestigation. The concentration of GCPI in
plasma likely cannot profoundly influence targeting of
imaging probes or drugs using specific anti-GCPII
ligands to prostate cancer cells. PGCT, which belongs
to the same peptidase family as GCPIL, in our hands
possesses SerMet-hydrol yzing activity but not NAAG-
hydrolyzng activity, and therefore does not contribute
to the NAAG-hydrolyzing activity observed in human
plasma.
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Glutamate carboxypeptidase IT (GCPIT), also known as prostate-specific
membrane antigen (PSMA) or folate hwdrolase, is a metallopeptidase
expressed predominantly in the human brain and prostate. GCPID expres-
sion 15 considerably increased in prostate carcinoma, and the enzvme 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 prosiate @ncer and neurcnal
disorders associated with glutamate excitotoxicity. For the development of
novel therapeutics, mouse models are widely wsed. However, although
mouse GOPL activity has been charactenized, a detaled companson of the
enzymalic adivity and tissue distribution of the mouse and human GCPII
orthologs remains lacking. In this study, we preparad extracllular mouse
GCPII and compared it with human GCPII. We found that mouse GCPII
possesses lower catalytc efficiency but similar substrate speaficity com-
pared with the human proin. Using a panel of GCPII inhibitors, we dis-
covered that inhibition constants are penerally similar for mouwse and
human GCFIL Furthermore, we observed highest expression of GCPII
protein in the mouwse kidney, brain, and salivary glands. Importantly, we
did not detect GCPIT in the mouse prostate. Our data suggest that the dik
ferences in eneyvmatic 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 GCPID Gssue
expréssion must be taken into sccount when developing novel GCPTI-hased
anticancer and therapentic methods, including tarpeted antcancer drug
delivery systems, and when using mice as a model organism.

Glutamate carboxypeptidase I (GCPIL; EC 3.4.107.21)
is a membrane metalloprotense that has been studied
intensively over the past 20 vears in three different

Abbreviations

seientific fields: neuroscience, prostate oncology, and
dietology. In humans, GCPIID is expressed predomi-
nantly in the brain [1,2], prostate [3.4], small intestine

Avd-hGEP, recombinant extraceliular human GCPI; AviemGCPI, recombinant extraceular mouse GCPI GOPI, ghutams te carboxypeptos se
11; GCPIL ghutamate carbaxypeptidase || NAAG, Nacety-aspartyl-glutamate; FSMA, prostatespecific membrane antgen.

1362

FEES Opon Bo 7 (2017 1362-1374 @ 2017 The Authors. Published by FEBS Press and John Wiey & Sons Ld.

This & an Opan Acooss aTcks Lroor T Taimns of T Cioatve Commons ATributon Linorsa, wWhidh parmis isa,
disribition and RpaduTtion i ary Mo, prowcod T oF gl Wont 5 propany died.



T. Knedi st &l

[5]. and kidnev [46]. Because GCPII plays different
physiclogical roles in these tissues, thres allernative
names for the enzyvme have histoncally been used: N-
acetylated alpha-linked acidic dipeptidase (NAALA-
Dase) [7]. prosate-specific membrane antigen (PSMA)
[E], and folate hydrolase [5]. The close GCPID homaolog
GCPII [9.10), recently identified as p-citryl-glutamate
hydrolase [11], 18 also expressad mn human tissues,

In the human central nervous svstem, GCPI
hydrolvzes the most abundant peptide neurotransmit-
ter, N-acetyl-L-aspartyl-L-glutamate  (NAAG), into
N-acetyl-t-aspartate and glutamate [7). Inhibition of
this proteolytic activity with selective GCPII inhabitors
has besn shown to be neuroprotective in experiments
with mouse models [12]; NAAG activation of metabo-
tropic glutamate type 3 receplors exerts neuroprolec-
tive effedts toward glutamate-mediated excitotoxiaty
caused by elevated levels of glutamate released dunng
stroke, traumatic brain injury, and other pathologcal
condiions [13-15]). In addidon 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 transporl across
the intestinal mucosa (folate absorption) [17]. On the
other hand, the function of GCPIT in the human pros-
tate is unknown. GCPII is oversxpressad in prostate
cancer [3,18]; therefore, it has besn sugpgested 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 modd for GCPII research.
Several vears ago, our laboratory conducted a study
comparing human GCPIT with its pordne and rat
orthologs [22]. The orthelogs showed similarity in ther
enzymabc propertiss, but considerable differences in
terms of their tissue distribution [22). However, mouse
GCPIT was not included in the study, even though
mice now are the most widely used preclinical models
for GCPll-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 analvsis of
mouse GCPI charaderization is needed.

Mouse GCPII shares 91% amino acid similanty
with human GCPII and preserves the intemalization
signal MXXXL, despite low similarity in the intracel-
lular demain [29]. Mouse GCPII also possssses both
MNAAG-hwdrolydng and folate hydrolase adivities
[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 GCPI

prostate [29]. Results from studies with GCPI-knock-
out mice have been contradictory: some reports have
describad normal development to adulthood [9.30] and
others have noted early embrvonic death [31,32].

In the current study, we prepared and characterized
recombinant mouse GCPID and compared it with its
human counterpart. We put a strong focus on distribu-
tion of GCPI in mouse hssues, 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 GCPI (Avi-mGCPll)

As  recombinant extracellular human GCPII was
shown to correctly represent the endogenous Mll-
length GCPII [33.34], we prepared the recombinant
extracellular part of mouse GCPII (Avi-mGCPIT)
using a Drozophila 52 expression system, according to
the protocol previously established in our laboratory
[4]. Avi-mGCPII has a TEV cleavable Avi-tag
sequence attached to the N terminus of the mouse
GCPII extracellular domain  (amino  adds 45-752),
enabling fast one-step purification (Fig. 1A).

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

Mouse GCPIl has lower catalytic efficiency than
human GCPI

To characterize the enzvime activity of Avi-mGCPII,
we determined kinetic parameters (K and kg, for
cleavage of both substrates: N-acetyl-L-aspartyl-i-glu-
tamate (NAAG) and pteroyl-di-L-glutamate (Table 1)
The data revealad that the catalviic efficiency of Avi-
mGCPIT 15 lower than that of its human counterpart.
The enzvimes had similar twrnover numbers but dif-
fered in their Ky values. The differences were more
pronounced  for  pleroyl-di-L-glutamate  than  for
NAAG. Surpnsingly, both enzvmes had higher cat-
alytic efficiencies for deavage of pleroyvl-di-t-glutamate
than for NAAG (Table 1).

Furthermore, to analyze the inhibition profile of
Avi-mGCPIL, we determined K, values for several
commonly uwsed GCPID inhibitors (using pteroyl-di-i-
glutamate as a substrate). The set of GCPII inhibitors
included  2{phosphonomethyl)pentanedicic acid
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Fig. 1 Schematic stuctuse of AviemGECR and affinity pusfication. (A) Schematic structure of Av-mGCP | containing an Avi seguence (the
Dbiotinglated hysine resdee & entarged and undedined) and TEV proease desvage sequence (the clesvage site s marked with an asterisk.
B Siverstaned SDSPAGE gel showing affinity purification of Av-mGCPIl expressed in Orosophils 52 cells. MWM, molecuar waght
marker; boad, concentrated 52 cell medum; FT, fiowsthrowgh; W1-W3, wash fractons; E1-B4, eluton fractions. Ten micoditer samples was
oaded onin the gel, except for the E2 fraction (1 pl was loaded).

Table 1. Kinetic parameters of recombinant mouse and human GCP (a-mG ORI and AvnG 0PI, respectively) for thelr substrates. Kinetic
parameters (Kw and ke of MNacetyL-aspartyli-glutamate (MAAG and pleroy-di-glutamate desvage were determined using

radhoenzymate [34] and HPLC assays |39), respectively. The values shown are mean < sBndard devaton of duplicate measwrements.

NaAG Ptaroybd- glutamate
Enzymes Ky Il b 1577 Koo 1 107 37" o Ky Ii] b 15771 Ko Ko 132 107 37"
Ant-mE 0PI 1900 + 100 144 =+ .02 Q077 £ 00 290 + 20 363 + 0.09 126 + 0.8
And-nGE ORI 580 + 8D 145 4+ 0.04 0265 + 0007 3D+ 2 5.09 + 0.09 132+ 0.8

(2-PMPA) [35], (5)-2-(3-((8)-1-carboxy-3-methylbutyl)
ureidojpentanedioic add (Z1-43) [36]. (5)-2-3-((5+1-
carboxy-(4-icdobenzamid o)penty Dureido pentanadioic
add (DCIBzL) [37], quisqualate, DEFZ-PSMA-I1
[38), and bet-atryl-t-glutamate (Table 2). We also
tested three compounds recently prepared in our labo-
ratory: JB-332 and JB-277 (orginally 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 diferent dipeptide
libraries of the general formula N-Ac-A-X [where &
represents a given single M-terminal amine acid and X
represents a mixture of 19 proteinogenic amino acids
(all except for cysteine)]. The N-acetvlated dipeptde
libraries were incubated with the enzvmes, and the
cleaved amino acids were analvzed by HPLC [41]. As
a negative control, the potent and selective GCPI
inhibitor 2-PMPA was used to block the spedfic
enzyme aclivily.

Owerall, we found no significant differences in

hydrolysis of dipeptide substrates between mouse and

human GCPIL, as illustrated by heat maps showing
mouse amnd human GCPID procsssing of individual N-
acetylated dipsptides (Fig. 2). The enzymes exhibited a
dear preference for glutamate in the C-terminal posi-
ton (e, glutamate carboxypeptidase activity), mouse
GCPII possesses higher selectivity toward the C-term-
inal glutamate.

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

Te analvee GCPII distribution in mouse lissues, we
wlleded tissues samples  from sin omice  (three
females and three males) and analyzed them by
western blot wsing the ant-GCPID antibody GCP-(4
[2.43]).

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 varable expression in the mouse major sali-
vary glands. The different apparent molecular weights
are likely caused by different glveosylation of GCPII
in the tisswes.

We also determined the NAAG-hydrolyzing adivity
in the Gbssue lysate samples wsing tntium-labeled

MAAG as a substrate and compared these results with
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Table 2 Inhidtion of recombnant mouse and hoeman GCPFIL (Rwi-mGCRI and AvihGCRI, respectively) by a pand of GCPIl inhiitors.
Iniibition constants (K, valees) were detarmined using an HPLC-based assay wsing pteroyid-oglutamate a5 a substrate. The values shown
are mean + standard deviation of dupicate measurements.

Coompaund K (AndmGCP 1) inad K WE-nGERID inad)
Ouwesqualate o 580 + 80 520 + &0
[
“‘:q*’“if“
2EMPA Ha, 056 4+ 0.06 0.2 + 003
Ha
w0, o
23 AR 59+ 09 0.8 + ad7
i
0, . a
N
JBE52 066 + 0.06 Q7 £ Q0d
a, as
j‘- M
L
frotry-Lglutamates s 24 000 = 3000 16 000 = 000
qIl&?l ]
wa, W
H
(e 2]
DClBzL 0028 + 0.003 0.017 + Q02
a - a
RARAaaas]
1
JE2TT 068 + 0.07 0.0 + Q02
a =]
b
a
DEFZFEMA-T o 0.0 £ 0. 0.018 £ Q002
=] =]
i I"/V\ﬁ i i L
-] L.
) Ky
H‘ .
JSEEE o 0,049 4+ 0.006 0.021 + Q0D

the data obtained by western blot analysis. Recombi-
nant mouse GCPII was wsed as a standard, and the
observed levels of NAAG-hwdrolyeing activity were

FESS Opan Bio T (3017 13621378 & 3017 Tha Adthors. Publshed by FEES Prass and John Wiky & Sons Lid.

converted to amounts of GCPIL which were then nor-
malized o the total proten concentrations in the
homogenates (Fig. 4).
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Fig. 2 Heat mans representing the substrate specifictes of mosse and heman GCPIL Recombnant mowse and heman GEP {Aa-mGE ORI
and An-nECP, respectvely) were incubated with 19 dipeptice Mwanes of the general formuls MAC-A-OH hwhess A regresents a ghven
=single htermina aming acid and X mpresents a modure of 19 peoteinogenc aming acis (8l except for cysteins]]. The samples were
noubated for 1.6 b at 37 °C, and the deaved CHerminal amino acds were quantified wsng HPLE. As negative contrds, expesments ather
wath the GOPllspecific nhinitor 2-PMPA or without An-mGCPIRA-RECPI were performed. The gayscile key represents the percentage

of comversion of the parboular aming acd in the reacthon mistune.

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

To lurther examine the location of GCPI in the
highly expressing tissues, we performed immunchisto-
chemistry  using the anti-GCPIl antbody GCPO4
[2,42). We Ffound relatively high expression in the white
matter in the bran, on lwmnal side of proximal
tubules in the kidney and in the abluminal cells in the
major salivary glands (mainly in the sublingual gland)

(Fig. 5).

mRMA expression profile differentiates GCPIl and
GCPII expression levels in mouse tissues

The GCP-04 antibody oross-reacts with GCPIIIL, which
also cleaves NAAG [11.43). Therefore, we decided to
further analyze the tissue distributon of both homo-
logs by quantitative RNA determination (qPCR). For
these analvses, we usad either commercially available
panels of mouse tissue c¢DNA librares (Fig. 6A) or
cDNA libraries prepared from mouse lissues (Temale 1
and male 1; Fig. 6B.C).

The results from commercial CDNA Libranes repre-
sent the average tissue distribution of both transcripts

in the mouse population. Each library was pooled
from several hundred mice and normalizd by the ven-
dor to several different housek eeping genes (beta-actin,
GIPDH, phospholipase A2, and nbosomal protein
529). The highest expression of mouse GCPII mRNA
was in the kidnev, brain, and testis, while mouse
GCPHI mRNA was predominantdy expressed in the
testis, heart, lung, and skeletal muscle (Fig. 64A)

To gain insight into expression of both transcropts
in individual mice, we also quantified mRENA tran-
scripts in cDINA libraries prepared from mouse tissues
dissected from one female and one male mouse. The
results were normalizad to the starting amount of total
RNA and are in pood agreement with findings from

the pooled librares (Fig. 6B,C).

Discussion

GCPII is a potential pharmaceutical target for a num-
ber of pathological conditions caused by glutamate
excitotoxicty in the central nervous svstem, including
stroke and traumatic brain injury. Moreover, GCPII
has been intensively studiad as a target for diagnosis
and treatment of prostate cancer, as it 18 overexprassed
in the malignant prostate. In last two decades, a larpge
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Fig. 3. Westem blot analyss of GCFI
expresson ina panel of mouse tissues.
Moge teswe sampies (from three maes
and three females] were homogenzed,
and lysates were resorved by 505/PAGE
1580 pg of total proten per lane). Mose
GOFI was veualzed wsing the ant-GCPI
primany antibody GOP-04 [2] and HRP-
conugated gost ant-molse secondary
antiody.

Fig. 4. GCPll expression in mouse tissees
determined by radpenzymatic assay. The
amount of GCPI in mouse tissees was
determined by radpenzymatic 2553y wSing
"HIMAAG as a substrate and scombnant
mouse GEPI Wwv-mGCP D a5 a standsrd.
Each tissue sample was measured in
duplicate using 1-50 g total protein in the
reaction; the amownt of mowse GCPI was
normalized 1o otal protein concentration
{ng GCPIl per mg total protedn). The assay
was performed with the same tsses
samples used in the westermn bot analysie.
* Mot determined jadrenal gland: sample
KA1 eype: sample F1)L
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GCP-04 Secondary Ab
+ secondary Ab anly
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(cerebellum)
-

K7 _ umd

Kidney J \
Fig. 5. st g of
Sublingual choEen Mouse tesue sectons. Formalin-

gland fined, paraffin-embedied mouse tssue

Submandibular
gland

number of papers have been published describing
novel GCPID inhibitors acting as neuroprotective drugs
[28.44] and GCPII inhibitor-based tools for imaging
andfor 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 GCPIL which would
provide important information to assess the wsefulness
of such mouse models. Therefore, we set oul to per-
form a systematic and detailed study to compare the
enzyvmatic properties of mouse and human GCPII, as
well as tssue distributions on both the mRNA and
protein levels.

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

secionsg were noubsted with ant-GOR I
antibody GCP-O4 fat 10 pgml™"
concentraton) D visusize and kocakze
mose GOP espression |42). () Brain
foerebelium]: positive chonold pexus,
stratem granulane, white mattes. (B
Kidney: positve luminal sde of prosimal
Tuues, Bowman capsule; bitke
orassreac tivity of secondany antbmouse
antitody with capllanies and biood vesses
oould De seen i the negative control.

1C) Subkingual gand: postive staning of
abbuminal celis {probably myoepitelal
oels). (0] Submandibuar gand: fant
stainng of ntercaliated ducts and some
nom-glandular abluminal celis. {B) Parotid
gland: faint staming of some non-glandular
abluminal colis.

(Avi-mGCPID, which enables fast and efficient one-
step purification [34]. Even though GCPII is a trans-
membrane enzyme, ils extracellular domain 15 the
catalytically active portion and oorrectly represents
endogenous fulHength GCPID [33]. To cwmpare the
enzymatic properties of mouse and human GCPII, we
analveed the cleavape of their substrates: N-acetyl-1-
wipartyl-L-glutamate (NAAG), which is cleaved by
GCPIT in the bran, and pleroyl-di-t-glutamate, which
is a model substrate for poly-gamma-glutamylated
folates hydrolyzed by GCPID in the small intestine.
Becanse mouse and human GCPIT have high sequence
similarity (B6% identity and 97% similanty in the
extracellular part; Fig 7)., we did nol expect to find
any  significant  differences  in their  enzvmatic
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of mGCP and mECPI ransoipts using
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Mnranies fromy Clontech. The ‘nomiber of C 24000
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see Experimental procedures). Emor bars
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measuraments. (B, C) Ouantificaton of
mGECPI and mGCPI transcripts using
gFCH in cDNA Boranes prepared from
mouse teswes desected fiom one female
1B) and one male mouse 101 The ' number 4000
of trangonipts’ comreaponds 1o the amount 20400
of transcripts per 10 ng of total RMNA as a
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properties. In fact, we found that while the enzymes
are quite similar in NAAG-hydrolyang activity, thers
is an order-ol-magnitude diference in their catalytic
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efficiendes for deavage of pteroyl-di-L-glutamate. This
difference lies in the Ky values of mouse and human
GCPIT (290 vs. 39 nw for preroyl<di-L-glutamate and
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Human GCPII (1) MWNLIHETDSAVATARRPRWLCAGALVLAG-GFFLAGFLFGHFIKSSHEAT -
Mouse GCPII (1) MWNALQDORDSAEVLEHRORWLRVGTLYVLALTGTEFLIGFLFGWFIKPSNEATG

Hurman GCPII {51) (I EPKHNMEAFLDELKAEN IKKF LY TQI PHLAGTE@NFQLAKQIQSOWKE
Mouse GCPII (53) (IMSHSGMKKEFLHELEAENIKKF LY TRTPHLAGTQNNFELAKQIHDOWKE

Human GCPII (103} FGLOSVELEHYDVLLSY (K THPNY ISIINEDGNE I HTSLFEPPPEG Y HEH
Mouse GCPI (105) FELOLVELSHYDVLLS YK THENY IS T INEDGNEI FKTSLSEQPEPGY

Human GCPN (155) SDEVPPESAFSPOQGMPEGDLVYVNYARTEDFFELERBMK IRCSCKIVIARYG
Mouse GCPII (157) SOMVEEYSAFSPOGTEEGDLVYVNYARTEDFFKLEREMKISCSGKIVIARYG

oD " ' L ]
Human GCPII (207) EVFRGNEVENAQLAGARGRILYSDPADYFAPBVESY PDGWNLFGGGVORGNT
Mouse GCPTI (209) KVFRGHMVENAQLAGAKGMI LYSDPADYFVPRAVESYPDGWNLFGGGVORGHNY

Human GCPII (259) LNLNGAGDPLTEGY PANE!AYRRGB}EAEA\EGLE‘S IEVHPIGYYDAQELLEEMG
Mouse GCPTI (261) LELNGAGDPLTPGYPANERAYR HEi.iTNP“v’GL PSIPVHPIGYDDAQKLLEHRMG

Human GCPII (311) GSAPPDESWRGSLEVEYHNVGEGF T STORVEMHIHETNEVTRIYNVIGTL
Mouse GCPII (313) GPAPPDSSWRGGLEVPYNVGPGFAGNFSTORVEMHIHSYTEVTRIYNVIGTL

@
Human GCPII (363) RGAREFDRYVILGGHRDEWVFGGIDPOSGAAVVHEIVRSFGTLEKEGWRFRR
Mouse GCPII (365) RSALEPDRYVILGGHRDEWVEFGGIDEPQSGARVVHEIVRSFGTLEKKGRRFRR

ag @ @
Human GCPII (415) TILFASWDAEEFGLLGSTEWAEENSRLLOERGVAYINADSSIE TLRVDC
Mouse GCPII (417) TILFASWDAEEFGLLGSTEWAEEHSRLLQERGVAYINADSSIE TLRVDC

@
Human GCPII (467) T FLMYSLY TKELKSPDEGFEGKSLYBSWTKKSPSPEFSGMPRISKLGSG
Mouse GCPII (468) TPLMYSLVENLTKELSPDEGFEGKSLYBSWKEKSPSPEFIGMPRISKELGSG

@ LK a0
Human GCPIT (519) NDFEVFFQRLGIASGRARY TKNWETNKFSGYPLYHSVYETYELVEKFYDFMF
Mouse GCPTI (521) HDFEVEFQRLGIASGRARY TKNWKTHKVSSYPLYHSVYETYELVVKFYDETF

Human GCPI (571) KYBELTVAOVRGBMVFELANSIVLPFDCRDYAVVLREKYADRIYSISMEHPOEM
Mouse GCPII (573) KYHLTVAQVRCAMVFELANSIVLEFDCQSYAVALKEYADT I ¥ SMKHEQEM

Human GCPII (623) KTYSWSFDELESAY -TﬁASKFSE RLOBFODKSNE I?.'I‘LRHMNDQLM__@I ERA
Mouse GCPII (625) KAYMISFDSLESAY TEMASKFNQRLOELDESNEIRLEIMNDQLMELERA

o
Human GCPII (675) FIDPLGLPDRPFYRHWIYAPSSHNKYAGESFPGIYDALFDIESKVDPSKANG
Mouse GCPII (677) FIDPLELEGRPFYRHEIYABRSSHNKYRAGESFPGI YDRLFUISSK‘»@ASKEWN

Human GCPII (727) EVERQIYWAAFTVQAARETLSEVA
Mouse GCPII (729) EVERQISTATFTVOARAETLREVA

Fig. 7. Sequence algmment of the mouse and human GOPIl petena. ldentical aming acd resdues am highbghted in yelliow, smilar
resadues i green, and dfferent residues in white, A bive frame marks e intermalzation signal ML |54], and a black fame oomesponds
to predicted GCPI transmembrane doman [predicted by TRMHMM Server v 200, Black cncles denote potental N-glyoosylation sites | N5/
T1. Green sphares: resdues defining the 51° pocket [49]; red spheres: resdues foming the 51 pocket W8] purple sphers: proton ahuttie
catalyte base |55); Dlue spheres: zine bgands |56,57].
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1900 vs. 550 nm for NAAG) Their wrnover numbers
are quite similar (3.6 vs. 51 s 'and 1.4 vs 155",
respectively) (see Table 1), Shghtly surprnsingly, our
data revealed that the catalviic eficiency 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 analyead the mhibition profile of
Ani-mGCPIT wsing  several GCPID inhibitors  com-
monly used in research, including 2-PMPA, ZJ-43,
DCIB:L, DEFZ-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 GCPIL However, inhibitors ZJ-43 and JB-
277 were exceptions; the K, values for AviemGCPIT
were [0-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 GCPID are highly similar and key
amino acid residues participating in substrate binding
and hydrolysis are idenbcal [48-50). Thus, in the
absence of an experimentally determined structure of
mouse GCPIL, it is difficult to explain the observed
differences in inhibitor binding and catalytic efidency.

Mext, we assessed the substrate specificity of Awvi-
mGCPIL We screened dipeptide librares covering
almost all N-acetylated dipeptide substrates, not includ-
ing cvsteine-containing  dipeptides.  Unsurprisingly,
mouse GCPIT exhibited a strong preference for gluta-
mate in the PI” position, cleaving almost any dipeptide
with a C-terminal glutamate (.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 PI position. Dipeptides
containing any other C-terminal amine add were not
hydrolyvzed by mouse GCPIL The substrate specifiaty
of mouse GCPII thus seems to be even more pro-
noundced than that of the human enzyvme (Fig. 2).

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

To assess GCPIN expression on the protein level, we
prepared mouse bssue lvsates and  detected mouss
GCPIT by western blot using the ant-GCPI antibody
GCP-04, which was raised against human GCPII

Characterization of mouse GCPI

[2.42]. Because GCP-(M recognizes a linear epitope in
the GCPII primary strudture (amine acids 100-104
WEKEFG [22]), which is conserved in the mouse GCPIT
sequence, the antibody can be used for selective and
sensitive detection of mouse GCPII as well. We con-
firmad very high expression of GCPIL in the mouse
kidney and high expression in the mouse brain, which
is in agreement with high GCPII expression in the cor-
responding  human  tssues [22]. Furthermore, we
observed high expression of GCPII in the mouse
major salivary glands. Relatively  high varahility
among individual samples of major salivary glands s
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 1o crosscontamination. Therefore, we localized
GCPIT expression by immunohistochemistry  using
anbi-GCPID antibody GCP-04. We observed GCPI
expression in all three salivary glands (sublingual, sub-
mandibular, and  parotid);  however, GCPII s
expressed predorminantly in the sublingual gland, while
the expression in the submandibular and parotid
glands is lower (Fig. 5).

Mouse prostate contains negligible levels of GCPIL
which is consistent with previous findings [9] and in
contrast with human prostate, which expresses larpe
amounts of GCPIT [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. MNevertheless, 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 Gssue where human
GCPII deaves off glutamates from  glutamylated
folates [17). Rat jejunum and ileum were shown not to
contain  GCPIL. in contrast to the corresponding
human tissues, which express large amounts of GCPIT
[22]. Folates in rat intestine are hwdrolyveed by y-gluta-
myl hydrolase, not GCPID [52], and the situwation in
mice may be thus similar,

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

GCPIIT s a close GCPII homolog found both in
humans and in mouse. The GCP-04 antibody alse
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recognizes GCPIIT but is roughly 10-fold less sensitive
toward GCPIII than toward GCPII [42]. Moreover,
GCPIT also hydrolyas NAAG, although with a lower
catalvtic effidency [10,11,43]. Therefore, GCPII distri-
bution in mouse tissuwes obained by western blot anal-
vsis with GCP-04 and activity assay based on NAAG
hydrolysis could be distorted by a high amount of
GCPIT and low amount of GCPIT in a particular Gs-
sue. Because there is no specific antbody against
GCPIIL we explored GCPIIGCPII expression in
mouse lissues on the mBENA level to differentiate
between the two homologs. We gquantified GCPI and
GCPHIT transcripts in both  commercially  available
mouse tissue cDNA librares and ¢DNA librares we
prepared from isolated mouse tissues (Fig. 6). Taking
these qPCR data into account, GCPII appears to be
the source of the NAAG-hydrolyzing activity in the
mouse ovary, uterus, and heart. GCPIIT was most
strongly expressed in the testis but was accompanied
by rather high quantities of GCPIL.

To conclude, we prepared and characterized
recombinant mouse GCPII and compared it with
human GCPII. We found that the differences in
ensymatic adivity, inhibiion profile and substrate
specificity  between mouse and human GCPID are
rather small; therefore, mouse GCPII @n serve as a
suitable substimte for human GCPID in enzymologi-
cal studies.

Due to the observed lack of GCPII expression in
the mouse prostate, mouse might not sesm 1o be an
ideal model for the development of prostate cancer
diagnostic/therapeutic agents. However, most  such
studies employ human tumor xenografls in mouse
models. For this purpose, mice are generally suitable,
because the distribution of GCPID in other tissues is
quite similar to that in humans. Therefors, mouse
GCPII appears to be a good model for the develop-
ment of GCPIl-targeted drugs for treatment of pros-
tate cancer and neurcnal disorders.

Experimental procedures

Clening of mouse GCPIl [Avi-mGCPI)

The plRES/mzCPI plasmid encoding fulklength mouse
GCPIL (amino  acids 1-752) was & kind gft from
Warren Heston (Cleveland Clinic, USA).

Because the soquence contained two conflicts compared
to the annotated mouse (FCPI sequence, we performed
site-directed mutagenesis to remove them (G240A and
E2&TMN). The primers 5-getgactactttgtioctGOCgigaagtc
ctatee-3 and  F-gpataggacticacCGCaggaacaaagtagicage-3
were wsed to remove the sequence conflict at position 240,

T. Kned'k et al.

and the primers -catgagttgacaAACoetottopectte-3 and
¥-pangpecaacagoliTTtgtcanctcatg-3 to remove the
saquence conflict at position 2E7T (changed deoxyribonu-
cleptides are underlined, changed codons capitalized). The
mutagenssis was carrisd out according to the manufac-
turer's protocol (QuikChange™ Site- Directed Mutagenesis;
Stratagene, San Diego, CA, USA).

Then, the sequence corresponding to the extracelhlar
part of mowse GGOPI {(amino acids 45-752) was amplified
by PCR using primers ¥-aaaagatctaaaccticcaatgaagetactgg-
¥ and ¥-aaactcgagttaagetacttcoctoa gagte-3° (restriction sites
mtroduced into the sequence are underlined; the primers
mtroduced a Belll site at the ¥ end and an Xhol site at the
¥ end). The resulting DNA  fragment was cleaved
with Bgill and Xhel and ligated into pMT/BiP/AvTEY/
rh3CPII plasmid [34] cleaved with the same endonucle-
ases. The correct sequence of the resulting plasmid pMT/
BiP /Avi-mGCPI] was werified by DNA sequencing.

Transfection of Drosophila 52 cells and
expression of Avi-mGCPI

Drogophila 521 cells expressing BirA biotin-protein ligase
localized in the endoplasmic reticulum (described in Ref.
340 were used to prepare stable Avi-mCFCPID transtec-
tants. The cells were transfected wsing Calcium Phosphate
Tramsfection Kit (Invitrogen, Waltham, MA, USA) with
9 pr of pMT/BIP/Avi-mCPIl together with 0.5 pg of
pCoBlast (Invitrogen), as previowsly described [10]. The
transtected celk were aultivated in the presenmce of both
blasticidin (5 pg-mL']. Invitrogen) and hygromycin B
{300 pg-mL']; Invitrogen).

To express Avi-mCFCPIL, approximately 2 = 14F stably
transfected cells was tramsferred into a 35-mm Petri dish
suppkemented with 2 mL SFM0II medium ({Invitrogen ).
The following day, protein expression was induced by add-
ing CuS0y, (Sigma-Aldrich, St. Louis, MO, USA) to a final
concentration of 1 ms. After three days, cells were har-
wested by centritugation, and the medium was analyzed by
western blot.

The large-acale expression of Avi-mGCPI was per-
formed as previously described [33]. The final volume of
cell suspenzion was T mL.

Purification of Avi-mGCPI

Purfication of Avi-m(ZCPIl was performed as previously
described [3M4]. Briefly, cell mediom (1000 mL) containing
seoreted  biotinylated Avi-m(GCPIl was  centrifuged at
300 g for 45 min. Then, it was concentrated 10-fold wsing
a LabScak 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 mua Tris/HCL 450 ms
MaClL, pH72 im a 2:1 ratin. The equilibrated
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concentrated Avi-mCrCPI medium was then mixed with
I mL Streptavidin Mutein Matrx (Roche, Basel, Switzer-
land) and mmcubated with gentle shalang at 6 °C for 15 h.
Afterward, the resin was washed with 50 column volumes
of 100 my  Tris HCL, 1530 e MNaCl, pH 7.2, Bound
biotinylated proteins were eluted with 3 mL of 100 mw
Tris/HCL, 130 my NaCl, 2 mm D-biotin, pH 7.2, in five
consecutive elution fractions (after the first ehition 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 msin, and the purification procedure
was repeated.

Determination of kinetic parameters by
radicenzymatic assay

Kinctic paramecters (Kyy and k.,) of N-acctyli-aspartyl-
L-ghitamate (MAAG) ceavage by AvimGCPID were
determined as previously described [34] with 2 minor modi-
fication: The reactions were performed in a %6-well plate,
and appropriate amounts of Avi-mCGCPI were mixed with
25 mm Bis-Trs propane, 150 ma NaCl, 0001% octacthy-
leme glycol monododecyl ether (Aftymetrix, Santa Clara,
CA USA), pH 74,

Determination of kinetic and inhibition constants
by HPLC

Kinctic parameters (Kyy and k) of pteroy Fdi-c-glutamate
cleavage by Avi-m(3CPIL, as well as K; values for all inhi-
bitors, were determined as previously described [34]. Bricfly,
in a ¥-well plate, Avi-m3CPIl was mixed with 25 mm Bis-
Triz propanc, 150 mm NaCl, 0.001% octacthylene glyool
monododecyl ether (Affymetrix), pH 7.4 (and tested inhibi-
tor, if used), into a final volume of ™) pl. Reactions were
started by adding 10 pl. of 4 pa preroyldi-i-glutamate
and incubated at 37 *C for 30 min. The reactions were
stopped with 20 pL of 25 pym 2-PMPA and subsequently
analyzed on an Agilent 12300 Series system wsing an
Acguity UPLC HSS T3 LE pm column (2.1 = 100 mmm;
Waters, Milford, MA, USA).

Animals and tissue isolation

Six C3TBL/GJ mice (three malks (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 & months; M32: 12 months;
Fl: & months; F2 and F3: 12 months. Samples of tizsues
(for preparaton of tssue lysates) were mmediately trans-
ferred into microtubes and frozen at —&D *C. Samples of
tissues (for gPCR quantification) were immediately trans-
ferred into RMNAlater, impregnated with it for 2 days at
4 =, and then stored at —80 =C.

Characterization of mouse GCPI

Tissue lysate sample preparati on

A small piece of tssue (approe. 3 mg) was tmnsferred
intor 250 pl of 50 ms Tris/HCL, 100 ma NaCl, pH 7.4, in
a 2-ml microtube. Tissue sampls were homogenized
using TissueLyser 11 {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 homaoge-
nate was somicated in a water bath for 5 min at 0 *C.
Fmally, the sampls were centrifuged at 600 g for 15 min,
and the resulting supernatant was stored at —&0 *C until
further use. The lysate protein concentration was
determined wsing Bradford 1 = Dwye Reagent (Bic-Rad
Hercules, CA, UUSA).

Radicenzymatic determination of NAAG-
hydrolyzing activity in mouse tissues

The determination of MNAAG-hydrolyzing activity in
mouse tissues was performed as previously described [53].
A sample of tssue lysate was mixed with 20 mw Tris/
HCL 150 mm NaCl, 0.1% Tween 20, pH 7.4, to a final
volume of ) pl. Reactions were started by adding
10 pl of 1 pm NAAG (containing 50 mq tritium-labeled
MNAACG), and incubated at 37 °C for 15 h The reactions
were stopped with 100 pL of ice<cold 200 mw KH.POy,
2 mw Z-mercaptocthanol, pH 7.4, The releassd ghitamate
was sceparated from the unrcacted substirate using ion-
exchange AGIL-X resin (Bio-Rad). The radicactivity of
the sample was quantified by liquid scintillation wsing the
Rotiszint EC(r Plus scintillation cocktail (Roth) m a
TriCarbk  Liquid  Scintillation  Counter | Perkin-Elmer,
Waltharn, MA, USA). The sampls were measured in
duplicate.

SDS/PAGE and western blotting

Proten samples were resolved by reducing SDS/PAGE.
Protens were clkectroblotted onto a nitrocellulose mem-
brane (wet hlotdng: 100 V/1 h). After blotting, the mem-
brane was bhlocked with 0.55% (w/v) casein solton in
PBS (Cassin Buffer 204X Concentrate, ST, Bassweiler,
Crermany) at room temperature for 1 h. To visualie
CGFCPIL, the blots were probed with the antibody GCP4M4
{described in [2]) for 12 h at 4 C (200 ngmL~"; diluted
in 0.55% casein soluton), washed three times with PBS
containing 0.05% Tween 20 (PBST buffer), and inou-
bated with goat antimouse antibody conjugated with
horseradish peroxidase (Thermo Scientific, Waltham, M A,
USA; diluted in 0.55% casein soluton, 1 : 25 000). The
blots were then washed three times with PBST to remove
unbound antibodies and developed with SuperSignal West
Femto Chemiliminescent Substrate (Thermo Scientific).
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Chemiluminescence was captured with a Chemiloc-1t™
GO0 Imaging System (UVP, Upland, CA, USA).

Immunohistochemistry

Immunohitochemistry was performed according to  the
protocol described previously using anti-{rCPIl antibody
GCP-04 [2] with minor modifications [42]. Briefly, after
standard histological processing (fixaton, dehydration,
embedding nto paraffin, cutting, paraffin removal, rehydra-
ton), heat antigen retrieval was performed using 10 mm
sodium citrate, 0.1% Tween 20, pH 6.0 butfer and heating
to 110 *C for 15 min in an autoclave. Afterward, samples
were incubated in 1.3% hydrogen peroxide solution for
20 min to reduce endogenous peroxidase activity and in
10% fetal bovine serum in PBS to block unspecific interac-
tons. The slides were then stained by primary and-CGrCPIL
antbody GCP-04 (10 ug-mL" in 4 °C, overnight), fol-
lowed by extensive washing (five tmes with PBS containing
0.1% Tween 20) and incubation with sscondary antibody
Histofine® Simplk Stain™ MAX PO (MULTI) (Nichirci
Bitscience Inc., Tokyo, Japan) dited 1 @ 2 with 10% fetal
bovime srum in PBS at room temperature for 1 h. After
further extensive washing (five times with PBS containing
0.1% Tween 20, GCPIH was visualized usng DAB/Phis kot
(Diagnostic BinSystems, Pleasanton, CA, USA, 60 s). The
slides were counterstained with Harns' hematooylin and
mounted m polyvinyl alcohol-based media.

Carboxypeptidase activity assay

Carboxypeptidase activity (ie., substrate specificity) of
mouse (FCPIL was determined using N-Ac-A-X  peptide
libraries according to a previously published method [41].
Briefly, 1.2 pg Avim(GCPI was diluted into 25 mw Bis-
Tris propane, 150 ma MNaCl, 0001 % octacthylene ghycol
monododecyl ether (Affymetrix), pH 74, and mcubated in
the presence of 25 pw dipeptide for 1.5 h oat 37 *C. As neg-
atve contmls, reactions without the enzyme and in the
presence of 1 v 2-PMPA, a highly selective CRCPID imhibi-
tor, were pertormed. The reaction miture was then ana-
lyzed usmg HPLC, as previously described [41].

Total RNA isolation and reverse transcription

First, tissue samples were transferred trom BEMA later sohi-
tion (Invitrogen, #AMT021) to RLT buffer (part of the
RMNEasy Mini Kit, (hagen, Hikden, Germany, #74106) sup-
plied with fFmercaptocthanol and homogenized with 5-mm
steel beads ((agen; #6949EY) wing Tissue Lyser 11 (#E5300;
(yiagen). Total RNA was solated using RMNeasy Mim Kit
according to the manutacturer’s instructions. The concen-
tration and purity of isolated RMNA were determined
spectrophotometrically using a Manodrop NID-1000 spec-
trophotometer. The integrity of each RMNA szample was
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analyzed using the Agilent RNA G0 Mano kit mn on an
Agilent 2100 Bioanalyzer. Only samples without significant
degradation were wsed for mbssquent steps.

FMA was then reverse-transcribed using M-MLV
(#2R025013; Invitrogen) according to the manufacturer's
mstructions. Each 20 pl. reaction contained up to 2 pg
total RMA, 2.5 py oligodd Ty primers (#18418020; Invitro-
genj, 50 ng random hexamers (100 ng if more than | pg
RMA was transcribed), 40 units of RMNAs=OLUT, 200 units
af M-MLV reverse transcriptase, and other components as
specified by the manufacturer.

Quantitative PCR (qPCR) analysis

All gPCR= were carriad out in triplicate in FrameStar 480/
96 multiwell plates (#40-0951; 4imde, Wotton, UK) sealad
with adhesive optical foi (#4729692001, Roche) wsing a
LightCycler 480 11 nstrument (Roche) n a total volume of
10 pl.. Each reaction comsisted of LightCycler 480 Probe
Master (Roche) diluted sccording to the manufacturer’s
mstructions, forward and reverse primers (1 pw final con-
centration each), fuorescent probe (e description of ndi-
widual assays for final concentration), and 1 pl of sample
or template DNA (postive and nontemplate controls as
well as interplate calibrators were mchided on each plate ).
Initial denaturation for 3 mmn at 95 *C was followed by
45 cycles of 10s at 95°C, 30 s at 66 *C, and 30z at
72 *C. The threshold cycke mumbers {Cy) were then deter-
mined from Huorescence intensities acquired during the
gPCR runs by the second-derivative maxitum method
wsing LightCycler 480 software (Roche). The presence
and size of PCR products were analyzed by agarose gel
clectrophoresis.

The amount of mouse CACPI (encoded by the gene Fol-
hl) was quantified by an assay set of forward and reverse
primers (sequences  ¥-gattpccagatatgppasagte-3 and  ¥-
cotgecagttga geattttt-3") and fAuorescent hydralysis probe #6
from the Roche Universal Probe Library (LMA octamer
sequence F-cagageas-3 final concentration 100 mm). This
set was designed to amplify nucleotides 714-773 in mouse
GUPI transcript NM_D16770 to yield an amplifisd product
atf 6l bps, which spans the region of exons 5 and & and
corrsponds to amino acids 202-223 m the longest open
reading frame (ORF). This assay should not amphty geno-
mic sequence because it spans a 1029-bp miron.

The amount of mouwse GCPII transcript (encoded by
the gene Maalad?) was quantified by an assay set of for-
ward and reverse primers (sequences 5-aatgatgcapga gagac-
tattacge-3 and F-ccagettitgtetgotgoag-3") and fluorescent
hydrolysis probe #32 from the Roche Universal Probe
Library (LMNA octamer sequence 5 -gogageag-3; final con-
centration 50 nm). Thi set was designed to  amplify
mucleotides 922981 in mouse GOPHI transcripp NM_
028279 to yield an amplified product of ) bps, which
spans the region of exome 7 and & and corresponds to
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amino  acids 289309 i the longest (RF. This asay
should not amplify genomic sequence because it spans a
HE0-bp intron.

As a standard for absolute quantification, serial 10-fold
dilutions covering concentrations from 10° to 10° copies
per reaction of cther pclDMNA4 plasmid with subcloned
coding zequence of full-length mouse GCPI (longest ORF
from MM_D16770 coding amino acids 1-752) or pM T/ BiP
plasmid with subcloned coding ssquence of extracellular
part of mouse CGGOPHI (part of longest ORF from NM_
025279 codng ammo acids 36-T40) were amplified with the
correspomding assay set. The imital concentration of plas-
mid DNA (purificd by (MAprep Spn Minprep Kit,
#IT106; (Hagen) prior to dilotion was determined spec-
trophotometrically at 260 nm  (Manodrop  NI-L000;
Thermo Scientific).

To enable precise absolite comparizon between the
determined amommts 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 ¥-geagaagtggtoctg-
caact-3" and 35-agcticocgecaacaatta-¥  and  fluorescent
hydrolyzis probe #38 from the Roche Univerzal Probe
Library (final concentration 30 nw). In this way, two cali-
braton 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 zo that the trans-
formed slope and intercept walues of the curves for the
common sequence were equal between the two plasmids
and corresponded to the average vahie between the two
plasmids.

The amount of both transcripts was determined in the
prepared tissue cDMNA libraries. In each gPCR, an amount
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Abgrace Arntbodies are hdisperable woly for biomedicine
ad anricancer frerapy. Nevemheless, their wee (5 compromised
by kigh production cosig limibed soobiliy, and difficidne of
chemical modificadon. The desdgn and preparagon o f genthenic
polyvmer conjugaes capable of replacing anrbodies in bio-
medical applicatons aick as ELISA, fTow cysmerry, lmma-
o Mockembnry, and mmunoprecipinmion (5 reported. The
covt fu geres, mamied “IBodies”, consig ofan HPMA copolymer
decorared with low-molecsdar-welght componsnas thar fisncerion
as rargering Npands, affinine anchors, and imaging probes We
prepared specific conjigares largeting several profeing with
krown Bgands and wwed these (Bodies for engyme infibidgon,
profeln isolarion, immobizaion, quannficanion, and Bve-cel
imagireg. (her dara indicare thar this kighly modlar and
versiife polvmer sysiem can be weed ro prodice nexpensve
and saable antibody sibaioges direceed wward viraally any
profeln of inreres with a known lgand,

The discovery of antibodies specifically tarpeting biologically
relevant molecules revolutionized the life sciences MNever-
theless, the we of antibodies has several disadvantapes, such
as limited stability, difficulty of chemical modification, and
difficulty targeting proteins in mowse models To addres
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these limitations, researches have developed alternative
malecular recogition tools capable of eplacing antibodies
in biomedical research applications (antibody mimetics).
These include affibodies™ designed ankyrin repeat proteins
(DARPins) ™ and aptamers” Recently, chemically synthe-
aired small molec ules that fulfill some functions of antibodies
have been described™ Polymes capable of molecular
recognition of other maolecules were described several
decades apn. These moleculady imprinted polymers (MIPs)
am based on structure complementarty with the target
molecules and are wsed as molecular biosensors and binders )

We set out to develop novel antibody mimetics based on
N 2-hydroxypropylmethacrdamide  (HPMA)  copolymer
conjugates decorated with three different low-molecular-
weight ligands. We chose watersoluble and biocompatible
HPMA copolymers since they have heen uwsed for the
development of dreg delivery vectors, imaging agents, and
polymer druga® The HPMA copaolymers are multivalent
aynthetic macromolecules that carry a number of reactive
gmoups that enable covalent attachment of variows ligands
such as fluorescent probes, therapeutics, proteins, and olipo-
nucleotides.

Specific mcognition, immobilization, and imaging of
a protein of interest require a specific tarpeting lgand (e.g
an inhibitor), an affinity anchor, and an imaging probe
attached to the polymer backbone (Figure 1a). As anaffinity
tag, we chise hiotin because it can be readily uwsed for high-
affinity immobilization on a variety of commerncially available
resing (Figume 1b). As an imaging pmobe, we chose the
fluorophore ATTOHER (Figure 1¢). The choice of tarpeting
ligand depends on the protein of interest; we developed and
tested these antibody mimetics with glutamate carbooypepti-
dase [I, HIV-1 protease, pepsin, and Hi-tagged proteins
(Figure 1d-¢). To reflect functional similarity to antibodies
and the wse of inhibitors as targeting ligands, we propose the
mame iBodies for these polymer conjugates. All prepared
iBodies were charmcterized in terms of chemical identity and
the content of individual igands, and their characteristics ame
summarized in Table 1 and Table 52 in the Supporting
Information. We asume statistical distribution of the at-
tached moieties, since each ligand terminates with the same
sterically unhindered reactive moiety (-CHCH:NH:). The
aynthesis and chamcteristics of the conjugates anre described
in detail in the Supporting Informat ion.

For developing the technigue, we chose human ghitamate
carboxypeptidase 11 (GCPI; also known as prostate-specific
membrane antigen or PEMA). GCPI & a transmembrane
metallopeptidase that is strongly expressed in the brain and

Angew Choam, e, Ed 3005, 5 2355-3350
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Figure 1. Stucturss of the iBodies and their funcional modules.

a) HPM A copobymer demrated with functional molecules. b) The
affinity anchor biotin. o ATTO4ER fluoraphore. d) GCP I inhibi

e] HW:1 pmoease inhibitor f) A cass specific inhibitor of aspantic
poEases. g) A nitrilotrizetic acid (N TA)-based ligand for binding the
Hisag.

Table v The compasition and basc dharaceristic of the iBodies.

Conjugate Target MNa. of MNa. of Na. of K |jnws]
(#,) inhibitor ATTOMER  hiatin

moistiss  units umnits
iBady1  GCAI 1% 7 51 00043 4 00005
(148 B00)14
iBody2  HIVA [ 7 78405
(40600"  protass
iBody3  Agpartic 7 E 189 +0:2H
ez 100 prowases
iBody 4 Histag 12 7 " 35400H
(135 80004 s=quen
iBady § [ 4
{108 100)4
iBady & g
37 500}

2] M, =numberaves ge molscular weight. For full molecular character-
istis of the mnjugates, see Table 52-54 and Figure 58 in Supporting
Information. [b] K salue was determined for wild-type HIV] protase.
€] ForiBody 4, a disocation constant Ky, is shown instead of an
inhibifon constant K.

prostate; its expression is markedly increased in prostate
carcinoma ¥

The polymer conjugate targeting GCPI (iBody 1, Fe-
ure 81 in the Supporting Information) contains a tight-bind-
ing GGCPI inhibitor as a targeting ligand. To avoid steric
hindrance between GCPI and the polymer molecules, the
previosly  described inhibitor (called compound 22al®
Table 51) was modified with a FEG, linker to yield com-
pound 1 {Figure 1d). As a negative control, we prepared the

Angew Chem. lnt. Ed 2005, 55 2355-3550
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correaponding  conjugate inhibitor
(iBody 5, Figure 52).

The utility of iBody 1 for the inhibition, binding, and
visuwalzation of GCPI was tested with a vanety of common
hinchemical methods in which antibodies are nomally wed:
immunoprecpitation and affinity pull-downs, flow cytometry,
immunocytochemistry, and ELISA.

Firat, we tested whether iBody 1 inhibits the enzymatic
activity of GCPII and determined K, values for compound 1
and iBody 1 (Figume 2a). Interestingly, attachment of several
malecules of compound 1 to the HPMA copolymer led to
a significant drop in the K, value |K({compound 1) = 20 ma v,
Kl(iBody 1) =4.3 pum). This nearly three-onder-of-magnitude
decreme in K, can be explained by the synergic effect of
several inhibitor molecules on the polymer scaffold and
increased local inhibitor concentration |19 inhibitor maole-
cules per polymer chain.

The binding of iBody 1to GCPI was further evaluated by
surface plasmon resonance (SPR), which revealed an
extremely high maociation rate and a low dssociation mate
(Figure 2b). The disociation constant ( Ky < 20 ps) is com-
parable to that of the tightest-binding anti-GCPI antibodies
available.

To analyze the utility of iBody 1 for visualizing GCPII-
expressang cells, we incubated LNCaPF celk {a cell line that
endogenousdy expresses (GCPI) and PC3 cells (which do not
express GOPI) with iBody 1. As controls, we wsed iBody §
(which lacks a GCPII inhibitor) and a fluorescently labeled
anti-GCPIl monoclonal  antibody  2G7M  (mAb 2G7-
ATTO488). iBody 1 and the anti-GCPIT mAb bound specif-
ically to LNCaP cells and not to PC3 cells, while iBody 5§ did
ot bind to either LNCaP or PC3 cells iBody 1 and the mAb
were taken up into the cells throuwgh intermalization of
membrane-embedded GOPI as expected ™ Additionally,
binding of iBody1 to LNCaP celk was blocked by 2-
[ phosphonomethy] jpentanedioic acid (2-PMPA), a specific
GO inhibitor ( Figure 2.c).

To analyze the potential we of iBodies in flow cytometry,
LMCaP and PC3 cells were fimt incubated with iBody 1,
iBody 8, or 2GT-ATTOME8" and then analyzed by flow
cytometry. The results indicate that both iBody 1 and the anti-
GCFII mAb specifically recognize GCPIl-expressing cellk
(LMNCaF) and enable their separation from GCPH-negative
celk (PC3). Maoreover, iBody 1 and iBody § exhibited very
low non-specific binding to PC3 celk, which was approx-
imately 5-fold lower than that of mAb 2G7-ATTO4RR
(Figure 2d).

Furthermore, we wed i Body 1 to isolate GCPI from cell
Iysates. iBodies 1 and § were immobilized on Streptavidin
Sepharose resin, and GOPI was pulled down from LNCaP
cell lysate (Figure 2e). An anti-GCPII mAb {15917 bound
to Protein (G Sepharose was wsed as a positive control. As
shown by subseguent westem blot analysis, the amount of
GO immunoprecipitated when wing iBody 1 was compa-
rable to that obtained with mAb J591. These findings sugpest
that iBodies could ako be weful for the solation of target
proteins foom complex biological materiak such as tisue
Iysates or blood samples.

lacking the GCPI
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Figure z. Application ofi Body 1, which tasgets ghiamate carboxypeptdase Il (GCPAI). a) The inhibition potncy of iBady 1 in terms of GCAI
hydrolytic actidty. b) 5PR analysis of iBody 1 binding o immobilzed GCPI (Kp <20 pm). o Confocal micosmpy of ells positive (LNCaF) and
negative (PCY) for GCPI expemssion. Cells were stained with iBody 1; to compare iBody swining with anibody staining, the ami-GCPI | monockonal
anshody (mib] 2G7™ labeled with ATTOSEE (2G7ATTOMES) was used. Binding of iBady 1 to LNCaP alls cn be blocked by using 2 PR P,

a specific GCPI| inhibitor. d) Flow cytom etry analysis of LNCaP and PC3 cells incubated with iBody 1, iBody § (which lades the tasgeting moduls,
or 2GTATTO4ER. &) Western blot analysis of affinityisolation of GO P from LNCaP o2ll hsate using iBody 1 or the antiGCP1 mid [591. iBady S,
blank Steptwidin Agarose (N (SA)], and blank Protein G Sephamse (NC (PGS)) were used as negative contmls. rhGC P is 2 recombinant
extraceliular GCPIL Load= LNCaP ol bsate. f) Sandwich ELISA with the anti.GCPI capure mith 207 and either the biotinylaed ang-GCPI mih

1591 oriBody 1 used as the detecting agent

Fimally, we wed iBodies for the guantitative detection of
GCPIL. We employed a sandwich ELISA in which the
detecting anti-GOPI mAb was replaced with iBody 1. The
detection limit was as low as (L5 pg GCPIL furthermore, the
signal was linear over a mearly three-onder-of-magnitede

concentration mnge (Figure 2 f).

To demonstrate vemsatility of iBodies, we ako developed
iBodies tarpeting the aspartic proteases HIV-1 and pepsin.
HIV-1 protease plays a crucial role in viral replication™ and
a numhber of specific inhibitors are available. As aspartic

wowi angewandie org
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proteases, both HIV-1 protease and pepsin are also efficiently
inhibited by the peptidic inhibitor pepstatin & ™

The polymer conjugate targeted towards HIV-1 protease
(iBody 2; Figure 53) contains compound 2, a specific HIV-1
protease inhibitor derived from the commercially available
inhibitor ritomavir (Figure 1e), as a targeting ligand. The
analopows iBody 3 (Figure 54) contains compound 3 (Fig-
wre 1f), a dervative of the clas-specific aspaic protease
inhibitor pepatatin A, as a targeting ligand. As a negative
contol, we prepared the corresponding conjugate lacking an
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inhibitor {iBody &; Figure 55). We successfully wed iBody 2
and iBaody 3 to pull down HIV-1 protease from an LNCaP cell
Iysate spiked with HIV-1 protease (Figure S7a).

Besides HIV-1 protese, another aspartic protease,
pepsin, was also succesafully pulled down from LNCaP
Iysate (spiked with pepsin) by wing iBody 3 (Figure 57h),
thus showing the peneral applicability of this iBody. In both
experiments, iBody 6 (which contains only biotin and no
inhibitor) was uwsed as a negative control. This Body was
umable to pull down either HIV-1 protease or pepsin foom an
LMCaPF cell lysate (Figure 57ab).

Finally, the wse of iBodies is naot limited to enzymes.
Theoretically, iBodies can be designed to target any molecule
of interest for which a ligand is known To demonstrate this
peneral principle, we set out to target proteins oomainng
a polyhistidine tag (His-tag), the most common affinity tag
wed for protein purification and visualization. Because the
Histag is bound by nickel-loaded nitrilotriacetic acid (NTA)
derivatives, we prepared tris-NTA conmected to a linked™
(compound 4, Figure 1g) and subsequently iBody 4 (Fig-
ure 86). iBody 4 was decomated with the fluorophoe
ATTOHER for visualization and biotin for both visualization
and immohilization. As a negative control, iBody 5, which
beas only the fluorophore ATTOM88 and biotin, was wed.

We compared the sensitivity and specificity of iBody 4
with that of commercially available peroxidase-conjugated
anti-polyhistidine antibody by western blot. iBody 4 exhibited
alightly increased sensitivity and equal specificity in compar-
isom to the commencial antibody (Figure 3a,b). When using
iBody 4, we detected & lintle as 100 pg of the His-tagped
DMA damage protein 1 (Ddil-His). Additionally, we specif-
ically pulled down the protein from an E. coll lysate [Fig-
ure 3¢). To gquantify the hinding, we analyzed the interaction
between iBody 4 and Dvdil-His by SPR, which indicated K, =
35 nm (Figume 3d).

O approach has two major advantages. Fist, the system
is remarkably modular: any compound, functional group, or
tag for any specific purpose can be added to form the final
polymer conjugate. For the tarpeting of a specific protein with
an iBody, simple replacement of the tamgeting moiety (the
inhibitor) is sufficient to yield a new specific polymer
conjugate. To some extent, this resembles the concept of
malecularly imprinted polymers (MIPs). MIPs rely on lock-
and-key interaction with the target, which makes them mome
suitable forthe extraction of target compounds/proteins, even
though the targeting of proteins on the cell surface has been
reported ™ Second, the system is truly vematile: a single
iBody can be used for several metlods, as we have shown for
GCPIL. Ome potential limitation of the system is the need for
a ligand that specifically hinds to the target protein. More-
over, for attachment to the polymer backbone, the ligand
must be modified with a linker that does naot significantly
compromise its binding affinity Monetheless, if a potent
ligand is known and the attachment of the linker does not lead
to a dramatic loss of potency, the preparation of a specific
iBody i mther straigh tforward.

In summary, we have developed inexpensive, stable, and
modular synthetic conjugates called iBodies for use &
antibody mimetics. The presented data demonstrate that the
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Figure 3. Applicaton of iBody 4, which wrgets Histagped proteins.
a) Comparison of iBody 4 and antipolyhistidine antibody senstrity for
the visualizaton of purified Ddil -His by westermn blot. b) Comparison
of iBody 4 and the antipolyhistidine antibody for the visualization of
Didi 1-Hiis in 2 o=l hsate by westem blot. o Affinity isolation of Didil-
Hix by using iBody 4. i Body § (which doss not posess the tris-NTA
ligand] , and blank resin (NC) wes used a5 negative comtrals.
MW M = miolecul arweight marker. d) Binding of Ddil- His to immoki-
lized iBody 4 25 analyzed by SPR.

prepared iBodies tamgeting variows proteins of interest ame
efficient substitwtes for the cormesponding antibodies in
standard immunochemical methods. Ovemll, iBodies offer
an inexpensive, mon-animal-based alkernative for antibodies
in biochemical methods involving the isolation and viswal-
ization of proteins, cells, and tisswes.
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Supplementary Table $1

Summary of low-molecular-weight compounds.

Name AL Formula Targeting E; [pM] | Moedification
u::jjl:'l"-[r"'l TR
compound 222" | 530 vl\ GCPII | 45=5.7"
ks
-.-.N“M'*-u"*-.v"'"‘wl
. e G 2,030 = e
compound 1 780 J:I,Tw;[:vx;éj GCII 3 DEG linker
430
2 1 .
ritomavir 721 .L F\"I rﬁlﬁ HIV-1 52aB
{n..lf"\- o P!’{.‘A[E&SE
i
1 1}
[ .
R HIV-1
compound 2 813 K J; 2=x1 FEG linker
- M-](]’A- ’ protense
PR
e
. . 41 1,%])\ ~i)» aspartic 116,000 =
acetyl- i = a .
cetyl-pepsta ATy J’DIA protesses | 5,000
S R § mspartic | 623.000=
compound 3 262 Ao oo o PEG linker
.r\r!\:JT:.!HT.-\ "r“*'f‘ proteases 1. 710+
. TE"II' J_I‘JJ His-tag
compound 4 1,159 T‘“I-'T'“ e ND PE(G linker
L.r Lf Sequence
AT
tl
* K. values were determined for wild-type HIV-1 protease.
%
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Supplementary Table 52
The compasition and full characteristics of the prepared iBodies

Conjusate M. ) B . !.x{:. ) B ) M I.nhjtli.mr _‘!LTTO.-I'SE- {!-iujn
(precursor) | (precursor) | (precurser) | (comjugate) | (comugate) | (conjugate) (wrt%a) (wtta) (wi%)
iBody 1 79,000 1.20 94,600 148,800 1.37 203,900 9.8 % 39% 98 %
iBody 2 24,800 1.08 26,700 40,600 1.65 67,000 11.7 % - 47 %
iBody 3 24,800 1.08 26,700 42,100 1.32 55,500 153 % - 59%
iBody 4 73,800 1.23 90,600 135,800 1.88 255,000 113 % 42% 97 %
iBody 5 79,000 1.20 94,600 108,100 163 176,200 - 51% 108%
iBody 6 24,800 1.08 26,700 37,800 153 57,800 - - 6.4 %

* M..: weight-average molecular weight; M, mmber-average molecular weight; B dispersity
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Supplementary Table S3
Compaosition of iBodies determined by analytical methods

# iBody 1 | iBody 2 | iBody 3 | iBody 4 | iBody 5 | iBody 6
1 ATTO488 (wi%) 359 - - 42 51 -

2 Biotin (wi%) 938 47 59 97 108 6.4

3 Targeting ligand (wt%) 9.8 11.7 153 113 - -

4 Mo. of ATTO488 units 7 - - [} 6 -

5 MNo. of biotin units 51 7 9 45 41 8

6 Mo. of targeting ligand units 19 i T 12 - -

7 | Normalized ATTO488 content 1.0 - - 1.0 1.0 -

8 MNomalized biotin content 7.5 1.1 1.2 6.9 6.4 1.0

g Norn'lalize-gﬂtr?trg;ting ligand 2.8 1.0 1.0 1.8 )

To find out whether the aminolytic reaction follows the statistical course, we calcnlated the compositon of the
iBodies by analytical methods and compared this to the theoretical composition of the iBodies calculated fom
the reaction stoichiometry. The walnes (in red) of the comresponding parameters correlate well, thus proving that
the reaction proceeds statistcally. The composition of iBodies, as determined by analytical methods (described
in the Supporting Information, p. 29). Limes 1-3 represent mass fraction (wtha) of the individual modeties
(ATTO488, biotin, targeting ligand). Lines 4-6 represent the number of units (ATTO488, biotin, targeting
lizand) per conjugate. Lines 7-9 represent the ratios berween the moieties. Batios were normalized to the lowest-
incorporated moiety.

Supplementary Table S4
Theoretical compasition of IBodies calculated from the reaction stoichiometry

# iBody 1 | iBody 2 | iBody 3 | iBody 4 | iBody 5| iBody 6
1 m (AT TO488; mg) 25 - - 25 25 -

2 m {biotin; mg) 50 6.0 6.0 5.0 5.0 5.0
3 m {targeting ligand; mg) 6.2 13.0 10.0 6.0 - -

4 n (ATTO488; umol) 28 - - 259 29 -

5 n (biotin; pmol) 175 209 209 175 175 17.5
i n {targeting ligand; pmaol) 8.0 16.0 1.2 47 - -

T M noem, (ATTO488; pmol) 1.0 - - 1.0 1.0 -

a M rem. (hiGtin; pmol) 6.0 1.3 1.9 6.0 6.0 1.0

D[ N pem. (targeting ligand; pmol) 27 1.0 1.0 1.6 - -

The theoredcal composition of iBodies, as calonlated from the reaction stoichiometry (described in the
Supporting Information, p. 28-33). Lines 1-3 represent the masses of the individual moetties (ATTO488, biotin,
targeting ligand) expected to be incorporated into the iBodies. Lines 4-§ represent the moles of each moisty
expected to be mcorporated imto the iBodies. Lines 7-9 represent the ratios between the molar amounts,
normalized o the lowest-incorporated moeity.
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Supplementary Figure S1
Structure of iBody 1 targeting GCPIIL.
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Supplementary Figure 52
Structure of iBody 5 used as a negative control.
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Supplementary Figure S3
Structure of iBody 2 targeting HIV-1 protease.
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Supplementary Figure S4
Structure of iBody 3 targeting aspartic proteases.
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Supplementary Figure S5
Structure of iBody 6 used as a negative control.
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Supplementary Figure S6
Structure of iBody 4 targeting His-tagoed proteins.
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Supplementary Figure S7
iBodies targeting HIV-1 protease and aspartic proteases (pepsin). a) Affinity isolation

of HWV-1 protease from the HIV-1 protease-spiked LNCaP cell lysate using iBody 2 and
iBody 3; iBody 6 lacking the targeting ligand was used as a negative control. b) Affinity
isolation of pepsin from the pepsin-spiked cell lysate using iBody 3; as a negative conirol,

iBody 6 was used.

11

119



Supplementary methods
HPLC-based GCPII inhibition assay

The inhibitory effects of all inlubitors and iBodies targeting GCPII were tested using
an HPLC-based assay with recombinant extracellular GCPIL as described previously™!. The
data were processed and IC;, values were obtained using GraFit v.5.0.11 (Erithacus Software
Ltd).

From the kinetic parameters of pteroyl-di-L-glutamate cleavage and by assuming a
competitive mode of inhibition the K: value was calculated wsing the Cheng-Prusoff
equation”’. Measurements were performed in duplicate; the Ki values are presented as the
mean + standard deviation

Pull-dovwn/immunoprecipitation of GCPII from LNCaP lvsate

LNCaP cells endogenously expressing GCPI were Iysed by somication in 50 mM Tris-
HCL pH 74, 150 mM NaCl, 1 % Tween 20. The resulting cell lysate was diluted in 20 mb
Tris-HC1, pH 7.4, 130 mM NaCl, 0.1 % Tween 20 (TB5T) to a final protein concentration of
2 mg'ml.

First, 200 pl of 30 oM iBody 1 and 5 in TBST were bound onto 30 pl Streptavidin
Apgarose Ultra Performance (Solulink) for 30 min at room temperature. After washing with
TBST (3=1.000 pl), the resin was mixed with 200 pl of the I NCaP lysate and incubated for
1h at room temperature. The resin was then washed with TBST (5=1,000 pl). Finally,
proteins were eluted from Streptavidin Agarose by adding 30 pl of reducing SDS sample
buffer and heating to 98 °C for 10 min.

To compare iBodies with antibodies, an analogous immuncprecipitation experiment
with the monoclonal antibody 75915 was performed. First, 200 ul of 30 oM J591 was bound
to 30 ul Protein G Sepharcse (GE Healtheare), washed with TBST. and mixed with INCaP
lysate. After incubation, the resin was washed with TBST, and proteins were eluted with
reducing SDS sample buffer and heating.

Izolated GCPII was visualized on Western blot nsing mAb GCP-04, followed by goat
anti-monse secondary antibody conjugated with horseradish peromidase. 10 pl of the sample

was loaded into each lane.
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Quantitative detection of GCPII using ELISA

When iBody 1 was nsed i place of the detecting antibody, a 96-well Maxisorh plate
(Nunc) was coated with the GCPIl-specific mouse antibody 2G77 in borate buffer
(300 ng'well; 1h at RT). The surface was blocked with 1.1 % (w/v) casein soluotion in TBS
(Casein Buffer 20X-4X Concentrate, SDT). Afterwards. recombinant extracellular GCPII in
TBST was added (ranging from 0.5 pg — 1 ng/well) and. after washing with TBST (3=200 ),
500 pM iBody 1 or biotinylated anti-GCPI mAb J391 in TBST was added to bind GCPIL
After washing out the vnbound conjugate (3=200 pl TBST), NeutrAvidin conjugated with
horseradish peroxidase was added (50 ng/well; Thermo Scientific), followed by a final TBST
wash (5%200 pl) and measurement of 4-iodophencl-enhanced luminol chemuluminescence on
a Tecan Infinite M1000 PRO spectrophotometric reader. Measurement of each sample was
performed in triplicate; valuies are presented as the mean = standard deviation.

Confocal microscopy of fluorescently labeled cells

INCaP and PC3 cells were grown in 4-Chamber 35 mm Glass Bottom Dishes (In
Vitro Scientific). INCaP cells (which endogenously express GCPII) were grown in FPMI-
1640 medium (Sigma-Aldnch) with addition of FBS (final concentration of 10 %), while PC3
cells (which do not express GCPII) were grown in DMEM-High Glucose medimm (GE
Healtheare) with addition of L-glutamine (final concentration of 4 mM) and FBS (final
concentration of 10 %a).

After two days, iBody schution was added to the media to a final concentration of
10 oM. If desirable, 2-(phosphonomethyl)pentanedioic acid (2-PMPA) was added to a final
concentration of 500 oM. As a control, flucrescently labeled anti-GCPII monoclonal antibody
2G7 (2GT-ATTO488) was added to a final concentration of 100 nM. The cells were
incubated in the presence of iBodies for 2h at 37 °C. Then the media were removed, a
0.3 pg/ml solution of Hoechst Stain Solution H34580 (Sigma) in PBS was added. and cells
were incubated for 10 mun at 37 °C to stain cell nuclei. Finally, the cells were washed twice
with 500 pl PBS.

Confocal images (pinhole 1 Awry unit) of cells in each chamber were taken with a
Zeiss LSM 780 confocal nucroscope (Carl Zeiss Microscopy) using an oil-immersion
objective (Plan-Apochromat 63x/1.40 Oil DIC M27). The flucrescent images were collected
at room temperature using 4.5 % of the 405 om diode laser (max power 30 mW) for
excitation with emussion collected from 410 to 585 nm (voltage on detector: 850V for
Hoechst 34580 and 4.0 % of the 488 nim argon-ion laser (max. power 25 mW) for excitation

13

121



with emission collected from 517 to 534 nm (voltage on detector: 870 V) for ATTO488. All
images were taken using the same settings. The microscope was operated and the images were
processed with ZEN 2011 software (Carl Zeiss Microscopy).

CQuantification of iBody binding to GCPII by surface plasmon resonance (SFE)

All SPE. measurements were performed at 25 °C according to a previously described
protocol™ . In a typical experiment, a 7:3 mixture of HS-(CH,),,-PEG,-OH and HS-(CH,),,-
PEG:-0-CH;-COOH alkanethicls (Prochimia) at a final concentration of 0.2 mM was
incubated with an SPE. chip (provided by the Institute of Photonics and Electronics, Pragne)
for 1hat 37 °C. The chip was then washed with UV ethanol and deionized water and dred
with a flow of nitrogen zas. Finally, the chip was mounted to the prism on the SPR. sensor.

Activation of carboxylic terminal groups on the sensor surface was performed in situ
by injecting a 1:1 mixture of 11.51 mg/ml N-hydroxysuccinimide (NHS) and 76.68 mg/'ml 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiinide  hydrochlonde (EDC) i deionized water
(Biacore) for 5pun at a flow rate of 20 pl'min The next part of the experiment was
performed at a flow rate of 30 plimin Then a mixture of the antibody D2B!". which
recognizes pative GCPII (20 ag/pl), and BSA (20 ng/pl) in 10 mM sodinm acetate, pH 5.0,
was loaded for 8 min Next, a high 1onic strength solufion (PBS with 0.5 M NaCl) was used to
wash ocut noncovalently bound molecules, followed by addition of 1 M ethanolandne (Sigma-
Aldrich) for deactivation of residual activated carboxylic groups.

An 8 ng/pl solution of recombinant extraceliular GCPII in TBS (Awi-GCPI™) was
used for Avi-GCPII immobilization onto the D2B/BSA layver on the golden chip to saturate all
binding sites. Finally, at a flow rate of 60 pl'nun 4 different concentrations (1, 2, 4, and
8 oM) of Body 1 in TBS were applied for approximately 10 min (association), followed by
injection of TBS alone (dissociation).

Kinetic curves of binding were exported and subsequently fitted using the One-To-
One interaction model in TraceDrawer v.1.5 (Ridgeview Instruments AB) to obtain ke, and
ko parameters.

5DS-PAGE and Western blotting

Protein samples were resolved by SDS-PAGE. and gels were electroblotted onfo a
nitrocellulose or PVDE membrane (wet blotting: 100 V/1 h). Membranes were blocked with
1.1 % (w/v) casein solution in PBS (Casein Buffer 20X4X Concentrate, SDT) at room
temperature for 1 b Afterwards. the blots were incubated with the primary antibody GCP-
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04" at 4 °C for 12 h (200 ng/ml; diluted in 0.55 % casein solution), washed three times with
FBS containing 0.05 % Tween 20 (PBST), and incubated with goat anti-mouse secondary
antibody comugated with horseradish peroxidase (Thermo Scientific; diluted 1:23,000 in
035% casein solotion). For polyhistidine sequence (His-tag) detection either
anti-polyhistidine-peroxidase antibody (Sigma Aldrich, #AT058-1VL) (1:2,000 dilution in
PBST) or iBody 4 (5 oM in PBST, leaded with nickel ions) followed by NeutrAvidin-HRP
conjugate (ditution 1:2.000 in PBST) was used.

Finally. the blots were washed three times with PBST to remove free antibodies, and
SuperSignal West DuraFemto Chenuluminescent Substrate (Thermo Scientific) was applied.
Chemiluminiscence was captured with a ChemiDoc-It™ 600 Imaging System (UVP).

Preparation of a fluorescently labeled anti-GCPII monoclonal antibody 1GT7 (2GT7-
ATTO455)

An antibody against human native GCPII (2G71") was labeled with a fluorophore
ATTO488 using ATTO488 NHS ester (Sigma Aldnch #41698). First. 77 pl of a 2.5 mg/ml
solution of the antibody 2G7 in PBS was mixed with 8.6 pl of 100 mM bicarbonate buffer,
pH 83, ATTO488 NHS ester was dissolved in dry DMSO at 10 mg'ml. Afterwards, 1 pl of
the ATTO488 NHS ester schution was mixed with the antibody solution and incubated for 1 h
at room temperature. Finally, the fluorophore-antibody comjugate (2G7-ATTO488) was
separated from the free fluorophore by zel permeation chromatography using Sephadex G-25
column. Fractions containing 2GT-ATTO488 were pocled and concentrated using Amicon
Ultra 30 kDa centrifingal filter (Millipore).

Flow cytometry

PC3 and INCaP cell lines were grown on a 100 mm dish to 90 % confluence in
DMEM and RPMI medinm. respectively; both supplemented with 10 2% FBS and 4 mM L-
ghitamine. The medinm was removed, and cells were rinsed with PBS and subsequently
incubated i 1.5 ml trypsin EDTA solution for 3 mun to release adherent cells from the dish
surface. Cells were resuspended and transferred into 8 ml of DMEM or BEPMI medium,
centrifnged at 250=g for 2 min and washed with 5 ml FBS. Then 500 pl of 10 % fetal bovine
serum in PBS was added to block the cell swface. The final concentration of the cell
suspension was 4x10° cells/ml.

Afterwards, 50 pl of cell suspension (containing 2x10° cells) was placed into wells of
a polypropyvlene 96-well plate (round bottom) and incubated with 10 oM schations of Bodies
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and 400 oM 2GT-ATTO488 for 1 h at 37 °C. Cells were washed twice with 200 pl of 10 %
fetal bovine serum in PBS. Finally, the cell suspension was dituted with 200 pl of 10 % fetal
bovine serum in PBS, and a single cell suspension was analyzed with a BD LSE. FortessaT™
cell analyzer (Becton, Dickinson and Company).

The gates on the side scatter and forward scatter were set fo enswe measurement of
viable cells, and 10,000 events were measured for each well All experiments (all staining
agents and both cell lines) were performed in triplicates. Analysis was performed using BD
FACSDiva™ Software. A histogram showing a representative measwement for each sample
is presented. The oumber in the top corner of each histogram represents the percentage of the
treated cell population having a higher MFT signal than the highest 1 % of the untreated cell
population. The mumber was calculated for each measurement and is shown as the mean =
standard deviation.

Inhibition of HIV-1 protease activity with inhibitors and iBodies

The inhibition analyses were performed by spectrophotometric assay using the
chromogenic peptide substrate KARVNIe*NphEANIle-NH; as previously described".

The 1 ml reaction mixture contained 100 mM sodmun acetate, 300 mM NaCl, pH 4.7,
6.8 pmol of HIV-1 protease'” and inhibitor in concentrations ranging between 2 and 130 oM.
Substrate was added to a final concentration of 16 M. Afterwards. the hydrolysis of substrate
was followed as a decrease in absorbance at 305 om using a UNICAM UWVS00 UV-VIS
spectrophotometer (Thermo, Cambridge, MA). The data were analyzed using the equation for
competitive inhibition according to Williams and Morrison"""). The mechanism of inhibition
was determined by analysis of Lineweaver-Burk plots.

Pull-dovwn of HIV-1 protease from spiked LNCaP lysate

LNCaP cells grown on two 100 mm Petri dishes were lysed by sonication (3%5 min_ in
water bath) in 2 ml of 50 mM Tris-HCL 150 mM NaCl. 1 % Tween 20, pH 7.4.

First, 200 oM iBody 2 or 3 in 20 mM Tris-HCL 150 mM NaCl, 0.1 % Tween 20, pH
74, was bound to 30pl Streptavidin Agarose Ultra Performance (Sclulink) at room
temperature for 1 b iBody 6, which lacks the targeting ligand, was used as a negative control.
To block vnoccupied biotin binding sites. the resin was incubated with 1 ml of 2 mM biotin,
20 mM Tris-HCL, 150 mM NaCl, pH 7.4. Then, the resin was washed three times with 1 ml of
100 mM sodiom acetate, 300 mM NaCl 0.1 % Tween 20, pH4.7. The washed resin was
mixed with 200 pl of LNCaP cell lysate spiked with HIV-1 protease!'” (12 ng/ul, total protein
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concentration 1 mg/ml) in 100 mM sodimm acetate, 300 mM NaCl, 0.1 % Tween 20, pH 4.7,
and incubated for 30 min at room temperature. The resin was washed four times with 1 ml of
100 mM sodivm acetate, 300 mb NaCl, 0.1 % Tween 20, pH 4.7. Finally. bound HIV-1
protease was eluted from Streptavidin Apgarcse by adding 30 pd reducing SDS sample buffer
and heating to 98 °C for 10 min Ten microliters of the samples was loaded onto the gel.

Pull-dovwn of pepsin from spiked LNCaP lysate

The experiment was performed analogously to the above described pull-down of HIV-
1 protease.

200nM iBody 3 was bound to 30 Streptavidin Agarose (Solulink) at room
temperature for 1h; iBody 6 lacking the targeting ligand was used as a negative control.
Biotin binding sites were blocked with biotin and after washing with the acetate buffer, the
resin was muixed with INCaP cell lysate spiked with pepsin (100 ng/pl, Worthington
Biochemical Corporation; total protein concentration 1.5 mg'ml) in 100 mM sodinm acetate,
300 mMh NaCl, 0.1 % Tween 20, pH 4.7, and incubated for 5 min at room temperature. The
resin was washed with the acetate buffer and bound pepsin was eluted from Streptavidin
Agarose by adding 30 pl reducing SDS sample buffer and heating to 98 °C for 10min. 5 pl of
the samples was loaded onto the gel

Expression and purification of His-tagged DNA damage protein 1

DNA coding for foll-length DNA-damage protein 1 (Ddil) of Leishmania major was
synthesized by GenScript and subcloned into pET16b vector for N-termunal hexahistidine
tagged fusion protein production (Ddil-HisTag). Ddil-HisTag was expressed in E coli
BL21(DE3)EIL host cells. subsequently resuspended in 50 mM Trs-HC1, 50 mM NaCl,
1mM EDTA, pHE0 and lyzed by thuee passages throuvgh EmmulsiFlex-C3 high pressure
homogenizer (Avestin, Canada) at 1200 bar. Purification was performed vsing nickel affinity
chromatography using Ni-NTA Superflow resin (Chagen) with 1socratic elution with 250 mM
imidazole. Afterwards, pooled elution fractions were dialyzed overnight against 50 mbd
HEPES, pH 7.4, 150 mM NaCl, 10 % glycerol. The dialyzed sample was applied ontfo a size-
exclusion chromatography colunn Hiload 16/60 Superdex 200 (GE Healthcare). Individual
fractions were analyzed by SDS-PAGE and fractions containing Ddil-HisTag were pooled,
aliquoted and storred at -20 °C uatil fiuther use.
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Quantification of iBody binding to Ddil-HisTag by surface plasmon resonance (SPR)

The experiment was performed analogously to guantitation of iBody 1 binding to
GCFIL

Activation of carboxylic terminal groups on the sensor surface was performed in situ
by injecting a 1:1 mixtore of 11.51 mg/ml N-hydroxysuccimmide (NHS) and 76.68 mg/ml 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiinide  hydrochlonde (EDC) i deionized water
(Biacore) for 5mun at a flow rate of 20 pl'min The next part of the experiment was
performed at a flow rate of 30 pl'min Then, a 20 ng/pl sohstion of NewtrAvidin (Thermo
Scientific) in 10 mM sodivm acetate, pH 5.0, was loaded for 8 min Next. a high ionic
strength sclution (PBS with 0.5 M NaCl) was used to wash out noncovalently bound
melecules, followed by addition of 1 M ethanolamine (Sigma-Aldrich) for deactivation of
residoal activated carboxylic groups. Afterwards, 1 pM solution of iBody 4 in TBS was used
for iBody 4 immobilization onto the NeutrAvidin layer; the bound iBody 4 was subsequently
charged with nickel 1ons using 100 mM NiCl,. Finally, four different concentrations of Ddil -
HisTag (100, 200, 400 and 200 oM) in 50 mM HEPES, 150 mM NaCl, pH 7.4 were applied
for approximately 10 min (association), followed by mjection of the HEPES buffer alone
(dissociation).

Kinetic curves of binding were exported and subsequently fitted using the One-To-
Ome interaction model in TraceDrawer v.1.5 (Fidgeview Instruments AB) to obtain k,, and

kg parameters.

Pull-down of Ddil-HisTag from an E. coli lysate

200 oM iBody 4 in 20 mM Trs-HCL 150 mM NaClL 2 mb MNiCl,. 0.1 % Tween 20,
pH 7.4 was bound to 30l Streptavidin Agarose (Sololink) at room temperature for 1h.
iBeody 5 lacking the targeting ligand and blank Streptavidin Agarose were nsed as negative
controls. To block biotin binding sites, the resin was then incubated with 1 ml of 2 mM biotin,
100 mM Tris-HCL, 150 mM NaCl, pH 7.2. Afterwards, the resin was washed three times with
1ml of 20 mM Tris-HCL 130 mM NaCl 0.1 % Tween 20, pH 7.4 (TBST). The resin was
then muxed with 1ml of Ddil-HisTag E coli lysate (diluted in TBST to final protein
concetration of 325 ng/pl). and incubated at room temperature for 1 b The resin was washed
five times with 1ml of 25 mM imidazol in TBST. Bound proteins were eluted from
Streptavidin Aparcse by adding 30 pl 1 M imidazel in 20 mM Tris-HCL 130 mM NaCl
pH 7.4), and incubated for 15 min at 37 *C.
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Inductively coupled plasma atomic emission spectroscopy (ICP-OES)

The ICP-OES measwements were performed with the SPECTRO ARCOS optical
epussion spectrometer (SPECTERO Analytical Instruments, Kleve, Germany) with radial
plasma observation. The SPECTRO ARCOS features a Paschen-Runge spectrometer mount;
the wavelength range between 130 and 770 nm can be amalyzed simmltanecusly. An air-
cooled ICP-generator, based on a free-mnning 27.12 MHz system, 15 installed. For sample
introduction, a Modified-Lichte nebulizer with a cyclonic spray chamber was nsed.

For calibration., commercially available Br and S standard sohstions (Analytika) were
used. 0.5 % (v) Trten X-100 and 2% HNO; solution were used for organic matrix
matching strategy and improvement of LOD. Before analysis, the analyzed pelymer conjugate
sohations were diluted with 0.5 % Triton X-100 solution. as well as all calibration standard
sohations. All nsed chemicals were suprapur quality. All calibrations and sample sclutions
were prepared or controlled by weighing on an analytical balance. Calibration solutions with
concentration 0.2, 1.0, 2.0, 5.0, and 10.0 mg'kg and blank solution Br and S were prepared.
For organic matrix background structure compensation the Spectro-SmartBg fimction was
used.

Each sample aliquot (200 —400 pl) was weighted on analytical balance and then
diluted with 0.5 % Triton X-100 and 2 % HNO; solution to 5 ml (weight controlled). mixed
and then analyzed via the described method. Then the concentrations of original samples were
calenlated.

Calibration parameters:
LoD Com.
Element line (mgkg) Coefficient
Bri148.245 0.018 0.9996
Bri33174 0.060 09994
Br154.065 0.024 0.9996
5142731 0111 09908
5180.731 0.004 09998
5182034 0.003 09990
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Synthesis of low-molecular-weight compounds
All chemical: were purchased from Sigma-Aldrich unless stated otherwize All

inhibitors tested in the biclogical assays were punfied using preparative scale HPLC Waters
Delta 600 (flow rate 7 mlimin, gradient shown for each compound - including BT), with
column Waters SunFite C12 OBD Prep Coluomm 5 pm, 19%150nunm. The punty of
compounds was tested on analytical Jasco PU-1580 HPLC (flow rate 1 ml‘'min_ invariable
gradient 2-100 % ACN in 30 ounutes, Rr shown for each compound) with column Watrex
C18 Analytical Colummn, 5 pm. 250=5 mm  The final inhibitors were all at least of 99 %
purity. Structure was further confimmed by HRMS at LTQ Orbitrap XL (Thermo Fisher
Scientific) and by NME (Brudeer Avance I™ 300 MHz equipped with Cryoprobe). All

interaction constants are in Hertz units.

Synthesis of compound 1
Compound 1 was synthesized according to the scheme depicted below:
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Compound 102:

Di-tert-butyl 2-(3-(6-((4-bromebenzyljaming -1 -(tert-butoxy)- 1 -oxohexan-2-
vljureidojpentanedioate, componnd 102: 300 mg (0,615 mmol, 1.0 eq) of di-tert-butyl 2-(3-
(6-amino-1-(tert-butcxy)- 1-oxchexan-2-yljureidojpentanedicate (compound 101, prepared as
described in Murelli et all') and 120 mg (0646 mmol, 1.05 eq) of 4-bromobenzaldehyde
was dissolved m 5 ml of methancl m a round-bottom flask. 50 pl of glacial acetic acid was
added and, vpon fast stirring. 120 mg (1.85 mmol, 3.0 eq) of sodium cyancborchydride was
added in one portion. After 12 howrs, the reaction mixture was quenched by addition of 10 ml
of water. The reaction mixture was further diluted after 10 minutes by 50 ml of water and was
extracted 3 times by EtOAc (3%23 ml). The organic phase was dried and evaporated and
crude product was purnified by chromatography on silica (mobile phase: EtOAc + 1 % of
saturated anmmomia in water, TLC 1f=055). 395 mg of pure product was isolated
(vield =48 %). Analytical HPLC (grad 2-100 %. 30 min) Br=234min HEMS (ESI+):
calculated for C5,H;O-N;Br [M]" 63629049 Found 65629062, '"HNME. (500 MHz,
DMS0-d6): 747 (m. 2H, m-Ph). 7.27 (m. 2H. o-Ph). 629 (d. 1H, T =835, HN-Glu-2). 6.24
(d, 1H. J=84, HN-Lys-2). 4.02 (btd, 1H, ' =86, I'=5.1, Glu-2). 3.96 (td, 1H, I'=8.1,

=54 Lys-2), 3.62 (s, 2H, CH,-Ph), 241 (t, 2H, T=7.1, Lys-6), 2.25 (ddd,1 H ' = 16 6,
=88 I'=638, Glu-4b). 2.18 (ddd. 1H. J' =166, ' =88 I'=6.1, Glu-4a), 1.86 (m. 1H.
Glu-3b). 1.66 (m, 1H, Glu-3a). 1.57 (m. 1H Lys-3b), 1.49 (m 1H, Lys-3a), 1.40 (m. 2H
Lys-5). 1.38 (bs, 27 H. fBu). 1.29 (m, 2H. Lys-4). "C NMRE. (125.7 MHz. DMS0-d6): 172.50
(Lys-1), 172.11 (Glu-1), 171.63 (Glu-5). 157.31 (NH-CO-NH). 140.83 (i-Ph). 131.07 (mn-
Ph). 130.26 (p-Ph). 119.52 (p-FPh), 80.76 (CH({CH:)z). 80.45 (CH{CH:)z), 79.95 (CH{CH:}:).
53.18 (Lws-1), 32.38 (CH,-FPh). 52.36 (Glu-2). 48.49 (Lys-6), 32.17 (Lys-3). 31.07 (Glu-4).
2024 (Lys-5), 27.93 (CH({CH;);). 27.84 (CH{CH;);). 27.82 (CH{CH;);). 27.77 (GLu-3).
23.03 (Livs-4).

Compound 1:

(245,285)-19-(4-bromobenzyl}-24. 28, 30-tricarboxy-18,26-dioxe-3.6.9.12, 13-
pentacxa-19,25 27 triazatriacontan-1-amuninm. 2.2 2-trifluorcacetate, compound 10 137 mg
(034 mmol 1.1 eq) of Boc-WH-PEG:-CH,CH;COOH (Pur=PEG, #432705) was dissolved in
1 ml of DMF along with 1222 mg (0.38 mmel, 1.25 eq) of TBTU. 132 pl (0.76 mmol, 2.5 eq)
of DIEA were added in one portion and the reaction muxture was left sturing for 10 minutes.
200 mg (0.30 mmol, 1.0 eq) of compound 102 dissolved in 1 ml of DMF were added in one
portion and the reaction mixture was momitored by TLC analysis, uwatil all compound 102

21

129



disappeared (approx. 4 h). The DMF was then rotary evaporated. the crude mixture was
dissolved in 20 ml of EtOAc and was extracted twice with concentrated bicarbonate, twice
with 10 % KHS0: and once with brine. The organic layer was dried and rotary evaporated to
complete drymess. 1ml of TFA was then added to the oily crude product and was left
somicated for 15 minutes. TFA was removed by flow of mitrogen and the product was purified
by preparative HPLC (gradient: 15-50% ACN, Fr=33 min). 834 mg isclated (overall
vield =30%). Br at analytical HPLC (grad 2-100 % 30 min) 17.1min HEMS (ESL):
calenlated for C;yHspOyN,Br [M] 77725632, Found 777.25681.

Synthesis of compound 2

Compound 2, based on a comunercially available HIV protease inhibitor drug ritonavir
(BTV), was synthesized according to the below depicted scheme:
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Izclation of mtonavir (RTV) from commercially available capsules: BTV is suspended
in capsules in an oily mixture of rather non—polar compounds. 50 tablets (100 mg BTV each)
were cut open and the oily substance was squeezed out into a round-bottom shaped 2 1 flask.
200 ml of hexan was added along with 500 ml of diethyl ether. The resulting suspension was
triturated and senicated for 3 hours natil all o1l twned into a white precipitate. This precipitate
was filtred and again triturated sonicated in pure diethyl ether, after which the pure BTV was
filtred. 3.6 g of BTV was obtained (isolation yield 72 %4). The purity of BTV was determined
by HPLC and was well above 99 % (analytical HPLC Fr=23.7 min).

Compound 103

Partial hydrolysis of ritonaver (RTV). thiazel-5-vlmethyl ((25,35.55)-5-amino-3-
hydroxy-1,6-diphenylhexan-2-yl)carbamate, conpound 103: 1.00 g of RTV was dissolved in
50 ml of dioxan in a bottom-round flask. 50 ml of concentrated hydrochloric acid was added
and the resulting mixture was stured at 65 °C for 20 hows (note that different temperature
and/or time lead to different cleavage products). After 20 howrs the mixture was let cool down
to RT. The reaction mixture was neufralized by addition of K2COs until the resulting mixture
showed basic pH. The solvents were concentrated using rotary evaporater to roughly 50 ml
and diluted by 150 ml of water and washed 3 times by 100 ml of EtOAc. The water phase was
discarded and organic phase was dried and evaporated. 885 mg of crude product was obtained
and was used in the next step without fiwther punfication (punty roughly 70 % - HPLC
determination). For spectral determunation, 50 mg was purified using preparative HPLC
(gradient: 20-30% ACN in 40 minutes. Fr=15min). Analytical HPLC Rr=173 min
HEMS (ESI+) caleolated for CuHapOsM;S [M]° 426.18459 Found 42618434 NMR
measured for trifluoroacetate salt. "H NMR (500 MHz, DMSO-d6): 9.06 (d. 1H, “J=08 N-
CH-S), 7.84 (q, 1H. *J=0.8, 5-C-CH-N), 7.81 (bs, 3H, NH;"), 7.32-7.15 (m, 10H, Ph-), 7.20
(bs, 1H, NH), 5.50 (bs, 1H, OH), 5.15 (dd, 1H, Len=13.2, "7=08, O-CH;), 5.11 (dd, 1K
Joem=13.2,'T=08, COO-CH;), 3.69 (m, 1H, HO-CH), 3.67 (ny, 1H, HO-CH-CH-NH), 3.50
(bm. 1H. NH;-CH), 2.87 (dd. 1H, J,.. = 14.0, "J=6.4, NH;"-CH-CH,-Ph), 2.80 (dd. 1H,
Joem =140, =173, NH; -CH-CH,-Ph), 2.79 (dd. 1H. Teem =137, J=37. NH-CH-CH,-
Ph), 279 (dd, 1H. J ., = 13.7, “J=10.5, NH-CH-CH,-Ph). 1.58 (bs, 2H. OH-CH-CH,-CH).
C NMR. (125.7 MHz, DMSO-df): 155.39 (O-C-N), 155.77 (N-CH-S), 143.23 (5-C-CH-N),
13952 (Ph). 136.37 (Ph), 134.14 (S-C-CH-N). 129.61 (Ph). 129.18 (Ph). 12881 (Ph).
12823 (Ph). 127.07 (Ph), 126.12 (Ph), 69.81 (HO-CH). 57.49 (COO-CH;). 36.94 (HO-CH-
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CHNH), 5087 (NH;"-CH). 38.71 (NH;"-CH-CH,-Ph), 35.69 (NH-CH-CH,-Ph), 34.66
(CH-CH,-CH).

Compound 104

Thiazel-5-yimethyl ((25.35.58)-5-((5)-2-amino-3-methyibutanamido)-3-hydroxy-1.6-
diphenylhexan-2-vijcarbamate, compound 104: 326 mg (1.64 mmeol, 1.0 eq) of TBTU was
added to 356 mg (1.64 mmol, 1.0 eq) Boe-Val dissolved in 1.5 ml of DMF along with 690 pl
of DIEA (3.94 mmol. 2.4 eq). The crode hydrolysate of BTV (700 mg. 1.64 mmel. 1.0 eq).
dissolved in 1 ml of DMF, was added after 5 mimtes of stirting in one portion. The reaction
was left overnight and DMF was rotary evaporated. The reaction mixture was dissolved in
50 ml of EtQOAc and washed two fimes by saturated NaHCO;, two times with 10 % EHSO,
and cnce with brine. The organic mixture was dried, evaporated and the product was purified
using Flash chromatography (TLC analysis: EtOAc, By= 0.65). Product was fiuther dissolved
in 5 ml of hot EtOAc and 5 ml of diethyl ether was added. The resulting gel was filtrated and
dried to give very pure (=09 %, HPLC) 230 mg of product (vield = 25 %). The product was
then treated with TFA (approx. 1 mi) for 15 minutes, alternately somicated and stirred. The
remaming TFA was then removed by flow of nitrogen. The cily product was dissolved in
water/ACN and was lyophilisated. Analytical HPL.C By =174 min HEMS (ESI+): calculated
for CygH3O4NLS [M]™ 525.25300. Found 525.25292."H NMR (500 MHz, DMSQ-d6): 9.06
(d, 1H, “T=08 N-CH-S), 824 (d, IHJ=82 NH-CO), 800 (bd, 3H, J=52 -NH;"), 7.85
(g 1H, “T=08, S-C-CHN), 7.28-7.13 (m 10H, Ph-), 6.94 (d, J=0.4 1H NHLO-0), 512
(d. 2H. “7=0.8, O-CH). 416 (m. 1H. CH-NH-CO). 3.78 (m. 1H, CH-NH:", partial overlap
with water residual peak). 3.58 (td, 1H. /=68, 7=20. CH-OH). 3.48 (m. 1H, Ph-CH2-CH-
NH), 2.72-2.67 (m. 4H, 2xCH-CH;-Fh). 2.00 (m. 1H, CH-(CH;)). 1.50 (m  1H, OH-CH-
CH;), 1.43 (m, 1H, OH-CH-CH;). 0.89 (d, 3H. J=6.8 -CH3), 0.54 (d. 3H. J=6.8 -CH3).
“CNMR (125.7 MHz, DMSO-d): 167.33 (CO Val), 158.33(q. Jor=344, CF:C00-),
155.79 (O-C-N). 155.71 (N-CH-S). 143.23 (3-C-CH-N), 13950 (Ph). 138.55 (Ph). 13423
(5-C-CH-N), 129.56 (Ph), 129.17 (Ph). 128.30 (Ph), 128.25 (Ph). 126.26 (Ph), 126.09 (Ph).
116.44 (g. J.r=2948 CF;-COO0) 6890 (HO-CH). 37.56 (CO-CH-NH3), 57.44 (COO-
CH;), 55.74 (HO-CH-CH-NH), 47.98 (CONH-CH), 39.75 (NH-CH-CH,-Ph), 37.77 (-CH;-
CH-CH-). 37.33 (Ph-CH,-CH-NH), 30.04 {CH{CH;),), 17.26 and 18.69 (2xCHj;).
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Compound 2
(55.65,85.118)-5 8-dibenzl-6-hydroxy-11-isopropyl-3.10.13 22 tetracxo-1-(thiazcl -

5-y1)-2.15,18.24 27 -pentacxa-4,9.12 2] tetraazanonacosan-29-amininm 2.2 2-tnflucroacetate,
compound 1: 64 mg (157 pmel. 1.0 eq) of Boc-020e-020c-0H (Ins-Biotech, #BAA1485)
was dissolved in 1 ml of DMF along with 51 mg (157 pmel, 1.0 eq) of TBTU and 95 pl
(358 pmol, 3.5 eq) of DIEA and the whole reaction nuxture was stuved for 15 minutes.
100 mg (157 pmel, 1.0 eq) of compound 104 (dissolved in 0.3 ml of DMF) was added mnto
the mixture in one portion. After 3 howrs all volatiles were evaporated, the cede product was
dissolved in 25 ml of EtDAc and was washed two tumes with saturated WaHCO:, two times
with 10 % KHSO: and once with brine. The organic layer was dried and evaporated. The
Boc-protecting group was then removed by stiuring in 1 ml of TFA for 15 minutes. The
product was purified using preparative HPLC (gradient: 15-50% ACN in 40 minutes.
Br=31 min). Analytical HPI.C Br=17.7 min HEMS (ESI+): calculated for CypHspOppNeS
[M] 815.40079. Found 815 40096. "H NMR (500 MHz, DMSO-d6): 9.05 (d. 1H, J=08. N-
CH-5). 796 (d. 1H, /=87, NH-CO-Val). 7.85 (q. 1H. J=0.8, 5-C-CH-N). 7.81 (vbs, 3H. -
NH;'), 7.79 (bt, 1H, 7= 3.8, Linker NH-CO), 7.31 (d, 1H, J=NH-Val-2), 7.24-7.08 (m, 10H,
2xPh). 6.92 (d, 1H. J= 9.4, NH-COO-CH,-thiazol). 5.16 (dd, 1H. J.. = 13.2, *J=0.8, NH-
COO-CHy-thiazol), 512 (dd, 1H J=132, *7=08. NH-COO-CH,-thiazol), 4.13 (m.
1H.CH-NH-CO-Val), 4.13 (dd. 1H.*J=93_°J=6.8, Val-2), 3.92-3 .89 (m_ 4H. linker 2xNH-
CO-CH;-). 3.82 (m. 1H CH-NH-COO-CH,-thiazol). 3.62-3.51 (m. 12H. linker. OH-CH).
346 (bt, 2H, O-CH,-CH:-NH-CO-CH:-). 3.29 (bt, 2H. O-CH;-CH;-WNH-CO-CH: -), 2.98 (m.
2H, CH;-NH;'). 2.71-2.65 (m, 2H Ph-CH>-CH-NH-Thiazol, 1H Ph-CH;-NH-Val). 2.58 (dd,
1H, Jgn =136, J=84, Ph-CH,-NH-Val), 1.84 (0, 1H, J=68. Val-3). 1.46 (m 2H OH-
CH-CH,-), 0.76 (d. 3H. J=6.8, Val-4). 0.74 (d, 3H. J=6.8, Val-4). "C NMR. (125.7 MHz,
DMS0-d6): 17004 (Val-1). 16956 (WH-CO-Linker), 165.90 (Val-NH-CO-), 13831 (q.
J=344 CFCO007, 155.82 (COO-CH2-thiazol, S-CH-N). 14324 (5-C-CH-N). 139.60 (i-
Ph), 138.92 (j-Ph). 134.30 (S-C-CH-N). 129.47 (o-Ph), 12925 {p-Ph), 128.20 (m-Ph), 128.08
(m-Ph), 126.04 (p-Ph), 126.03 (p-Ph). 116.46 (q. J= 2935, CF;CO0"), 70.44 (linker), 70.17
(linker), 70.03 (linker), 69.83 (linker). 69.66 (linker), 6948 (linker). 6922 (linker) 69.11
(CH-OH). 66.85 (linker), 5740 (O-CH,-thiazol), 57.07 (Val-1), 5564 (CH-COO-CH,-
thiazol), 4745 (CH-NH-Val), 39.90 (CH,-CH-NH-Val), 38.74 (CH,-NH;"), 38.44 (OH-CH-
CH;), 38.23 (CH;-NH-COO-CH:). 37.41 (OCO-NH-CH;-Fh). 31.19 (Val-3), 19.48 (Val-4).
1210 (Val-4).
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Svnthesis of compound 3
Compound 3 is based on the aspartic proteases inhibitor pepstatin A

+ FCO0
o CFy-C00

o

'\

0

o aH  q aH O
H A A
Ulhwuwﬁ”\”'mvk‘iirr“\:/l\/”\“)\rr“\{}‘/u\au
[ B H : o] :
o _A o '\[/ a '\]/
compound 3

(195,228 258 265 .308,3358)-33-((5)-2-carboxy- 1-hvdroxyethyl)-26-hydroncy-25-
1sobutyl-19,22-ditsopropyl-30.35-dimethy1-8,17.20.23 28 31-hexaoxo-3.6.12,15-tetraoxa-
9.18,21.24.20 32 hexaarahexatriacontan-1-amininm,  compound 3: The pepstatin  inhibitor
was synthesized by standard amino-Fmoc synthesis on solid phase, uwsing 2-chlortrityl
chloride resin (Iris-Biotech). The first amino acid (Fmoc-5ta-OH) was attached to the solid
phase according to the manufacturer’s instructions: the resin was left to react with Fmoc-Sta-
OH (0.6 eq to resin substitution) in presence of 4 equivalents of DIEA for 2 hours in DCM.
The remaining reactive residues were quenched with mixture of DCMMOHDIEA (17:2:1)
for 15 minutes. All other amino acids and the linker Boe-O20e-020c-OH (Iris-Biotech,
#BAAL485) were added vsing HOBtDIC method. The peptide was then cleaved from the
solid phase using 95 % TFA and the crude product was purified using preparative HPLC
(gradient: 10-30% ACN in 40 minutes. Fy=26 mun). Analytical HPLC Fr=16.5 min
HEMS (ESIL-): calenlated for C4yHreOnsN7 [M] 89054557 Found 390.54413.
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Synthesis of compound 4
Compound 4 was synthesized according to the scheme depicted below:

105 H
HO o J—K/o M.
Ny oM
o
aH a Boc-020¢c-020c-0H
IDA\‘ OH
LTS
Hx [#] HH o
H +
0)»\ \\W\\H/\nw -‘_'_,-"-..\_NJJ\/ e ,.-'\.\_‘_'__,NHQ
M a CFyC00

compaund 4

a) 1) Boo-NH-PEG,-COOH, DCC, DMF; 2) TEA
Compound 105
NH;-tris-NTA({o-tBu)s, compound 105: The synthesis was performed as described

previously' ! with an only minor variation in cne step (for the reaction between 3 monomers
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of NTA and lysine tricarboxylic acid derivative TSTU was used as an activation reagent,
instead of WNHS/DCC, becanse it gave nmch better yields).

Compound 4

Compound 105 (32 mg. 38 pmel, 1.0eq, purified by HPLC before this step) was
dissolved in 1 ml of DMF and 15 mg (38 pmel. 1.0 eq) of the linker Boe-020c-020¢-0H
(Tris-Bictech #BAAIT485) was added in one portion To this reaction mixture was added
16mg (76 pmel, 2.0eq) of DCC and the reaction was left for 24 howrs stunng at room
temperature. The solvents were evaporated and the crude mixture was treated with 1 ml of
pure TFA, and the reaction mixture was altemately stirred and sonicated for 3 hours. The TFA
was removed by flow of nitrogen and the final product was purnfied by preparative scale
HPIC (gradient: 2-30% ACN in 50 minmtes, Bry=35min) 14mg isolated (overall
vield =32 %) By at analytical HPI.C (grad 2-100 %. in 30 min) 12.0 min HBEMS (ESI+):
calenlated for CayHa Oyl [M]71159. 44846, Found 1159 44840,

Synthesis of monomers, polymer precursors and polymer conjugates

Synthesis of HPMA copolymer conjugates (iBodies)

Generally, the HPMA copolymer conjugates (iBodies 1-6) were prepared by reaction
of the polymer precursor poly(HPMA-co-Ma-5-Ala-TT) with the affinity anchor N-(2-
anunoethyljbiotinamide hydrobromide (biotin-NH,) or with a combination of fluorephore
(ATTO488-anune), affinity anchor (biotin-NH,). and targeting ligand (compounds 1-4). Te
achieve statistical representation of all three ligands in the conjugate, the aminclysis of the
statistical TT groups-containing polymer precursor’ | with the -CH,CH,NH; group-bearing
compounds was performed simmltanecusly in one step. Yield of the anunolytic reaction was
approximately 60-70 % for all three compounds. The compounds were dissolved in DMSO,
and N N-diisopropylethylamine (DIPEA) was added. The reaction mixture was stirred at room
temperatire, and the unreacted thiazolidine-2-thione groups were guenched with 1-
anunopropan-2-ol. Polymer conjugates were isolated by precipitation into an acetone:diethyl
ether mixture (3:1), filtered off. washed with acetone and diethy] ether, and dned in vacus.
Finally, the conjugates were purified on a Sephadex TH-20 chromatography column with
methanol as the mobile phase, precipitated into diethyl ether, filtered off, and dried in vacuo.
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The synthesis of all iBodies, polymer precursors and moncemers is described in more detail
below.

Determination of the composition (1.e. the number of each moiety) of the iBodies

Content of ATTO-488  was  determined uwsing  spectrophotometry
(Esp2am = 90.000 Lmol™ cm™, water). For polymer conjugates containing only biotin and/or
targeting group, content of biotin was determined spectrophotometrically vsing HABA favidin
reagent according to manufactorer’s instmction (Sigma-Aldrch). For pelymer conugates
contaimng both biotin and ATTO488, content of biotin was determined using inductively
coupled plasma atomic emission spectroscopy (ICP-OES; sulphur detection), since
HABA/avidin method was not applicable due to ATTO488 absorption at 500 nm. Content of
targeting groups (compounds 1-4) was deternuned in the sample hydrolyzate (6N-HCL
115 °C, 16 k) using HPT.C-based o-phtaldialdehyde pre-column derivatization method on the
Chromelith C18 columm with a flucrescence detector (Ex. 229nm Em 450 nm). As
standards, the comesponding low-mwolecular-weight inhibitors were hydrolyzed and
derivatized m the same way.

Determination of molecular weight of polymer conjugates

The weight-average molecular weights (M), munber average molecular weights (M),
and dispersities (IJ) of the polymer precursor and conjugates were determined uwsing HPLC
Shimadzn system equipped with a UV detector, an Optilab*rEX differential refractometer and
mmuilti-angle light scattering DAWN® 8™ (Wyatt Technology, USA) detector and size-
exclision chromatography TSKgel G4000SW column The M, M, and B were calculated
using the Astra V software. The refractive index increment dn/de = 0.167 ml'g was used for
calculation. For these experiments, a 20 % 300 mM acetate:80 % methanel (v/v) buffer was
used. The flow rate was 0.5 mI/min. The data are summarized in Table S2.

Synthesis of monomers

N-(2-Hydroxypropyljmethacrylamide (HPMA) was swynthesized by reaction of
methacryloyl chloride with 1-aminopropan-2-ol in dichloromethane in the presence of sodmm
carbonatel' ]

3-(3-Methacrylamidopropancyl fthiazolidine-2-thione (Ma-B-A1a-TT) was prepared by
reaction of 3-methacrylamidopropanoic acid and 4, 5-dihydrothiazole-2-thiol (H-TT) (437 2.
37 mmol) in the presence of 1-ethyl-3-(3-dimethylaminepropyl)-carbodiimide hydrochloride
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(EDC). Briefly, Ma-6-Ala-OH (4.0z 28 mmel). H-TT (35 g, 29 mmel). and a catalytic
amount of 4-dimethylaminopyridine (DMAP) were dissclved in dichloromethane (50 ml). and
EDC (6.9 g, 36 mmol) was added. The reaction was cammed out at room temperature for 2 h.
The reaction mixture was then extracted with distilled water (3*20ml), 2 wi% aqueous
NaHCO; (20 ml), and distilled water (20 ml). The organic layer was dried with Na,S0,,
dichloromethane was evaporated, and Ma-0-A1a-TT was crystallized from ethyl acetate. The
crystals were filtered off, washed with diethyl ether, and dried in vacuo. Yield: 4.6 g (64 %).

Synthesis of iBody 1

Monomers  No(2-hydroxypropylimethacrylamide (HPMA) and  3-(3-methacrylamido-
propanoyl)thiazolidine-2-thione (Ma-f-Ala-TT) were synthesized as described earlier!'¥.
Polymer precwrsor polyHPMA-co-Ma-6-Ala-TT) was prepared by reversible addition-
fragmentation chain transfer (RAFT) copolymerization™ . 0.659 g of mixture of HPMA
(85 %mol, 500 mg). Ma-6-Ala-TT (15%mol 159 mg dissolved in 0.8 ml dimethyl
sulfoxide), 1.22mg 2-cyano-2-propyl benzodithicate and 045mg  2.2-azobis(2-
methylpropionitrile) was dissolved in 3.8 ml tert-butancl and the solution was introduced into
polymerization ampule. The mixture was bubbled with argon for 10 min and ampule was
sealed. Polymerization was carried out at 70 °C for 16 b Polvmer precursor was isolated by
precipitation into muxture of acetone:diethyl ether (3:1), filtered off. washed with acetone and
diethyl ether and dred in vacoum Termunating dithiobenzoate group was removed as
described by Perrer']. The polymer precussor poly(HPMA-co-Ma-f-Ala-TT) with
melecular weight M. = 79,000 g/mol, M, = 94,600 g/meol, dispersity B = 1.20 and content of
reactive thiazolidine-2-thione groups 134 mel% was obtamed.

Polymer  precursor  poly(HPMA-co-Ma-p-Ala-TT)  (45mg; M, =792.000 g/mol,
Me=94600 gmol P=120; 134mel% TI). compoundl (62mg) and No(2-
aminoethyl)biotinamid hydrobromid (biotin-NH:) (5 mg) were dissolved in 0.2 ml DMSO.
ATTO-488-NH; (2.5 mg) was dissolved in 0.1 ml DMSO and added to the solution. Then
2.5 pl of N N-diisopropylethylamine (DIPEA) was added. Reaction was carnied out for 4 h at
room temperature and then 5 pl of 1-anunopropan-2-ol was added and the reaction was stured
for 10min Polymer conjugate poly(HPMA-co-Ma-f-Ala-Compound]-co-Ma-f-Ala-
ATTO488-co-Ma-p-Ala-NH-biotin) was isolated by precipitation info mochwe of
acetone:diethyl ether (3:1), filtered off. washed with acetone and diethyl ether and dried in
vacouwmn. Polymer conjugate was purified on chromatography column Sephadex TH-20 in

30

138



methanol. precipitated into diethyl ether, filtered off and dried in vacuum Yield of the
iBody 1l (MM, =148200 g/mol, M, =203200 gmel, B=137) was 33mg cootent of
compound 1 was 9.8 wit%, content of biotin was 9.8 wit% and content of ATTO-428 was
30%.

Synthesis of iBody 2

Pelymer precursor poly(HPMA-co-Ma-B-Ala-TT) was prepared by BAFT copolymerization
as described in the Synthesis of iBody 1 by using following composition of polymerization
mixture: HPMA (90 %emol; 500 mg), Ma-6-Ala-TT (10 %mel, 100 mg), 4.29 mg 2-cyanoe-2-
propyl benzodithioate and 1.59 mg 2 2"azobis(2-methylpropionitrile. The polymer precursor
with molecular weight M, =24.800 g'mol, M, =26.700 g/mol. dispersity B=1.08 and
content of reactive thiazolidine-2-thione groups 10.4 mol% was obtained.

Polymer precursor (74 mg; M, =24 800 g/mel, M, = 26,700 g/mel, B = 1.08; 10.4 meol% TT)
and biotin-NH; (6 mg) were dissolved in 0.4 ml DMSO and the sclution was stired for
20 min Then 13 mg of compound 2 and 12.2 pl of N N-diisopropylethylamine (DIPEA) was
added. Feaction was carried out for 4 h at room temperature and then 5 pl of l-aminopropan-
2-ol was added and the reaction was stured for 10 min. Polymer conjugate poly(HPMA-co-
Ma-B-Ala- Compound2-co-Ma-B-Ala-NH-biotin) was isclated by precipitation mto mixture of
acetone:diethyl ether (3:1), filtered off, washed with acetone and diethyl ether and dried in
vacmun. Polymer conjugate was purified on clromatography column Sephadex TH-20 in
methanol, precipitated into diethyl ether, filtered off and dried in vacoum Yield of the
Body2 (Ma=40600gmol, M,=67000gmol, P=165) was 62mg content of
compound 2 was 11.7 wi% and content of biotin was 4.7 wi%e.

Synthesis of iBody 2

Polymer precursor (35 mg, M. = 24,800 g'mol, My = 26,700 g/mol, B= 1.08; 10.4 mol% TT)
and biotin-NH: (6 mg) were dissolved in 0.32 ml DMS0O and the solution was stirred for
20min Then 10mg of compound 3and 8.7 pl of N N-diisopropylethylamine (DIPEA) was
added. Reaction was carnied out for 4 h at room temperature and then 5 pl of 1-aminopropan-
2-ol was added and the reaction was stured for 10 min. Polymer conjugate poly(HPMA-co-
Ma-p-Ala- Compound3-co-Ma-f-Ala-NH-biotin) was isolated by precipitation into mixture of
acetone:diethyl ether (3:1), filtered off. washed with acetone and diethyl ether and dried in
vacmun. Polymer conjugate was purified on clromatography column Sephadex TH-20 in
methanol. precipitated into diethvl ether. filtered off and dried in vacvum Yield of the
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Bedy3 (M,=42100 g/mol, M, =55500gmol, B=132) was 35mg content of
compound 3 was 13.3 wi% and content of biotin was 5.9 wi%e.

Synthesis of iBody 4

Polymer precursor poly(HPMA-co-Ma--Ala-TT) was prepared by RAFT copelymerization
as described in the Synthesis of iBody 1 by using following composition of polymerization
mixture: in 7.3 ml of tert-butancl, following compounds were disselved: 1,000 mg of HPMA
(85 ®amol). 318 mg Ma-6-Ala-TT (15 %emol, dissohved in 1.9 ml DMSO), 2.42 mg 2-cyano-
2-propvl benzodithicate and 0.90mg 22"%-azobis(2-methylpropionitrile. The polymer
precurser with molecular weight M, = 73,800 g/meol, M. = 90,600 g/mel, dispersity B=1.23
and content of reactive fluazolidine-2-thione groups 14.6 mol%s was obtained.

Polymer  precursor  poly(HPMA-co-Ma-p-Ala-TT) (40mg M, =73.800 g/mol,
M, =90600 gmel. P=123; 146mol% TI)., compouvndd (6.0mg) and N42-
aminoethyl)biotinamid hydrobromid (biotin-NHa) (5 mg) were dissolved in 0.2 ml DMSO.
ATTO-488-NH: (2.5 mg) was dissolved in 0.1 ml DMSO and added to the solution. Then
8.0 pl of N N-diisopropylethylanmine (DIPEA) was added. Reaction was carned out for 4 h at
room temperature and then 5 pl of 1-anunopropan-2-ol was added and the reaction was stirred
for 10min Polymer conjugate poly(HPMA-co-Ma-f-Ala-Compoundd-co-Ma-f-Ala-
ATTO488-co-Ma-p-Ala-NH-biotin) was isolated by precipitation info mochwe of
acetone:diethyl ether (3:1), filtered off. washed with acetone and diethyl ether and dried in
vacoun. Polymer conjugate was pwified on chromatography column Sephadex TH-20 in
methanol, precipitated into diethyl ether, filtered off and dned m vacuum. Yield of iBody 4
(ML = 135,800 g'mol. M, = 255,000 g/mel, B = 1.88) was 22 mg; content of compound 4 was
11.3 %, content of ATTO-488 was 4.2 %0 and content of biotin was 9.7 wi%o.

Synthesis of iBody 5

Polymer  precursor  poly(HPMA-co-Ma-p-Ala-TT)  (45mg M, =79.000 g/mel,
M, = 94600 g'mol. B=1.20; 13 4 mol%s TT) and N42-amincethyljbiotinamid hydrobromid
(biotin-NH;) (3mg) were dissolved in 02ml DMSO. ATTO-488-NH; (2.5mg) was
dissolved in O01ml DMSO and added to the solutien Then 25pl of NN-
diisopropylethylamine (DIPEA) was added Reaction was carried out for 4h at room

temperature and then 5 pl of 1-aminopropan-2-cl was added and the reaction was stirred for
10min Polymer comjugate poly(HPMA-co-Ma-f-Ala-ATTO488-co-Ma-f-Ala WNH-biotimn)
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was isolated by precipitation into mixture of acetone:diethyl ether (3:1), filtered off, washed
with acetone and diethyl ether and dried in vacoum. Polymer comjugate was punified on
chromatography column Sephadex TH-20 in methanol, precipitated into diethyl ether, filtered
off and dried in vacumm. Yield of the iBody 5 (M. =108.100 g/mel. M, =176.200 g/mol,
B =1.63) was 32 mg, content of biotin was 10.8 wi%s and content of ATTO-488 was 5.1 %.

Synthesis of iBody 6

Polymer  precursor  poly(HPMA-co-Ma-p-Ala-TT) (40mg M, =24.800 g/mol,
Me=26.700 gmol. B=108; 104 mol% TT) and N-(2-amincethyljbiotinamid hydrobremid
(biotin-NHy) (Smg) were dissolved m025ml DMSO. Then 30pl of NN
diisopropylethylamine (DIPEA) was added Reaction was camied out for 4h at room
temperature and then 5 pl of 1-aminopropan-2-cl was added and the reaction was stirred for
10min Polymer conjugate polyHPMA-co-Ma-f-Ala-NH-biotin) was isolated by
precipitation into muxture of acetone:diethyl ether (3:1), filtered off. washed with acetone and
diethyl ether and dried in vactum Polymer conjugate was purified on chromatography
colomn Sephadex TH-20 in methanol precipitated into diethyl ether, filtered off and dried in
vacmun. Yield of the iBody 6 (M, = 37,800 g/mol, M, =57 800 g/mol, B'=1.33) was 28 mg,
content of biotin was 6.4 wi%o.
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Supplementary Figure S8

Example of a GPC chromatogram of the HPMA polymer precursor (red) and the resulting
ligand-decorated HPFMA copolymer conjugate (iBody 3, green) from differential refractometer.
The HPMA polymers (both precursors and conjugates) are eluted between 12 and 25 min;
the peak in time between 25 and 30 min represents the buffer. The shift of the peak
maximum of the HPMA copolymer conjugate comesponds to its increased molecular weight
and dispersity. The small shoulder at 17 min on GPC record of polymer precursor is caused
by the side reaction durnng RAFT polymerization (termination reaction of two polymer
radicals forming dead polymer). "3
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