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Abstract 

Glutamate carboxypeptidase II (GCPII) is a human membrane-bound metallopeptidase 

discovered more than 30 years ago. It has attracted attention of biomedical scientists thanks to its diverse 

tissue expression profile and different biological functions.  

GCPII is detected on the surface of astrocytes in both central and peripheral nervous systems 

where it is responsible for the cleavage of N-acetyl-L-aspartyl-L-glutamate (NAAG), the most abundant 

mammalian peptidic neurotransmitter. Glutamate, one of the hydrolytic products, is a potent excitatory 

neurotransmitter and its overproduction has been shown to be responsible for cell death in various 

neurological disorders by a so-called glutamate excitotoxicity mechanism. Together with the fact that 

NAAG acts neuroprotectively it has been postulated (and later confirmed) that GCPII inhibition has a 

therapeutic potential in such disorders. 

Prostate cancer (PCa) is the second most prevalent cancer in men and despite its slow progression 

it is prone to metastasize thus posing a life threat. GCPII has been found to be overexpressed in prostate 

tumor cells compared to the healthy tissue (therefore it is also termed prostate-specific membrane 

antigen – PSMA) thus representing an excellent biomarker of PCa validated by many publications and 

clinical studies. 

Another physiological role of GCPII is the cleavage of dietary polyglutamylated folates in the 

small intestine enabling thus absorption of the folic acid into the blood stream.  

The diverse roles of GCPII in physiology and its therapeutic potential have driven scientists’ 

efforts to thoroughly study GCPII from biological, biochemical and structural perspectives. In our first 

study we interrogated the calcium-binding site of GCPII by site-directed mutagenesis approach. By a 

combination of biochemical and biophysical methods we showed that the intact Ca2+coordination sphere 

is crucial for maintaining the three-dimensional structure of the enzyme and that any disturbance leads 

to the disruption of physiologic dimer formation and to the enzymatically inactive monomeric form.  

To address the role of GCPII in folates hydrolysis we have enzymatically and structurally 

characterized the cleavage of a panel of folates with varying number of glutamates. Additionally, we 

demonstrated the importance of the arene-binding site on the surface of the enzyme for folate 

recognition. Finally, we showed that the naturally occurring polymorphic GCPII variant Hist475Tyr is 

enzymatically and structurally identical to the wild-type enzyme. 

The last three publications describe the structure-assisted design of GCPII-specific inhibitors. 

The first one shows structural characterization of a panel of inhibitors with the “canonical” glutamate 

part replaced for more lipophilic moieties to enhance penetration of the compound into the CNS. The 

second study introduced a carborane cluster to the inhibitor that can be further modified for PCa imaging 

or therapy. The final work revealed the unprecedented binding mode of hydroxamate-based compounds 

in the internal cavity of GCPII where the glutamate-binding site remains unoccupied thus facilitating 

the design of GCPII-specific compounds with novel pharmacophore moieties. 
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Abstrakt 

Glutamátkarboxypeptidasa II (GCPII) je lidská membránová metalopeptidasa objevená před více 

než třiceti lety. Od té doby je předmětem zájmu vědců z mnoha odvětví kvůli jejímu výskytu v různých 

tkáních lidského těla a rozličným biologickým funkcím. 

Exprese GCPII byla detekována na povrchu astrocytů v centrálním i periferním nervovém 

systému, kde je zodpovědná za štěpení nejrozšířenějšího lidského peptidového neurotransmiteru N-

acetyl-aspartyl glutamátu (NAAG). Jeden z produktů - glutamát - je významným excitačním 

neurotransmiterem, jehož nadprodukce (takzvaná glutamátová excitotoxicita) je příčinou smrti neuronů 

v mnoha neurologických poruchách. Tento jev spolu s neuroprotektivní funkcí NAAG vedl ke zjištění, 

že inhibice GCPII představuje potenciální terapeutický cíl v těchto poruchách. 

Rakovina prostaty je druhým nejčastějším nádorovým onemocněním u mužů, a přestože je její 

progrese relativně pomalá, tak velmi často tvoří metastáze ohrožující život. Ve srovnání se zdravou 

tkání byla na povrchu nádorových buněk prostaty i metastází pozorována zvýšená exprese GCPII a tedy 

představuje proteinový marker odlišující zdravé buňky prostaty od nádorových. Toto bylo potvrzeno 

mnoha publikacemi a využito v několika klinických studiích. 

Další fyziologickou úlohou GCPII je odštěpování glutamátu z polyglutamylovaných folátů 

v tenkém střevě, čímž GCPII umožňuje vstřebávání kyseliny listové (folátu) do krve. 

Zmíněné funkce GCPII a její potenciál jako cíl terapeutického zásahu motivovalo vědce k jejímu 

zkoumání z biologického, biochemického a strukturního úhlu pohledu, což je předmětem publikací 

obsažených v této disertační práci. V první z nich jsme zkoumali koordinační sféru vápenatého iontu 

pomocí cílené mutageneze. S využitím kombinace biochemických a biofyzikálních metod jsme 

dokázali, že správná koordinace vápenatého iontu je nezbytná pro udržení terciární struktury enzymu. 

Dále jsme ukázali, že jakákoli změna v koordinačním okolí vápníku vede k rozpadu fyziologické 

dimerní formy GCPII a ke vzniku monomerní formy, která postrádá enzymatickou aktivitu. 

Dále jsme využili sérii polyglutamylovaných folátů s různým počtem glutamátů a 

charakterizovali jsme jejich hydrolýzu z enzymologického a strukturního hlediska. Dále jsme prokázali 

významný vliv místa vázajícího areny pro rozpoznání a hydrolýzu folátů. Nakonec jsme porovnáním 

s  variantou divokého typu GCPII ukázali, že polymorfismus His475Tyr, který se přirozeně vyskytuje 

v populaci, nemá vliv na enzymovou aktivitu ani na strukturu GCPII. 

Poslední tři publikace jsou zaměřeny na racionální návrh inhibitorů GCPII. První z nich se 

zabývá strukturní charakterizací inhibitorů, ve kterých je „kanonický“ glutamát nahrazen lipofilní 

skupinou s cílem zvýšit prostupnost inhibitoru do CNS. Ve druhé studii ukazujeme využití karboranové 

skupiny v molekule inhibitoru. Tuto skupinu lze dále modifikovat a využít pro zobrazovací nebo 

terapeutické účely. V poslední práci jsme analyzovali inhibitory založené na hydroxamátové skupině. 

Strukturní analýza odhalila nový druh vazby na enzym, kde část aktivního místa, kde bývá vázán 

glutamát, zůstává prázdná, což usnadňuje návrh nových lipofilních inhibitorů prostupujících do CNS.  
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1 Introduction 

1.1 Glutamate carboxypeptidase II – historical overview 

Glutamate carboxypeptidase II (GCPII, E.C. 3.4.17.21) is a metallopeptidase that has been 

discovered more than 30 years ago [1, 2]. Since then researchers from various fields has made a 

substantial effort to study both structural/physiological functions of GCPII as well as looking for ways 

how to exploit this enzyme for treatment of several pathological conditions in clinics. Up to now these 

efforts resulted in more than 3000 publications bearing GCPII name in a title, keywords or an abstract. 

To be precise, not just “GCPII” but also any of the three other names this protein has earned through its 

existence in scientific literature. 

The very first observation of GCPII enzymatic activity was reported in 1987 by Robinson et al. 

[1] showing that the enzyme cleaves the endogenous brain neurotransmitter N-acetyl-L-aspartyl-L-

glutamate (NAAG) in rat brain membranes. They also identified compounds inhibiting its enzymatic 

activity and postulated existence of a new enzyme possessing N-acetylated alpha-linked acidic 

dipeptidase activity. Therefore, in subsequent publications neuroscientists opted to call the enzyme N-

acetylated alpha-linked acidic dipeptidase (NAALADase). 

At (almost) the same time another laboratory raised a new monoclonal antibody using the LNCaP 

cell line, derived from human prostatic cancer (PCa) [3], for immunization [2]. The resulting antibody 

7E11-C5 specifically recognized prostatic tumor tissue suggesting thus discovery of a new PCa-specific 

antigenic marker called prostate-specific membrane antigen (PSMA). 

Several years later Halsted et al. reported discovery of a new exopeptidase located on the jejunal 

brush border of the small intestine that is responsible for deglutamylation and subsequent absorption of 

dietary polyglutamylated folates [4]. Therefore, they termed the enzyme folate hydrolase (FOLH). 

It took scientific community several years to realize that all these separately discovered proteins 

refer to a single protein species as documented in several publications showing that PSMA possess both 

neuropeptidase and folate hydrolase activity [5, 6]. In 1998 it was suggested to unify the enzyme’s name 

to the “glutamate carboxypeptidase II” (GCPII) and the name was also acknowledged by International 

Union of Biochemistry and Molecular Biology under E.C. 3.4.17.21 number [7-10]. The official 

“GCPII” name will be used exclusively throughout this thesis although other names are still extensively 

used in the particular research fields (as can be seen in some of the attached publications), especially 

PSMA which is by far the most extensively used GCPII name. 

1.2 From gene to protein 

Human GCPII is encoded by the FOLH1 gene located on the chromosome 11p11.2 and is 

composed of 18 intron and 19 exon regions [11].  The complex exon/intron composition of the gene 
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leads to occurrence of various splice variants, which exhibit different expression in tissues and in 

different malignant conditions [12-15]. The details concerning GCPII splice variants has been reviewed 

in Hlouchova et al. [16] and will not be discussed here.  

Another important feature of the FOLH1 gene is an enhancer region that lies in the third intron 

and is responsible for increased expression of GCPII in prostate cancer cell lines [17, 18]. 

In the FOLH1 gene there was identified a single-site polymorphism naturally occurring in human 

population. It is the 1531C→T mutation that leads to the substitution of histidine at position 475 for 

tyrosine. Details about this polymorphism will be partially discussed in the chapter 1.4.3 and in a 

publication included in this thesis (chapter 2.3). 

1.3 GCPII structure  

GCPII is a membrane-tethered class II transmembrane glycoprotein composed of 750 amino 

acids that exists as a homodimer on the surface of cells. GCPII has been assigned to the MEROPS M28 

peptidase family with other co-catalytic zinc metallopeptidases like aminopeptidase from Streptomyces 

griseus, glutamate carboxypetidase III (GCPIII) or transferrin receptor [19]. Even though domain 

prediction [20] and 3D homology modelling [21, 22] provided valuable information for experimental 

studies, only X-ray structures reported by two groups in 2005 and 2006 spurned structure-function 

studies and later the development of high affinity inhibitors and ligands specific for GCPII [23, 24]. 

Only basic structural characteristics together with features relevant for manuscripts included in 

this thesis will be discussed here. In case a reader is interested in the GCPII structural details I would 

like to refer to a comprehensive review published by Pavlicek et al. in 2012 [25]. 

1.3.1 Domain organization 

GCPII as a type II transmembrane protein is composed of three parts – the extracellular portion 

(amino acids 44 - 750), the transmembrane α-helical part (AAs 19 – 43) and the intracellular tail (AAs 

1 – 18). While it is generally assumed that the intracellular tail is unstructured and the transmembrane 

part is (almost) certainly α –helical, the extracellular portion has a well-defined 3D fold consisting of 

three domains (Fig. 1, page 4). 

The protease domain is formed by amino acids 57 – 116 and 352 – 590 and its fold is very similar 

to that of aminopeptidase from Streptomyces griseus [26]. It forms the bottom part of substrate-binding 

cavity and contains zinc-coordinating amino acids.  

The apical domain is positioned on the top of the protease domain also forming part of the 

substrate-binding site. Moreover, a polyproline type-2 helix (Fig. 1-C) has been identified in this 

domain raising a possibility that it is involved in signalization since this motif is often involved in 

protein-protein interactions [27]. The hypothesis that GCPII could function as a receptor is also 

supported by considerable sequence and structural similarity to transferrin receptor. However, despite 

of all effort no ligand has been identified so far. 
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The C-terminal domain is solely composed of α-helices and hence called the helical domain. It 

forms a substantial part of dimerization interface and also reaches to the active site where the loop called 

a glutarate sensor (AAs 692 – 704) is responsible for “induced fit” recognition of substrates [23]. 

1.3.2 Non-peptidic composition of GCPII 

GCPII belongs to zinc-dependent metallopeptidases and possess two co-catalytic zinc ions in the 

active site [23]. Both zinc ions are indispensable for substrate recognition, hydrolysis and also for 

maintaining a proper structure of the active site (Fig. 1-D, page 5). 

One chlorine ion has been identified near the active site that is important for the architecture of 

the S1 site of the enzyme as it is implicated in positioning of a so-called arginine patch (see below). 

The last inorganic ion present in the GCPII molecule is Ca2+, which is positioned between 

protease and apical domains (Fig. 1-B). Because of its 20 Å distance from the active site it has been 

hypothesized that it plays a structural role and might be important in forming dimerization interface by 

stabilizing the loop Y272-Y279 [23]. Also it has been published that mutations in the calcium binding 

site of transferrin receptor, which is structurally highly similar to GCPII, leads to significantly lower 

expressions levels and occurrence of non-physiological aggregates [28] thus supporting hypothesis 

about structural importance of the Ca2+ ion. This topic has been pursued in our lab for last several years 

and the results have been published recently so the reader is encouraged to look up details in our 

manuscript – chapter 2.2 [29]. 

GCPII is highly glycosylated protein with 10 oligosaccharide chains N-linked to asparagines 

contributing for up to 25% of the enzyme molecular weight [30]. It has been shown that the glycan 

moieties are indispensable for the enzyme proper functioning including activity, thermal and proteolytic 

stability, and localization to membrane lipid rafts [31-34]. From structural point of view the glycan 

chain linked to Asp638 with four sugar units visible in crystal structures reaches to the second monomer 

molecule contributing thus to homodimer stability (Fig. 1-A) [23, 32]. 

1.3.3 Architecture of the active site  

GCPII is an exopeptidase cleaving C-terminal glutamate or glutamate-like moiety from a peptidic 

substrate. The overall shape of the binding cavity corresponds to the function – it is shaped as a funnel 

leading to the two zinc ions, where catalysis of the peptide bond takes place, followed by the 

pharmacophore pocket which is “designed” (by Nature of course) to recognize a terminal glutamate 

residue. Some of the structural details of the active site that are important for inhibition and activity 

studies will be discussed here, but more details can be found in the  review article by Pavlicek et al. 

[25] or any of the manuscripts concerning GCPII inhibitors design. 
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Figure 1: Structure of human GCPII and details of important structural features. The overall structure of 

GCPII homodimer is shown in the top part of the figure together with a drawing of membrane, the transmembrane 

helices and intracellular parts of GCPII. The left monomer unit is in surface representation and the right monomer 

in cartoon and the individual domains are color-coded: C-terminal (helical) domain yellow, protease blue and 

apical domain green. Oligosaccharides visible in the X-ray structure are represented by spheres (cyan carbons, 

red oxygens, blue nitrogens) and inorganic ions also by spheres (magenta Ca2+, violet zincs and yellow Cl-). The 

scheme of the internal cavity is roughly sketched over the dimer molecule and is enlarged in the bottom. 

Individual structural features: A – four saccharide units of the oligosaccharide chain anchored to N638 (yellow 

sticks) are represented by sticks. The oligosaccharide is interacting with the second monomer of GCPII (white 

surface) and forms hydrogen bonds (dashed lines) with E276 and R354 (white sticks) contributing thus to dimer 

formation. B – the detail of the calcium-binding site. The calcium ion (magenta sphere) is positioned between 

protease and apical domains (blue and green cartoon, respectively) and its coordination sphere is composed of 

T269, Y272, E433, E436 (sticks) and a water molecule (red sphere). Ca2+ contributes to the stabilization of the 

loop 272-279 forming thus part of the monomer surface that interacts with the second monomer unit (white 

surface). C – four proline residues (P146-P149, green sticks) are folded into the type-2 polyproline helix, a motif 

that is often involved in protein-protein interactions. D – five amino acid side chains (green sticks) are 

coordinating two active site zinc ions (violet spheres) and the catalytic water molecule (red sphere) is positioned 

between them. E – the chlorine ion (yellow sphere) is coordinated by four amino acids (sticks) and a water 

molecule (red sphere). Cl- is important for the formation of part of the S1 site surface called the arginine patch. It 

is composed of three arginine residues (R463, 534 and 536, green sticks) where the R536 can adopt two different 

conformations (“binding” – R536b or “stacking “ – R536s) depending on the substrate (inhibitor) bound to the 

internal cavity. F – the entrance lid (W541 – G548, cyan surface) can adopt two distinct conformations. When the 

internal pocket is unoccupied or a small substrate/inhibitor is bound the entrance lid adopts closed conformation 

(F1) which changes to the open conformation (F2) upon the binding of a larger molecule that cannot fit into the 

cavity. Moreover, the cryptic arene-binding site is formed when the lid is opened. G – the arene-binding site 

(ABS) is a groove-shaped part of a surface (green surface) on the edge of the entrance funnel which can be engaged 

by an aromatic moiety of either substrate (polyglutamylated folate) or an inhibitor (i.e. ARM-P2 – antibody-

recruiting molecule – green sticks in the figure). H – Arginines 463, 534 and Arg536 in the stacking conformation 

form the positively charged arginine patch (H1, yellow surface) important for inhibitor design. When R536 adopts 

binding conformation it unveils a cryptic S1 accessory pocket (H2, yellow surface) where an aromatic moiety of 

an inhibitor (i.e. the iodophenyl group of DCIBzL, green sticks in the figure) can be inserted contributing thus to 

its inhibition potency. I – the architecture of the active site with the binding mode of the scissile peptide bond. 

The peptide bond (green sticks) is shown together with the coordinating residues (grey lines), the active site zinc 

ions and the catalytic water molecule (violet and red spheres respectively). J – the glutamate moiety of the 

substrate (green sticks) bound to the S1’ site. Residues forming the S1’ site and coordinating the glutamate are 

shown by grey lines and hydrogen bonds by dashed lines. K – the glutarate sensor (residues 692-704) is 

responsible for the plasticity of the S1’ site. The dissected internal cavity (white surface) with the active site zincs 

(violet spheres) and the glutarate sensor (yellow and red cartoon) is shown. When the S1’ site is empty the 

glutarate sensor is “withdrawn” (yellow) from the site. However, upon ligand binding (2-PMPA on the figure, 

green sticks) the glutarate sensor is shifted (red cartoon) by 4.7 Å (for C-α atoms of Y700) and K699 and Y700 

forms hydrogen bonds with the inhibitor. Figure adapted from [25]. 
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Certainly, the most important is the active site itself where two Zn2+ ions are placed. They are 

coordinated by several amino acid side chains and together with a hydroxide anion and the side chain 

of Glu424 (acting as a proton shuttle) are responsible for substrate cleavage (Fig. 1-D and I, page 5). 

The reaction mechanism is well studied thanks to crystallographic “snapshots” of the active site in 

different stages of peptide bond hydrolysis and also with help of quantum mechanics/molecular 

mechanics calculations [35]. Detailed knowledge of zinc ions function is crucial for design of high-

affinity inhibitors. In the similar manner as the peptide bond of a substrate is engaged by zinc ions, an 

inhibitor molecule must contain a non-cleavable substitute of the peptide bond binding to zinc ions. It 

is called a zinc-binding group (ZBG) and will be discussed in detail in the chapter 1.6. 

The second most important part is the pharmacophore pocket, also called the S1’ site (Fig. 1-J). 

It provides the enzyme with selectivity and high affinity for the C-terminal glutamate of both natural 

substrates of GCPII – N-acetyl-aspartyl-glutamate and polyglutamylated folates. A network of ionic 

and hydrogen-bonding interactions is responsible for the aforementioned affinity and selectivity causing 

headaches to medicinal chemists who aim at design of high affinity inhibitors with enhanced 

lipophilicity. Unfortunately, this is in direct contrast with a strong preference of GCPII for a polar 

glutamate-like moiety at the P1’ position of an inhibitor. Inhibitors design will be described in more 

details in next chapters. The S1’ pocket is more or less rigid with dimensions approximately 8 x 8 x 8 

Å with one exception – repositioning of the Tyr692-Ser704 segment called the glutarate sensor by more 

than 4 Å (Fig. 1-K) [23, 36]. 

On the opposite side from zinc ions lies an entrance funnel of approximately 8 Å internal diameter 

at the base and a wide (hardly definable) opening on the surface of the enzyme about 20-25 Å far from 

the active site zincs. One of the interesting features of the funnel is a so-called arginine patch formed 

by three arginines (534, 536 and 463) supported by the chlorine anion and forming a positively charged 

area of the funnel wall (Fig. 1-E and H1) [23, 37]. Moreover, a cryptic hydrophobic pocket between 

arginines can be opened upon binding of specific inhibitors (like iodophenyl group of DCIBzL – Fig. 

1-H2) significantly increasing their potency [38-40].  

The second prominent site is the flexible loop Trp541 – Gly548 called an entrance lid (Fig. 1-F). 

As the name suggests this loop can adopt two conformations depending on inhibitor/substrate bound. 

When a small molecule is bound inside the active site (either inhibitor or NAAG for example) the 

entrance lid adopts closed conformation. The other natural substrate – polyglutamylated folate - 

wouldn’t fit in the internal cavity with the lid closed so the loop moves out leaving the entrance funnel 

opened [39]. In the open position a new hydrophobic binding site has been identified when antibody-

recruiting molecules (ARMs) were studied (Fig. 1-G). It has been termed the arene-binding site because 

it specifically engaged the dinitrophenyl group of ARMs and increased their affinity up to 60-fold 

compared to molecules lacking this aromatic moiety [39, 41]. 
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1.4 GCPII function 

It has been already mentioned that GCPII is expressed in several human tissues and that there are 

two known natural substrates of this enzyme. Both GCPII expression profile as well as its function in 

these tissues will be detailed in this chapter. 

1.4.1 Expression profile 

The expression profile of GCPII in human body is quite wide and if a researcher goes through 

available literature it is also inconsistent in many cases. In dissertation thesis of Jan Tykvart [42] is a 

comprehensive table summarizing publications evaluating GCPII expression  by various methods – 

western blotting, immunohistochemistry and ELISA [43-51]. Despite all differences caused by 

employed techniques with different detection limits, tissues tested and antibodies used, major GCPII-

expressing tissues are prostate, small intestine, nervous tissue, kidney and liver. 

In addition to the above mentioned tissues, significant GCPII expression levels were detected in 

endothelial cells of neovasculature of several solid tumors, while no expression has been observed in 

the same tissue under physiologic conditions [47, 52-54]. That makes targeting tumors via GCPII much 

more universal and some studies have already proved applicability of the anti-GCPII antibody J591 for 

vascular-targeted therapy [55, 56].  

1.4.2 GCPII as prostate-specific membrane antigen 

As was discussed in the first chapter, prostate tumor tissue was one of the first sites where GCPII 

was discovered. Later it was shown that GCPII is also expressed in normal prostate tissue, but the 

expression levels are significantly lower compared to cancer cells [44, 50, 57]. Understandably, GCPII 

became a prominent marker of prostate cancer (PCa) and also a target for PCa imaging and therapy. An 

increasing number of publications is being produced by scientists exploiting various types of molecules 

to target GCPII and it will be detailed in following chapters. 

Given the importance of GCPII as a PCa marker and the extensive knowledge gathered about its 

enzymatic role it is intriguing that the reason why is GCPII upregulated in prostate cancer cells and in 

neovasculature remains elusive. One direction pursued by researchers is its potential function as a 

receptor or transporter. This hypothesis is supported by GCPII high sequence and structural similarity 

to transferrin receptor (TfR) and its homodimeric nature [58, 59]. Moreover, it has been shown that 

GCPII undergoes internalization and consecutive recycling to the plasma membrane analogously to 

transferrin receptor [60-62]. Despite the fact that no natural ligand of GCPII has been identified yet, the 

putative GCPII signaling role have been supported by some studies. One has reported involvement of 

GCPII in integrin signaling [63, 64], another activating the MAP kinase pathway [65] or association 

with the anaphase-promoting complex [66]. Also GCPII could be involved in prostate tumor cells 

migrating and forming metastases as it is highly expressed in metastatic tumors [67, 68].  



- 8 - 

 

Recently, a data published in a study by Kaittanis et al. show that the carboxypeptidase activity 

of GCPII activates metabotropic glutamate receptor I (mGluR I) through released free glutamate. 

Subsequently it leads to the activation of phosphoinositide 3-kinase which plays an important role in 

the pathogenesis of prostate cancer [69]. 

1.4.3 GCPII as folate hydrolase 

Folate hydrolase activity on luminal surface of small intestine was one of the ways how GCPII 

was discovered [4]. There it plays an indispensable metabolic role by cleaving γ-linked glutamates from 

dietary polyglutamylated folates (FolGlun, Fig. 2) which represent provitamin precursors of folic acid 

(vitamin B9). The removal of the polyGlu tail enables folic acid to pass through the cell membrane and 

deglutamylation it thus crucial for folate absorption. However, despite this physiologic importance no 

enzymatic or structural data have been published until 2014, when Navratil et al. has reported details of 

interactions between GCPII and folates as well as enzymatic characterization of their hydrolysis [70]. 

This manuscript is a part of this thesis and for further details see chapter 2.3. 

A single naturally occurring His475Tyr polymorphism in the GCPII gene is described in 

literature. However, the epidemiologic data published on the topic are somewhat inconsistent. Some 

show correlation between the H475Y polymorphism and changes in folates and homocysteine levels 

[71] or even relation to folate levels and pathologies like breast cancer [72], while others claim that this 

polymorphism has no impact on folates or homocysteine levels [73-75]. The latter findings are 

supported by biochemical data reported by Navratil et al., which showed that the H475Y variant and 

wild-type GCPII are virtually identical from both kinetic and structural point of view [70]. 

 

Figure 2: Hydrolysis of the two natural substrates of GCPII. N-acetyl-L-aspartyl-L-glutamate (NAAG) is 

hydrolyzed into N-acetyl-L-aspartate and L-glutamate in the nervous tissue. The terminal glutamates are cleaved 

off from folyl-poly-γ-glutamates (FolGlun) releasing free glutamate and enabling absorption of the folic acid in 

the small intestine. 
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1.4.4 GCPII as NAAG hydrolase 

GCPII plays an important role in cleavage of N-acetyl-aspartyl-glutamate (NAAG) in 

mammalian nervous system (Fig. 2, page 8). NAAG is the most prevalent neurotransmitter in the 

mammalian brain [76]. It is synthesized in neurons and released to the synaptic cleft and to the space 

between pre- and postsynaptic neurons and astrocytes [77, 78]. NAAG then binds to the metabotropic 

glutamate receptor 3 (mGluR3) on the surface of astrocytes leading to secretion of transforming growth 

factor β [79, 80]. Moreover, mGluR3 are activated on presynaptic neurons resulting in attenuated 

secretion of free glutamate [81, 82]. Under various conditions both these NAAG-mGluR3 interactions 

can exhibit neuroprotective effect on neurons. The role of GCPII in this neurotransmitters network lies 

in the regulation of free NAAG levels by cleaving it to glutamate, a major excitatory neurotransmitter 

(reviewed in [83]) and N-acetyl-aspartate which is a precursor for NAAG synthesis [84]. Several 

neuropathologies are directly connected to overactivation of postsynaptic neurons by glutamate and 

some aspects as well as the role of GCPII in this phenomenon will be discussed in chapter 1.5.2. 

1.5 GCPII in pathologies 

1.5.1 GCPII as a target for prostate cancer imaging and therapy 

Since the discovery of elevated GCPII expression in prostate tumor cells, the scientific 

community has been trying to discover what role GCPII plays in PCa as it might reveal opportunities 

for therapeutic interventions. The publication by Kaittanis et al. shows such a link between the GCPII 

enzymatic function and tumor progression. Firstly, the authors show that GCPII carboxypeptidase 

activity releases glutamate from vitamin B9 and other glutamylated substrates and free glutamate 

subsequently activates metabotropic glutamate receptor I. It leads to activation of phosphoinositide 3-

kinase (PI3K) that plays an important role in the pathogenesis of prostate cancer. Lastly, and probably 

most importantly, the authors show that inhibition of GCPII in a mouse model of prostate cancer leads 

to inhibition of PI3K signaling therefore promoting tumor regression [69]. 

This is the only published work linking the GCPII enzymatic activity with tumor progression and 

proposing that GCPII inhibition might be used for therapy of PCa. All other approaches aim at GCPII 

exclusively as a biomarker that enables us to distinguish between healthy and malignant prostate cells 

and to detect metastases. Various approaches to imaging and therapy of PCa exploiting GCPII as a 

target molecule will be discussed in the following paragraphs. 

1.5.1.1 GCPII-targeted imaging agents 

Detection of PCa cells together with metastatic malignancies is the prime aim of prostate cancer 

imaging. Also monitoring of therapeutic progress and potential metastases after prostatectomy (which 

is the usual first step in PCa therapy) is an invaluable tool in clinical practice. 
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Monoclonal antibodies (mAbs) are well established molecules widely used as research tools as 

well as in clinic. It was already mentioned that GCPII was discovered in prostate tumor-derived cell 

line thanks to the monoclonal antibody 7E11-C5 [2]. This was later radioactively labeled with 111In and 

is now the only FDA approved PCa imaging agent known as ProstaScintTM [85, 86]. However, in 

addition to general drawbacks of mAbs, such as long circulation times causing high background signal, 

this antibody targets an intracellular epitope of GCPII [87] and consequently recognizing only necrotic 

tissues lowering thus practical utility of ProstaScint significantly. Several other antibodies have been 

raised against GCPII since then, which recognize the extracellular part of GCPII, therefore mitigating 

some problems of ProstaScintTM. J591 is the most cited and clinically advanced mAb to date showing 

specificity not only against GCPII-positive prostate tumor cells, but also for PCa metastases and 

neovasculature of some solid tumors [47, 54, 55]. Additionally, a humanized form (huJ591) of J591 has 

been engineered to minimize immunogenicity of the originally murine antibody [88]. Many radioactive 

conjugates of J591 (and also of some other next generation anti-GCPII antibodies) has been reported 

for both imaging (111In, 89Zr, 64Cu) and therapy (90Y, 177Lu, 131I, 213Bi, 225Ac), but the details are beyond 

the scope of this thesis and has been recently reviewed elsewhere [89]. 

Small antibody fragments are engineered proteins composed of various domains of an original 

antibody always maintaining the epitope-binding variable part. Several such fragments based on 

antibodies against GCPII have been published and shown to be specific for GCPII while their reduced 

size provides preferred pharmacokinetic properties. Fab fragments [90, 91] and single-chain variable 

fragments (scFvs) [92-94] are the most commonly used antibody fragments, but some other variants, 

such as monobodies, diabodies or tetrabodies are being exploited. 

Biologics – engineered protein scaffolds – are a viable alternative to small antibody fragments. 

It is a diverse “family” of designed protein scaffolds based on existing small (usually up to 20 kDa), 

compact and stable proteins (or just protein folds) that contain exposed surface suitable for antigen 

binding. Amino acids forming this area are randomized at the DNA level and display techniques 

(ribosome, phage or cell surface display) are used to select variants from the library with specificity for 

a desired antigen. The engineered scaffolds have several advantages compared to antibodies or their 

fragments such as high stability, small size and easy and cheap production. Moreover, some of them 

are of human origin thus lowering probability of adverse immunogenic response of the host. A 

manuscript describing selection and characterization of GCPII-specific Anticalins, based on human 

lipocalin scaffold, has been published by our laboratory (full text is not included in this thesis) and an 

interested reader is encouraged to look it up [95]. 

Low molecular weight agents are another group of modalities targeting GCPII that can 

circumvent the major drawback of mAbs - long interval between drug administration and washout from 

non-target tissues. Development of GCPII-specific small molecules is facilitated by the fact that GCPII 

is an enzyme with a known three-dimensional structure and its active site can be selectively targeted by 

small-molecule inhibitors. Design of the active site-targeting part of inhibitors will be described in detail 
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in the chapter 1.6. Various radioisotopes are usually conjugated with the inhibitor part for imaging 

purposes. Radioligand can be linked to the inhibitor either covalently or via a chelating group. 

Typically, DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) is used as the chelating 

group and it provides and an advantage over covalent conjugation as the inhibitor can be easily loaded 

with a radioisotope of choice for a desired purpose. 

 Two classes of inhibitors have been used for radioimaging to date. Berkman’s lab reported 

phosphoramidate peptidomimetics functionalized with 18F, 64Cu, 68Ga or 177Lu in both chelating and 

covalent way. The authors have reported a pseudoirreversible binding mode of their inhibitors. It gives 

the inhibitors an advantage in increasing endocytosis rate of GCPII thus accumulating labeled inhibitor 

in the target cells, a feature advantageous for therapy [96]. Similar approach is exploited with urea-

based inhibitors with a range of radioligands for SPECT and PET (11C 18F, 68Ga, 99mTc or 123I) [97-

102]. 

It should be noted that radioactive ligands are not the exclusive functional part of GCPII-specific 

inhibitors, antibodies or other molecules used for imaging. Near-infrared fluorescent moieties have 

already been proven to be effective as transmittance of infrared light through tissues is significantly 

higher compared to visible light. Such fluorescent agents can be exploited for intra-operative surgical 

guidance [103]. 

A comprehensive review on the GCPII in imaging with more details has been published in 2012 

by Foss et al [104]. 

Moreover, GCPII is being widely exploited as a target in neovasculature of several other solid 

tumors. As the principle of neovasculature targeting is basically the same as for PCa and an interested 

reader is directed to the recent review of Backhaus et al. covering GCPII-specific radioligands in non-

prostate  tissues [105]. 

1.5.1.2 GCPII-specific therapeutics 

All therapeutic conjugates targeting GCPII fall into two broad categories 1) direct therapeutic 

conjugates that combine a GCPII-specific group and a cell-killing moiety (a radioisotope or a toxin) 

and 2) immunotherapeutic agents where the conjugate attracts or triggers some component of the patient 

immune system that in turn eradicates the targeted GCPII-positive cells.  

The first logical step was conjugation of GCPII-specific antibodies with a radiotoxic isotope, as 

for example when 111In in ProstaScint has been replaced by 90Y [106]. J591 conjugation with toxic 

nuclides followed – α-emitter 213Bi [107-109] or β-emitters like 90Y, 131I and 177Lu [110-113]. The 177Lu-

J591 conjugate (using the fully humanized antibody) is currently the most advanced radiotoxic antibody 

that showed excellent results in phase II studies [114, 115]. Despite the encouraging therapy results a 

major drawback – dose-limiting myelosuppression – has not been overcome yet thus encouraging 

scientists to pursue other directions like small molecule inhibitors. 
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Low molecular weight molecules were briefly discussed in imaging section above (and rational 

design of the inhibitory backbone will be detailed later) and the same principle can be exploited for 

therapy. The progress in the development of radiolabeled GCPII inhibitors was recently reviewed by 

Pillai et al [116]. Briefly, 177Lu-PSMA-617 [117] and 177Lu-PSMA I&T [118] are two radioconjugates 

most frequently used for PCa. Both are composed of a Glu-urea-Lys part with nanomolar affinity for 

GCPII, a linker and radionuclide chelating DOTA (Fig. 3). Both appear to be effective in clinical studies 

on metastasized castration-resistant PCa patients with efficacy comparable to other third-line therapies 

[119]. 

 

     

 

 

Figure 3: Structures of the most clinically exploited conjugates of GCPII inhibitor and radiochelating moiety – 

PSMA-617 (left) and PSMA-I&T (right) both are based on the same enzyme-binding moiety (Glu-urea-Lys) 

connected by linkers of different length and composition to radionuclide chelator DOTA. 

 

Another therapeutic approach exploits toxin molecules fused to a GCPII-targeting molecule. The 

J591 antibody has been conjugated with monomethyauristatin, ricin A, melitin-like peptide 101 or 

maitansinoid 1 [120-123] showing promising results in a preclinical mouse xenograft model of PCa. 

Elsässer-Beile’s group has conjugated a single-chain antibody fragment with pseudomonas exotoxin A 

that might circumvent inherent drawbacks of full-length antibodies like potential immunogenicity [124, 

125]. 

The second branch of a development of the GCPII-targeting therapeutics is based on activating 

the immune response of the patient. Spiegel’s group has reported a design of urea-based inhibitor linked 

with an anti-dinitrophenol antibody binding moiety – antibody-recruiting molecule to PCa (ARM-P). 

ARM-P links the anti-DNP antibody to GCPII-positive tumor cells mediating thus antibody-dependent 

killing of tumor cells by human effector cells [126].  

The same lab has published yet another interesting approach where a GCPII-specific inhibitor 

was conjugated to a cyclic peptide specific for Fc gamma receptor I (FcγRI). This molecule facilitates 

engagement of prostate tumor cells and FcγRI-positive immune cells (like macrophages) which 

normally recognize antibody-opsonized antigens thus circumventing antibodies in the immune response 

and activating specific tumor-cell killing [127]. 

BiTE is a short for bispecific T-cell engagers – a drug with specificity for both the epsilon domain 

of the T-cell CD3 activation receptor and a tumor-specific antigen. These agents promote specific 

PSMA-617 PSMA-I&T 
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killing of target cells by activating cytotoxic T-cell response and general principle and applications have 

been reviewed recently [128]. The BiTE concept has been employed for PCa targeting via GCPII with 

promising results comprising complete relapse of tumors in a mouse xenograft model of PCa [129, 

130]. 

Probably the most sophisticated immunotherapeutic approach is modification of cytotoxic T 

lymphocytes by chimeric antigen receptors (CARs), a concept developed by Gross et al. in 1989 [131, 

132]. It is based on rational design and transduction of a new activation receptor composed of 

intracellular activation signal(s) and the extracellular antigen-binding domain. Modified T cells are able 

to recognize a tumor antigen and activate the cytotoxic response in the absence of human leukocyte 

antigen expression. Several such CAR-modified T-cells against GCPII have been reported to date 

confirming feasibility of this approach in mouse xenograft models [133-136] and one has already 

entered Phase I clinical trials [137]. 

1.5.2 GCPII in neuropathologies and therapy thereof 

GCPII cleaves NAAG, the most abundant peptidic neurotransmitter, releasing glutamate that is 

the most prevalent excitatory neurotransmitter in the mammalian nervous system. In normal signal 

transduction, glutamate is released to the synaptic cleft reaching millimolar concentrations for a few 

milliseconds before it is reabsorbed by neurons and astrocytes. Under certain conditions, concentration 

of free glutamate in the extrasynaptic space exceeds “normal” physiological levels resulting in 

prolonged exposition of postsynaptic neurons to glutamate. It leads to overactivation of ionotropic 

glutamate receptors, mostly NMDA receptors, rapid Ca2+ influx into the cell and consequent cellular 

responses leading to neuronal death. This phenomenon is called glutamate excitotoxicity and details of 

whole mechanism have been reviewed elsewhere [138, 139]. 

Neurodegeneration caused by excessive glutamate has been shown to be directly linked to many 

neurological disorders in the central and peripheral nervous system (CNS and PNS). As excessive 

glutamate functions mostly by activation of NMDA receptors, using their antagonists for the treatment 

of traumatic brain injury (TBI) looked promising. However, despite successful preclinical results in 

mouse TBI models, intolerable side effects after translation to the clinic halted further research in this 

direction [140-142]. 

Given this failure and the facts that excessive glutamate transmission is directly responsible for 

neurodegeneration and NAAG can act as an antagonist of glutamate-overactivated NMDA receptors, 

GCPII was the next logical target for therapeutic intervention as its inhibition decreases glutamate and 

increases NAAG concentrations in the synaptic space at the same time. This elegant approach has been 

thoroughly reviewed in [143, 144] and whole NAAG/GCPII neurotransmitter system is depicted in 

Fig.4 on page 14. 
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A                      B 

  C           D 

   

Figure 4: (A) Components of the NAAG/GCPII neurotransmitter system. Synthesis of NAAG (blue-red 

doublesphere) takes place in presynaptic neuron from N-acetyl-aspartate (blue sphere) and glutamate (red sphere), 

then it is released and interacts with mGluR3 and NMDA receptors (GluN2A and GluN2B) and/or is hydrolyzed 

by GCPII. (B) Basal conditions – GCPII activity and NAAG and Glu concentrations are low and NAAG binds 

mGluR3 and GluN2A receptors modulating synaptic activity. Also, it binds extrasynaptic GluN2B inhibiting 

excitatory postsynaptic current (EPSC) and glial mGluR3 resulting in trophic factors release. (C) Pathologic 

conditions – increased synaptic activity elevates levels of NAAG and Glu in the synapse. NAAG is rapidly cleaved 

by GCPII increasing Glu concentration even more with subsequent overactivation of both NMDA receptors and 

increasing EPSC. (D) GCPII inhibition prevents NAAG hydrolysis lowering overall glutamate levels. 

Consequently, increased NAAG concentration further decreases glutamate release by inhibition of presynaptic 

mGluR3 and stimulate trophic effects via glial mGluR3 leading to the return of the synaptic system to the basal 

state. Figure taken from [144]. 

 

A 
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It has been shown that glutamate excitotoxicity is involved in many acute and chronic neuronal 

disorders including stroke, traumatic brain injury and ischemia, Alzheimer dementia, amyotrophic 

lateral sclerosis, multiple sclerosis, schizophrenia, drug addiction or inflammatory and neuropathic 

pain. The utility of GCPII inhibition as a treatment of CNS and PNS disorders has been proven in almost 

40 studies published by many independent laboratories in more than 20 in vivo animal models. 

References for these studies are summarized in Figure 5. 

Most of the studies are aimed at brain injury or pain perception models and are almost exclusively 

exploiting 2-PMPA, 2-MPPA and ZJ-43 inhibitors (formulas are in Figure 7 on page 19). Each inhibitor 

belongs to a different group based on a different zinc-binding group – phosphinic acid-, thiol- and urea-

based compounds, respectively. The fact that inhibitors based on different functional groups exhibit 

similar therapeutic effect supports the whole concept of treatment of various neuropathologies by 

targeting GCPII. This was further corroborated by Bacich et al. (and later confirmed by Gao et al.) who 

has shown a decreased sensitivity for a peripheral and central nerve damage, stroke and ischemia in 

GCPII knockout mice [145, 146]. Not only KO mice develop normally, but GCPII inhibition in normal 

animals doesn’t have any effect on physiologic glutamate transmission [147]. Taken together these facts 

make GCPII a viable therapeutic target and encourage researchers in their efforts to design inhibitor 

molecules possessing both perfect pharmacokinetic and GCPII-binding properties. Searching for such 

a compound will be the topic of the last chapter. 

 

 

Figure 5: Chronologic overview of preclinical in vivo studies demonstrating therapeutic utility of GCPII inhibition 

in treatment of neurological and psychiatric disorders. Adapted from [144]. 
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1.5.3 GCPII in gastrointestinal tract diseases 

Beside the two major areas of therapeutic interventions discussed above, it was documented in 

several studies that GCPII expression is dramatically increased in intestinal mucosa of patients with 

inflammatory bowel disease (IBD) [148-151]. Moreover, it was recently demonstrated that inhibition 

of GCPII activity by a potent inhibitor (2-PMPA) in murine preclinical models of IBD ameliorates 

disease symptoms using either systemic or local enema administration of the inhibitor [151, 152]. 

1.6 GCPII inhibitors 

GCPII has been proven as a viable therapeutic target in various neurological disorders for more 

than 20 years and extensive effort to develop specific inhibitors with clinical potential has been made. 

These efforts in the inhibitors design started in the early 1990s with a series of glutamate analogs and 

quisqualic acid (Fig. 7-1, page 19) however with low specificity and potency [153, 154]. The real 

breakthrough was achieved in 1996 when 2-PMPA, the first GCPII-selective high-affinity inhibitor, 

was discovered (Fig. 7-2) [155].  

1.6.1 General features 

Early efforts to develop GCPII-specific inhibitors suffered from the absence of structural data 

and models. However, divalent ions were known to be indispensable for the enzyme activity suggesting 

a metallopeptidase catalytic mechanism. The idea of the active site ion(s) engagement by a chelator 

moiety together with a part mimicking the NAAG substrate led to fusion of the glutamate residue with 

the phosphonate group and design of 2-(phosphonomethyl)pentandioic acid (2-PMPA) [155]. This 

inhibitor showed high inhibitory potency and specificity and is considered as a “gold standard” in the 

field of GCPII inhibition. 

The inhibitor design has started to rationalize after the first high resolution X-ray structures of 

the GCPII/inhibitors complexes were published [23]. Most inhibitor scaffolds originate from the natural 

substrate of GCPII – NAAG (Fig. 7-15). Generally, a prototypical GCPII inhibitor consists of three 

parts – a glutamate-like moiety which engages the S1’ part of the substrate/inhibitor-binding pocket; a 

so-called zinc-binding group (ZBG) which is substituting the original peptide bond in the NAAG and 

is responsible for chelating one or both catalytic zinc ions; and a part interacting with residues of the 

S1 pocket or even protruding through the entrance funnel towards surface of the enzyme. A “canonical” 

inhibitor scaffold is depicted in the Figure 6 on the next page. In the following chapters inhibitors are 

divided into the classes based on their ZBG and each group will be discussed separately. 

 



- 17 - 

 

 

Figure 6: A scheme of a canonical GCPII inhibitor. The scheme is based on the DCIBzL inhibitor (formula in 

Fig. 7-11, page 19), the most potent inhibitor designed to date. It consists of several parts and amino acid residues 

usually interacting with a given part are listed. P1’ part (blue sticks) originates from the C-terminal glutamate of 

NAAG and contributes to the high affinity of inhibitors. Many of substitutes (some examples depicted) has been 

synthesized and evaluated, mostly with aim of increasing the lipophilicity of a resulting compound. Grey sticks 

represent a zinc-binding group – all ZBGs reported to date will be discussed in the following chapters. Magenta 

sticks show carboxylate functions that are (almost) indispensable for high-affinity inhibitor design. A green linker 

is often based on the lysine residue as in the case of DCIBzL and its length is optimized according to the distal 

group and purpose of the inhibitor. Red distal group is less restricted compared to the rest of the molecule and is 

amenable to substantial modifications. It can be positioned either in the S1 accessory pocket (i.e. DCIBzL), in the 

spacious entrance funnel (carboranes – chapter 2.4), in the arene-binding site (ARM-Ps – chapter 2.3) or even 

protruding out of the enzyme (radioligand-chelating moieties). 

 

 

1.6.2 Phosphorus-based inhibitors 

2-PMPA, the first reported specific and high affinity (IC50 value of 300 pM) GCPII inhibitor, 

represented the original effective tool to study (patho)physiological role(s) of GCPII [147]. However, 

despite many successful results in preclinical mouse models of neurological disorders, 2-PMPA is 

highly polar (calculated logD>-10) thus orally poorly available and with very limited penetration 

through the blood-brain barrier (BBB). Substantial efforts have been made to modify 2-PMPA molecule 

towards higher lipophilicity while maintaining its inhibitory potency, but none of the resulting 

molecules exhibited significantly improved pharmacokinetic properties to be able to advance to clinics 

[156-158]. The same faith has met phosphinate analogs of GCPII substrates (example in 
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Figure 7-7, page 19) [39, 159]. Despite the failure to design a potent lipophilic inhibitor, these studies 

have shown that the P1’ part of the inhibitor molecule is not strictly restricted to the glutamate moiety. 

Berkman’s group introduced another ZBG – phosphoramidate-based compounds (Fig. 7-9). They 

have reported a pseudoirreversible binding mode of these inhibitors. It is beneficial especially for 

therapeutic purposes as the inhibitors have been shown to be accumulated in the GCPII-positive cells 

[96, 160, 161]. 

Recently, a big progress has been reported by Majer et al. by synthesis and analysis of 2-PMPA 

prodrugs. They have achieved excellent oral availability of 2-PMPA by modification of the α–

carboxylate and phosphonate functions by isopropyloxycarbonyloxymethyl (Fig. 7-8) which is cleaved 

to 2-PMPA in situ after oral administration [162]. 

1.6.3 Sulphur-based inhibitors 

A ZBG replacement approach of inhibitor development towards better oral availability was 

adapted from the previous experiences in the ACE inhibitors design. A thiol group generally exhibit 

significantly decreased logD value and led to the design of thiol-based series of GCPII inhibitors. An 

analog of 2-PMPA, 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA, Fig. 7-3), has been shown to 

possess IC50 of 90 nM and a good oral availability in rats [163]. Beside promising animal model studies 

in treatment of neuropathic pain [163], ALS [164] or diabetic neuropathy [165] it was well tolerated in 

two clinical phase I studies [166]. However, immune reactivity observed during tests of 2-MPPA in 

primates together with relatively low potency, reactivity of the sulfhydryl group and poor chemical 

stability prevented the compound from further clinical progress. 

More potent thiol compounds were discovered by exploring possible modifications to the P1’ 

part of the inhibitor. Aromatic moieties like benzene or indole rings (Fig. 7-4 and 7-5) have been used 

and resulting compounds exhibit IC50 values in the 15-50 nM range [167, 168]. 

Berkman’s group is developing different inhibitors based on the glutamyl sulfonamide (Fig. 7-6) 

possessing tetrahedral zinc-binding motif [169, 170]. The sulfonamide group is structurally similar to 

the phosphoramidate with the advantage of net neutral charge improving its pharmacokinetic properties. 

Even though current compounds show lower affinity compared to phosphoramidates or phosphinates 

they are still under development. 
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Figure 7: A list of selected GCPII inhibitors and natural substrates. 1 – quisqualic acid, 2 – 

2-(phosphonomethyl)pentandioic acid  (2-PMPA), 3 - 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA), 4, 5 – 

thiol based compounds, 6 – sulfonamide scaffold, 7 – EPE, a phosphinate-based analog of Glu-Glu, 8 – Tris-POC-

2-PMPA, 9 – phosphoramidate scaffold, 10 – ZJ43, 11 – DCIBzL, 12 – carborane inhibitors, 13 – architecture of 

ARM-Ps (antibody-recruiting molecules), 14 – hydroxamate inhibitor, 15 – N-acetyl-L-aspartyl-L-glutamate – 

NAAG, 16 – polyglutamylated folate (FolGlun). 

1.6.4 Urea-based inhibitors 

A new class of inhibitors containing urea as a ZBG has been reported in 2001 by Kozikowski et 

al. [171]. They are based on the NAAG scaffold with the urea replacing the peptide bond. These 

compounds mostly consist of the S1’ site-engaging glutamate and the aspartyl-derived part which is 

amenable for larger modifications. A series of alkyl and aromatic substituents in the P1 part has been 

reported and showed high inhibition potency [172] leading to two most exploited urea inhibitors – ZJ-43 



- 20 - 

 

(Fig. 7-10, page 19), an inhibitor tested in several preclinical studies in animal neuropathologic models 

[172-176] and DCIBzL (Fig. 7-11), the most potent GCPII inhibitor synthesized so far with IC50 value 

of 40 pM [38, 177]. Moreover, structure of the GCPII/DCIBzL complex led to the discovery of a 

previously unknown S1 accessory pocket that can be exploited for the high-affinity inhibitors design. 

However, the urea-based inhibitors suffer from the same handicap of high polarity as previously 

discussed phosphorus-based compounds. Various studies have explored many different modifications 

like searching for a more lipophilic P1’ moiety [178, 179], introducing carborane moiety [180], or the 

above-mentioned “haloaromatic” moieties in the P1 position like in DCIBzL [38, 177]. Although no 

orally available urea compound able to efficiently target GCPII in CNS has been reported up to date, 

urea-based inhibitors are widely exploited in clinic for prostate cancer imaging (reviewed in [181]). 

1.6.5 Hydroxamic acid-based inhibitors 

The hydroxamate moiety is a well-established functional group of inhibitors widely exploited for 

engaging an active site of metalloenzymes, and hydroxamate-based compounds show good oral 

availability [182-184]. Hydroxamate analogs of the 2-PMPA did not show good potency with IC50 = 

220 nM [185]. Derivatives with an aromatic residue in the P1’ position (Fig. 7-14) were synthesized 

and showed good potency and oral availability thus validating their use in neurological disorders. 

Moreover, the unprecedented binding mode of hydroxamate-based compounds was revealed by X-ray 

crystallography. Here, the S1’ site of the enzyme active site is empty with the canonical glutamate-like 

function of the inhibitor positioned in the S1 pocket. It is also an explanation for the enzyme’s tolerance 

for bulkier and more polar residues and the lack of enantioselectivity as well an excellent starting point 

for future SAR studies. The results of this work are detailed in the manuscript which is a part of this 

thesis [183]. 
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2.2 The calcium-binding site of human glutamate carboxypeptidase II is critical for 

dimerization, thermal stability and enzymatic activity 

 

Background and motivation of the study 

High-resolution X-ray structures of human GCPII revealed that in addition to proposed two zinc 

ions in the active site there are another two ions present in the molecule – chlorine and calcium. While 

the role of the Cl- ion was attributed to structural function in shaping the S1 part of the internal cavity, 

Ca2+ function remained hypothetical. The calcium ion is positioned between protease and apical 

domains, near the dimerization interface approximately 20 Å from the active site. As such a long-

distance influence on the function of the active site is unlikely it was hypothesized that its role might 

be in holding the two domains together thus contributing to the overall stability of the enzyme. 

Moreover, proximity of Ca2+ to the dimerization interface suggests its role in forming part of the 

dimerization interface and contributing thus to the dimer formation. 

The only work addressing GCPII dimerization has been published in 2003 by Schulke et al. where 

the authors show that the dimer is the only enzymatically active species. Additionally, they have 

reported a conversion of monomer to dimer driven by a high salt concentration and a reverse conversion 

caused by EDTA presence in the assay buffer. However, these results are somewhat questionable as 

EDTA is chelating both calcium and zinc ions and it is not clear if the resulting protein is not active due 

to the monomeric nature, lack of active-site zincs or substantial structural changes.  

Consequently, we decided to elucidate the role of the calcium ion in GCPII by employing site-

directed mutagenesis approach and determining the structural and enzymatic properties of resulting 

mutants by a set of biophysical and biochemical methods. 

Figure 8: Coordination of the Ca2+ ion in GCPII. Position of Ca2+ (magenta sphere) in the GCPII homodimer is 

shown in panel A and its position between the apical and protease domains (green and blue cartoon, respectively) 

in panel B. The detailed coordination sphere of the calcium ion consisting of seven oxygen atoms (red spheres) 

with distances in Å is depicted in panel C. 
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Summary of the work 

We have designed point mutations in three amino acids coordinating Ca2+ by their side chain 

oxygens, namely Glu433→Ala, Glu436→Ala and Thr269→Ala, Ser or Val (Fig. 8, previous page). 

Mutated proteins were expressed in Drosophila S2 cells and purified via affinity and size-exclusion 

chromatographies (SEC). We observed that all mutations resulted in to 10 to 50-fold lower expression 

levels compared to the wild-type GCPII (wtGCPII) and that the substantial fraction of each protein 

eluted as multimers or aggregates in SEC. On the contrary, wtGCPII eluted as a monodisperse peak 

with retention volume corresponding to a dimeric species.  

As circular dichroism spectroscopy didn’t reveal any significant changes in secondary structure 

composition, we indirectly tested the overall fold of all variants by determining their thermostability by 

nano-differential scanning fluorimetry (nanoDSF). Except for T269S, all mutants exhibited substantial 

destabilization of their three-dimensional fold indicated by lowered melting temperature by more than 

20 °C compared to wtGCPII. Subsequent analysis of the quaternary structure (i.e. homodimerization) 

by analytical SEC revealed that alterations in the tertiary structure led in all cases to a monomeric 

species. Interestingly, the T269S variant was found to be in monomer-dimer equilibrium suggesting 

that it is the only variant where the coordination sphere of Ca2+ is partially preserved (see Figure 9). 

Figure 9: Size-exclusion analysis of GCPII mutant variants. In preparative SEC we observed two protein species 

– a monodisperse form corresponding to the elution peak of wtGCPII and an aggregated/multimeric form. The 

monodisperse fractions were further subjected to analytical SEC where monomer/dimer equilibrium of the T269S 

variant and monomeric nature of the remaining mutants were observed.  

 

Next, we analyzed enzymatic activity and structural integrity of the active site of individual 

GCPII mutants. We compared NAAG-hydrolyzing activity of all fractions of individual variants and 

showed that multimeric/aggregated fractions are enzymatically inactive. From monodisperse fractions 

only the T269S variant retained NAAG-hydrolyzing activity of about 10% of the wtGCPII protein (Fig. 

10-A on the next page). Detailed kinetic analysis of T269S revealed 10-times lower Vmax of this variant 

compared to wtGCPII, while the Michaelis constant was not changed (Fig. 10-B). Next, we tested all 

variants for their ability to bind a fluorescently labeled probe and showed that T269S is the only variant 

able to accommodate the probe in the active site (Fig. 10-C). Moreover, 4-fold higher concentration of 
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T269S was needed to reach saturation compared to wtGCPII suggesting that only a fraction of the 

enzyme is active (Fig. 10-D). These results were corroborated by nanoDSF, where binding of the 

CTT54 inhibitor promoted increase in thermal denaturation stability of both wtGCPII and T269S while 

no such effect was observed for the remaining mutants. 

Figure 10: Analysis of structural integrity of the active site of GCPII. The NAAG-hydrolyzing assay was used to 

test enzymatic activity of GCPII variants. wtGCPII was used as a control and the T269S mutant was the only one 

that exhibited measurable activity. Detailed kinetic characterization of this variant revealed that the Km value was 

unchanged, while Vmax of T269S was 10-times lower (panels A, B). The fluorescently labeled probe was used 

to evaluate the structural integrity of the active site. The monodisperse fraction of T269S binds the probe (panel 

C) and the titration experiments revealed that 4-times higher concentration of T269S is needed to reach signal 

saturation compared to wtGCPII (panel D).  

 

To summarize, all mutants except for one are monomeric, less stable, inactive and do not bind 

the inhibitor/probe. The T269S variant shows limited activity and only a fraction of the protein is able 

to bind an inhibitor. Together, these results provide indirect but strong evidence that the GCPII dimer 

is the active form and that the monomeric molecule has disrupted architecture of the active site. Here 

we show that proper arrangement of the Ca2+-coordination sphere is crucial for maintaining the three-

dimensional structure and physiologic quaternary arrangement of GCPII. 

 

My contribution 

I planned experiments, performed site-directed mutagenesis, expressed, purified proteins and 

analyzed them by SEC, did activity testing, thermostability assays, analyzed CD data, performed 

fluorescence polarization assay and wrote the draft of the manuscript. 
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2.3 Structural and biochemical characterization of the folyl-poly-γ-L-glutamate 

hydrolyzing activity of human glutamate carboxypeptidase II 

 

Background and motivation of the study 

It has been shown that folic acid (vitamin B9) is present in diet in a provitamin form as a mixture 

of polyglutamylated folates. In this form it cannot be transported through the cell membrane and it needs 

to be deglutamylated to be transcytosed into the blood stream from intestine lumen. GCPII has been 

detected as the enzyme responsible for the removal of polyglutamylated tails of folic acid at the luminal 

surface of human jejunum. However, in contrast with the well-studied role of GCPII in NAAG 

hydrolysis in the nervous system, a limited data were reported on GCPII acting as a folate hydrolase 

[5]. Consequently, we decided to shed some light on kinetics and specificity of hydrolysis of folyl-poly-

γ-L-glutamic acids by GCPII. Additionally, the study aimed at structural characterization of the 

substrate binding mode and involvement of the recently identified arene-binding site (ABS) of GCPII 

in recognition of the aromatic part of folic acid. 

Moreover, a single naturally occurring polymorphism of GCPII – Hist475Tyr – has been 

identified in population. However, physiologic importance of this polymorphism remains elusive as 

several epidemiologic studies reported impaired folate absorption and increased homocysteine blood 

levels, while other observed no effects. To address this issue, we have analyzed the His475Tyr variant 

from both biochemical and structural perspectives. 

 

Summary of the work 

A panel of folic acid substrates with 0-6 γ-linked glutamates (FolGlun) has been synthesized, 

crystallized in the complex with the inactive mutant (E424A) of human GCPII and X-ray structures 

determined. As expected, glutamates in the active site were bound virtually identically. A binding 

diversity was observed in case of three complexes (FolGlu1-3), where the electron density peaks for the 

folate residue were visible. The folate moiety interacts with the ABS that has been identified in the 

structural study of ARM-Ps inhibitors (Fig. 7-13, page 19). In the case of FolGlu1 a slightly different 

binding mode has been observed due to the presence of the shorter linker between the C-terminal 

glutamate and aromatic folate moiety. Comparison with binding mode of the ARM-P4 inhibitor is 

shown in Figure 11-A on the next page.   

We have also produced the H475Y variant of GCPII (via site-directed mutagenesis) and 

determined its X-ray structure. The overall fold is almost identical to wtGCPII (GCPII/glutamate 

complex, pdb code 2C6G) with r.m.s.d. for 661 corresponding Cα pairs of 0.19 Å and with no 

differences in the arrangement of the active site and also almost identical conformation of the amino 

acids surrounding the residue 475 (Fig. 11-B). Moreover, a thermal stability comparison of the wtGCPII 
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and H475Y mutant measured by Sypro Orange thermofluor assay did not reveal any significant change. 

Additionally, kinetic characterization of the H475Y variant revealed only subtle changes in the 

hydrolytic efficiency toward all tested polyglutamylated folates. Together with structural data it 

suggests that the H475Y mutation doesn’t influence either structural or folate-hydrolyzing 

characteristics of the enzyme.  

 

 

Figure 11: Panel A: A comparison of binding mode of three polyglutamylated folates and the ARM-P4 inhibitor 

in the complex with GCPII. Residues forming the arene-binding site (R463, R511 and W541) are shown. Active 

site zinc ions are depicted as violet spheres. Panels B and C: A comparison of the H475Y mutant with wtGCPII. 

A detailed view of residues in the proximity of amino acid 475 (histidine and tyrosine) is shown in panel B and 

corresponding Fo-Fc electron density maps in panel C. 

 

To explore the influence of the arene-binding site on binding and hydrolysis of folates three 

mutations of ABS residues have been designed (R463L, R511L and W541A). No significant changes 

in the catalytic efficiency have been observed for any of the FolGlu1-4 substrates. On the other hand, 

several inhibitors with the ABS-targeting moiety (ARM-Ps) showed a significant loss of binding to the 

GCPII W541A variant confirming the importance of tryptophan residue in ABS formation. The 

discrepancy between the unchanged FolGlu1-4 hydrolysis by the GCPII mutants and their lowered 

affinity for ARM-Ps may be attributed to the slower kinetics of aromatic moiety-ABS interaction 

compared to active site-glutamate interaction. 

In summary, we analyzed the hydrolytic role of GCPII towards polyglutamylated folates from 

both structural and kinetic perspective and described the engagement of the arene-binding site in folates 

recognition. Additionally, our kinetic and structural data show that the H475Y polymorphic variant do 

not exhibit any significant differences compared to the wild-type protein. 

 

My contribution 

I have determined and analyzed the X-ray structure of the H475Y GCPII variant and participated 

in the manuscript preparation. 
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2.4 Rational design of GCPII-specific inhibitors 

 

Publications included in this chapter: 

I. Structural characterization of P1′ -diversified urea-based inhibitors of glutamate 

carboxypeptidase 

II. Carborane-containing urea-based inhibitors of glutamate carboxypeptidase II: 

Synthesis and structural characterization  

III. Unprecedented binding mode of hydroxamate-based inhibitors of glutamate 

carboxypeptidase II: structural characterization and biological activity  

 

Background and motivation of the studies  

Design of GCPII-specific inhibitors originated in 1996 when the first high-affinity and specific 

compound – 2-PMPA was published [155]. Since then a plenty of publications focused on either testing 

the existing compounds in preclinical models of neurological disorders or the development of new 

compounds with more favorable pharmacokinetic properties. Given the localization of GCPII in the 

CNS, efforts towards discovery of new inhibitors are driven by the need for a compound that will be 

potent and specific, orally available and will be able to cross the blood-brain barrier (BBB). The 

“structure-assisted inhibitor design” started in 2006 when the first high resolution structure of GCPII in 

the complex with an inhibitor was published [23] and is demonstrated by still growing number of 

GCPII/inhibitor structures deposited in the pdb database.  

 The main problem of inhibiting GCPII in the CNS is the fact that the substrate-binding cavity 

(the S1’ pocket in particular) is highly selective for glutamate(-like) moieties that are highly polar thus 

not able to cross the BBB. Consequently, researchers aim at the design of more lipophilic compounds 

with a good potency and pharmacokinetic properties at the same time. Wang et al. has synthesized and 

characterized a panel of DCIBzL-derived compounds by replacing the glutamate in the P1’ position by 

more lipophilic compounds while preserving the P1’ α–carboxylate group [40]. Any alteration in the 

“canonical” glutamate in the P1’ part of an inhibitor led to significantly lower inhibitor affinity (but still 

in a nanomolar range in some cases). To shed more light on the binding mode and to enable further 

rational design, detailed structural information is necessary and is the aim of the first publication in this 

chapter. 

 The S1 part of the GCPII internal cavity is able to harbor much wider variety of residues 

compared to the S1’ site and thanks to its dimensions the P1 part of an inhibitor is amenable for larger 

modifications. GCPII serves as an excellent biomarker for compounds targeting prostate tumor cells in 

both imaging and therapy. As PCa-targeting drugs don’t have to cross the BBB, compounds can be 



- 53 - 

 

composed of the S1’-engaging glutamate moiety which provides the affinity and selectivity and the S1-

targeted part can be modified for imaging or therapeutic purposes. Carboranes are one of such lipophilic 

scaffolds and can be used for boron neutron capture therapy (BNCT). They are icosahedral clusters 

consisting of 2 carbon, 10 boron and 12 hydrogen atoms (Fig. 7-12, page 19). Thanks to their metabolic 

and thermal stability and lipophilicity they can be conjugated with targeting agents where they can 

replace the original lipophilic moiety. Design, synthesis and both enzymological and structural 

characterization of a compound where carborane cage would replace iodophenyl group in the DCIBzL 

inhibitor was the rationale and aim of the second publication in this chapter. 

 The third crucial part of GCPII inhibitor design (beside P1 and P1’ parts) is a zinc-binding 

group. Effective engagement of the catalytic zinc ions is the heart of a successful metallopeptidase 

inhibitor. However, most ZBGs like phosphorus- or urea-based chemistries contribute to the inhibitor 

polarity that results in unfavorable pharmacokinetic properties. Hydroxamates have shown a strong 

metal ions chelating as well as the clinical utility and oral bioavailability in targeting a disease-related 

metalloenzymes [182, 184, 186]. Characterization of a hydroxamate analogs of the previously 

synthesized GCPII inhibitors is reported in the publication III. 

 

Summary of the works  

I. From the previously synthesized panel of P1’-modified analogs of the DCIBzL we have 

selected six compounds with varying inhibition constants. These inhibitors were co-crystallized with 

GCPII and X-ray structures determined. We have also used the quantum modeling calculations and 

attempted to calculate the contributions of a different inhibitors’ parts to the overall interaction energy. 

Even though overall interaction energy correlates with measured inhibitor affinity, zinc-containing 

models are generally challenging to reliably calculate and interpret and individual inhibitor parts 

contributions were not determined. The examination of structural changes of the S1’ site of GCPII in 

different complexes revealed that its plasticity is bigger than expected. It might enable accommodation 

of more diverse, bulkier and lipophilic moieties in the P1’ position of future inhibitors. This is a 

promising feature regarding ongoing efforts in searching for an inhibitor crossing the BBB. 

II. Design of the carborane-containing inhibitors was based on the X-Lys-urea-Glu scaffold. Two 

variants of the carborane cluster were employed and the synthesis yielded compounds o-12 and m-12 

(Fig. 7-12, page 19). Reversed-phase HPLC showed increased lipophilicity of the 12 compared to its 

DCIBzL analog. Inhibition potency was determined using the fluorescence polarization assay [187] and 

revealed IC50 values between 15-20 nM (Fig. 12-A, next page). We also solved the X-ray structure of 

o-12 in the complex with GCPII (Fig. 12-B). Part of the extremely high potency of DCIBzL was 

attributed to the iodophenyl group inserted into the hydrophobic S1 accessory pocket. The carborane 

cage is too large to be accommodated in this pocket and is residing in the entrance funnel explaining 

the lower affinity of 12. However, this might be turned into the advantage as the position of carborane 
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cluster in the spacious entrance funnel enables its further modifications, i.e. halogenation, for imaging 

or therapy. 

Figure 12: A – IC50 constant determination by the fluorescence polarization assay. Both carborane compounds 

exhibit similar inhibitory potency. DCIBzL as a “parental” molecule has been used as a control and has IC50 below 

the detection limit of the assay (<1 nM). B – a comparison of binding modes of DCIBzL (yellow sticks) and o-12 

(green sticks). The engagement of the S1 accessory pocket by a DCIBzL which contributes to its high affinity for 

the GCPII is shown here. On contrary, the bulky carborane cluster is positioned in the entrance funnel. 

 

III. Both enantiomers of compound 14 (Fig. 7-14, page 19) have been synthesized together with 

racemic mixture. Inhibition constants measurement revealed IC50 values in the 44-97 nM range with no 

significant difference between individual enantiomers.  The absence of stereoselectivity for the tested 

compounds contrasts with stereoselectivity of GCPII for known inhibitors. X-ray structures of both 

complexes were determined and revealed a new binding mode of hydroxamate-based inhibitors, where 

the S1’ site is unoccupied, and the inhibitors are bound in the S1 pocket with the hydroxamate group 

chelating both active site zinc ions (Fig. 13). This is the first reported inhibitor that binds to the active 

site in this mode. It might have big impact on future rational hydroxamate-based inhibitors design as 

glutamate part of inhibitor is dispensable thus increasing the lipophilicity of the compound and 

improving pharmacokinetic properties. Moreover, the utility of the compound 14 in rat model of 

neuropathic pain has been demonstrated (Fig. 13-C). 

 

Figure 13: A – a binding mode of the compound 14 in the side-cut of the active site of GCPII. Compound 14 is 

depicted by sticks, zinc ions by orange spheres and the S1’ site canonically binding the glutamate residue is 

unoccupied. B – the details of the coordination sphere of active site zinc ions and their engagement by the 

hydroxamate moiety. C – analgesic effect of 14 in a rat model of neuropathic pain. Plotted are paw withdrawal 

latencies in response to thermal stimulus showing in time after start of treatment. 
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My contribution 

I. I solved and refined the structures of the two complexes of GCPII with inhibitor – CHIBzL and 

COIBzL (compounds 2 and 5 in the manuscript, respectively). 

II. I solved the X-ray structures of GCPII in complex with both variants of carborane inhibitors, 

determined their inhibition constants by fluorescence polarization assay and participated in 

manuscript preparation. 

III. I determined inhibition constants of both hydroxamate enantiomers and the racemic mixture 

and tested their specificity for GCPII. 
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3 Discussion and conclusion 

During the last three decades GCPII has been studied by numerous research groups of diverse 

expertise ranging from neurologists through dietologists to oncologists. The reason for such a wide 

range is GCPII expression profile and the fact that the enzyme is a validated therapeutic target in several 

pathologies. Also, basic properties of GCPII like enzymological parameters, substrate specificity and 

the three-dimensional structure are indispensable for the applied research. Both basic and therapy-

directed research are addressed (at least partly) by our work and publications presented in this thesis. 

 

A desire for understanding GCPII structural features and their implication for the enzymatic 

activity led us to the question “what is the role of the calcium ion in the GCPII molecule?”. Calcium 

ions are involved in a plethora of biological functions and are frequently detected in proteins where they 

usually play a structural or regulatory role. GCPII is harboring a single calcium ion in its 3D structure 

and it has been hypothesized that it has a structural role and might be implicated in GCPII dimerization. 

However, no experimental evidence supporting this hypothesis was available. Moreover, the calcium 

binding site is conserved among the members of the MEROPS M28 peptidase family where GCPII 

belongs indicating thus its importance for the protein structure and/or function. Despite these facts 

detailed examination of the Ca2+ role in GCPII activity/structure has not been reported.  

The only work partially addressing the issue was conducted on the transferrin receptor (TfR, 

GCPII homolog from the M28 family) and it was reported that the mutation of amino acids coordinating 

Ca2+ resulted in the significantly lower expression yield and the propensity of TfR to aggregate [28]. 

Our analogously designed GCPII mutants have exhibited similar behavior to TfR with the difference 

that a fraction of the protein retained a monodisperse size-exclusion profile. By analysis of the 

monodisperse fraction we detected an equilibrium between monomeric and dimeric forms in the case 

of the T269S variant (the only one with no alteration in the oxygens coordinating Ca2+) which is in the 

contrast with the other mutants that were exclusively monomeric. By determining the stability, integrity 

of the active site and enzymatic activity of all prepared variants we demonstrated that even slight 

changes in the Ca2+ coordination sphere lead to disruption of the homodimerization interface, enzyme 

destabilization and formation of non-physiologic aggregates or monomers. In other words, we showed 

that dimeric GCPII is the only enzymatically active quaternary arrangement of the enzyme and 

corroborated the initial hypothesis about the role of the calcium ion in GCPII. 

 

The folate hydrolase activity of GCPII at the luminal surface of the human jejunum has been well 

documented and its importance for absorption of folic acid confirmed. Folate insufficiency can be 

connected to the altered levels of folate-related metabolites or a susceptibility to some cancers. Indeed, 

the altered homocysteine blood levels have been observed in several epidemiologic studies in subjects 

bearing the polymorphic His475Tyr variant of GCPII. However, contradictory results were published 
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by various groups and it was also difficult to believe that the single amino acid mutation located 27 Å 

far from the active site would affect the catalytic efficiency of the enzyme. Together with the lack of 

data concerning biochemical characterization of polyglutamylated folates recognition and hydrolysis it 

motivated us to examine GCPII as a folate hydrolase in detail.  

To address the polymorphism, we prepared His475Tyr mutated variant of GCPII. From the 

analysis of its catalytic activity on a panel of folates as a substrate we showed that the His475Tyr GCPII 

variant is identical to the wild-type enzyme. Moreover, we determined X-ray structure of the 

polymorphic variant and didn’t identify any difference in the overall fold or in conformation of the 

active site. Consequently, we assume that at the protein level and in vitro the two variants are identical 

and the His475Tyr polymorphism must affect homocysteine concentrations by some other mechanism 

such as by different expression levels of GCPII.  

Existence of a so-called “arene-binding site” (ABS) located at the edge of the entrance funnel of 

GCPII has been reported previously [41]. This site is engaged by the dinitrophenyl group of the 

antibody-recruiting molecules (ARM-Ps, Fig. 7-13, page 19) thus significantly contributing to the 

affinity of ARM-Ps for GCPII. These compounds are similar to n-glutamylated folates, so we expected 

the ABS to be involved in substrate recognition. Indeed, we observed that the aromatic moiety of folic 

acid is bound to the ABS in the X-ray structure of complexes between the GCPII inactive mutant and 

FolGlu1-3. However, this observation was not reflected in subsequent experiments where GCPII variants 

bearing mutations in the ABS cleaved the FolGlu1-4 substrates with same efficiency as the wild-type 

enzyme. This is in direct contrast with inhibition data where ARM-Ps exhibit higher Ki towards ABS-

mutants compared to wild-type. Moreover, ARM-Ps lacking the aromatic group show unchanged 

inhibition constant (also against ABS mutants) pointing out the importance of the interaction between 

aromatic moiety and the ABS. To resolve this discrepancy, we hypothesized that the different kinetics 

of binding of the inhibitor individual functional groups might play role in the observed phenomenon. 

To corroborate this hypothesis, we analyzed the kinetics of the BODIPY fluorophore binding to the 

ABS and we observed gradual binding taking tens of seconds. Considering that the turnover number of 

GCPII is around 1 s-1, it verifies our hypothesis because the substrate is processed faster than the 

aromatic moiety is able to engage the ABS.  

 

The main obstacle lying in the way of introducing many promising inhibitors of GCPII to clinical 

use for the therapy of neurological disorders is their poor pharmacokinetic profile. Most such 

compounds suffer from poor oral availability and/or inability to cross the blood-brain barrier. As was 

already discussed above the two major problems are the specificity of the S1’ pocket for the highly 

charged glutamate(-like) moieties and the fact that the indispensable zinc-binding group (ZBG) is often 

polar as well. Most efforts in replacing these groups with more lipophilic moieties resulted in a 

drastically decreased potency of an inhibitor. However, it didn’t discourage us from searching for a 
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combination of a ZBG and a glutamate-replacing group and it was the motivation for the two studies 

reported in the chapter 2.4.  

The first work is a structural extension of the previously published publication where authors 

used the most potent GCPII inhibitor (DCIBzL) and designed a panel of compounds with glutamate 

replaced by a more hydrophobic moiety [40]. Our aim was to provide mechanistic explanation for 

reported results that might help with the future rational inhibitor design. Therefore, we solved X-ray 

structures of GCPII in complex with six of these inhibitors. Moreover, these data were complemented 

by quantum mechanics calculations that provide a good basis for future rational design of a glutamate-

free compounds with high inhibition potency. 

In the second study we have focused on a new class of GCPII inhibitors based on the hydroxamic 

acid ZBG. Previous experiments on mouse models using hydroxamate-based inhibitors confirmed its 

biological activity. More importantly we have analyzed the X-ray structure of the complex with GCPII 

and observed its unprecedented binding mode where the canonic glutamate-binding S1’ site is 

unoccupied and the inhibitor is bound to the spacious and less restricted S1 site. Consequences of this 

newly identified binding mode are extremely important because we can now attempt to design 

compounds with desirable potency and pharmacokinetic properties without being restricted by the 

necessity to target the glutamate-preferring S1’ site. 

 

Another goal of medicinal chemists interested in GCPII is the targeting of the enzyme on the 

surface of prostate cancer cells and neovasculature of solid tumors. Here the above-discussed profound 

need for a hydrophobic compound is not that crucial. Inhibitors are often based on canonical glutamate 

linked via ZBG and a linker to a functional group applicable for imaging or therapy. It has been shown 

that the S1 part of the binding pocket in GCPII is “promiscuous” in terms of the preference for a 

particular moiety compared to the S1’ site. This makes the P1 part of the inhibitor amenable for 

modifications and we exploited this feature for the design of a new compound. Carboranes are 

icosahedrally-arranged clusters of boron and carbon atoms. We conjugated the carborane with the lysin 

NH2 group of the Glu-urea-Lys inhibitor scaffold. X-ray data didn’t confirm our initial hypothesis that 

the hydrophobic carborane cluster could engage the hydrophobic S1 accessory pocket where the 

iodophenyl group of DCIBzL is inserted. The carborane moiety is bulkier than the iodophenyl and the 

pocket apparently cannot expand more. On the other hand, the affinity is sufficient for the potential in 

vivo studies and the position in the entrance funnel enables future modifications for either imaging or 

therapy. 
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To summarize the thesis, I tried to demonstrate the importance of GCPII as a target for biomedical 

applications. Additionally, basic research aimed at the detailed understanding of the enzyme function 

is equally important for these applications. In the publications included in this thesis (and those which 

are not included as well), we addressed several aspects of GCPII from the basic research to the 

development of GCPII-specific inhibitors.  

We analyzed influence of the calcium-binding site on the enzyme structure and function and we 

have shown that any disturbance in the Ca2+-coordination sphere leads to a misfolded or monomeric 

protein lacking enzymatic activity. Next, we thoroughly analyzed the hydrolysis of folates by GCPII 

from structural and enzymological perspective and studied the role of the arene-binding site in 

recognition of polyglutamylated folates. Moreover, we showed that the H475Y polymorphic GCPII 

variant exhibits identical fold and activity to the wild-type enzyme. Finally, in the three studies we 

reported the structure-assisted design of new inhibitors where each study is focused on a different part 

of the inhibitor molecule. 

Altogether the work presented here contributed to the growing pool of knowledge on GCPII, its 

role, function and its prominence as a therapeutic target. 
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Abbreviations 

2-MPPA 2-(3-mercaptopropyl)pentanedioic acid  

2-PMPA 2-(phosphonomethyl)pentandioic acid  

AA amino acid 

ABS arene-binding site  

ACE  angiotensin-converting enzyme 

ALS  amyotrophic lateral sclerosis 

ARM antibody-recruiting molecule 

BBB blood-brain barrier  

BiTE  bispecific T-cell engagers  

BNCT boron neutron capture therapy  

CAR chimeric antigen receptor 

CD  circular dichroism 

CNS central nervous system 

DNP dinitrophenyl 

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

DSF differential scanning fluorimetry  

EDTA  ethylenediaminetetraacetic acid 

ELISA enzyme-linked imunosorbent assay 

EPSC excitatory postsynaptic current  

FcγRI Fc gamma receptor I  

FDA US Food and Drug Administration 

FolGlun polyglutamylated folate 

FOLH folate hydrolase 

FP fluorescence polarization 

GCPII/III glutamate carboxypeptidase II/III 

IBD inflammatory bowel disease  

mAb monoclonal antibody 

mGluR3 metabotropic glutamate receptor 3 

mGluRI metabotropic glutamate receptor I 

NAAG N-acetyl-L-aspartyl-L-glutamate 

NAALADase N-acetylated alpha-linked acidic dipeptidase  

NMDA  N-methyl-D-aspartate 

PCa prostate cancer 

PET positron emission tomography 

PI3K phosphoinositide 3-kinase  

PNS peripheral nervous system  

PSMA prostate-specific membrane antigen 

r.m.s.d.  root-mean-square deviation 

SAR  structure-activity relationship 

SEC  size-exclusion chromatography 

SPECT  single-photon emission computed tomography 

TBI traumatic brain injury  

TfR transferrin receptor 

ZBG zinc-binding group 
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