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Abstract 

Cancer, group of diseases characterized by an uncontrolled cell growth, represents one of 

the great challenges of modern clinical research. Currently, the standard treatment of the 

cancer disease relies mainly on the whole body exposition to various factors, which targets 

the dividing cells, combined with surgical resection of the tumor. Unfortunately, this 

treatment is sometimes accompanied by numerous severe side-effects (e.g., nausea, loss of 

hair, infertility etc.). Therefore, in the past 40 years enormous resources and effort have been 

invested into finding a way how to specifically target and destroy the cancerous cells. This 

goal has been primarily addressed by the search for molecules, mainly proteins, which are 

predominantly expressed in the cancerous tissues compared to the healthy cells. 

Glutamate carboxypeptidase II (GCPII), also known as prostate specific membrane 

antigen (PSMA), represents such a target since it is highly expressed in a prostate carcinoma 

as well as in a solid tumor neovasculature. Additionally, GCPII is widely used as a model 

target molecule for proof-of-principle studies on targeted drug delivery. GCPII thorough 

biochemical characterization is essential for its appropriate use. Therefore, our laboratory has 

been investigating GCPII from various perspectives for more than 15 years. 

The studies presented in this thesis aim to introduce new advanced methodologies for 

GCPII expression, purification and characterization. These methodologies should enable 

more simple and reliable study of GCPII and facilitate its application as a specific address for 

targeted drug delivery. In order to achieve this goal, we established a one-step reliable and 

versatile affinity purification protocol for GCPII. Subsequently, we performed a thorough 

comparative study characterizing majority of currently used monoclonal antibodies (mAbs) 

against GCPII in both quantitative and qualitative manner. Finally, we characterized one of 

the closest GCPII homolog, N-acetylated alpha-linked acidic dipeptidase-like 

(NAALADase L) protein in terms of its tertiary structure, expression profile, and enzymatic 

activity. 



Abstrakt 

Nádorová onemocnění, skupina nemocí vyznačující se nekontrolovaným buněčným 

růstem, představuje jednu z velkých výzev moderního klinického výzkumu. V současnosti se 

standardní postup léčby spoléhá převážně na systémovou terapii, která využívá různé látky 

účinkující proti dělícím se buňkám, v kombinaci s chirurgickým odstraněním nádoru. Tento 

přístup je bohužel někdy doprovázen řadou nežádoucích vedlejších účinků (jako jsou 

například nevolnost, ztráta vlasů, neplodnost apod.) a navíc může docházet k opakovanému 

návratu nemoci. Z těchto důvodu se v posledních 40 letech investovalo mnoho prostředků a 

úsilí do nalezení způsobu jak ničit nádorové buňky více specificky. Nejběžnějším způsobem 

získání specifity se stalo hledání molekul (primárně proteinů), které by se vyskytovaly 

převážně v rakovinné a ne ve zdravé tkáni.  

Glutamátkarboxypeptidasa II (GCPII), známá též jako nádorový antigen specifický pro 

prostatu (PSMA), představuje jeden z takovýchto proteinů, jelikož je produkovaná ve velkém 

množství buňkami adenokarcinomu prostaty a navíc je přítomna v neovaskulaturách dalších 

pevných nádorů. GCPII se také často využívá jako modelová molekula při testování nových 

metod pro cílenou dopravu léčiv. Důkladná biochemická charakterizace GCPII je proto 

nezbytná pro její správné využití při výše zmíněných aplikacích. Již více než 15 let naše 

laboratoř studuje GCPII a snaží se tento protein co nejdůkladněji charakterizovat, aby 

umožnila jeho efektivní využití. 

Primárním cílem publikací uvedených v této práci je prohloubení znalostí o GCPII a 

zavedení pokročilých metod umožňujících jednodušší práci s tímto proteinem. Je zde popsán 

vývoj efektivní a univerzální purifikační metody pro GCPII a detailní charakterizace 

monoklonálních protilátek proti GCPII. Tyto protilátky se využívají jak v běžné laboratorní 

praxi, tak při vývoji diagnostických a terapeutických léčiv, jejichž současná špatná 

charakterizace může vést k jejich nesprávnému použití. Na závěr je zde také prezentována 

charakterizace blízkého homologu GCPII, proteinu NAALADase L, kdy byla určena jeho 

prostorová struktura, enzymová aktivita a také distribuce v lidských tkáních. 
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Chapter 1: Introduction 

1.1 History and nomenclature of GCPII 

First reference of GCPII in scientific literature dates back to 1987 when it emerged 

simultaneously from two completely unrelated research areas. Robinson et al. presented a 

study identifying a protein, denominated N-acetylated alpha-linked acidic dipeptidase 

(NAALADase), responsible for hydrolysis of neurotransmitter N-acetyl-L-aspartyl-L-

glutamate (NAAG) in rat brain [1]. In the meantime Horoszewicz et al. raised monoclonal 

antibody 7E11-C5.3 against a new marker of epithelial prostatic cancer cell line LNCaP 

(lymph node carcinoma of the prostate) which was entitled prostate specific membrane 

antigen (PSMA) [2]. To make things even more complicated, in 1991, Halsted et al 

identified a new enzyme, designated folate hydrolase (FOLH), in jejunal brush-border 

which hydrolyses and thus enable subsequent absorption of dietary folates [3]. 

Probably due to the very distant research fields, for the following five years 

neuroscientists studied NAALADase, urologists PSMA and dietologists FOLH without 

realizing that all these names refer to a single protein entity. In 1996, two publications 

emerged showing that the PSMA possesses folate hydrolase activity [4] and that it also 

embodies the characteristics of a neuropeptidase [5]. Shortly after, the laboratory of Joseph 

T. Coyle made an attempt to unify the nomenclature by performing a thorough analysis of 

NAALADase, PSMA and FOLH. They demonstrated the equal properties of these proteins 

and suggested the usage of the name "glutamate carboxypeptidase II" [6-9]. This 

designation was subsequently adopted by International Union of Biochemistry and 

Molecular Biology (IUBMB). 

However, even after 15 years the original names for GCPII, mainly PSMA, are still 

frequently used. Unfortunately, this makes the orientation in the GCPII research field quite 

complicated. Throughout this thesis the name GCPII will be used preferentially.  

1.2 GCPII on DNA level 

Gene FOLH1 coding for GCPII spans over 60 kbp region at chromosome 11 arm 

p11.2 and is formed by 19 exons and 18 introns [10]. A promoter for FOLH1 gene lies 

upstream and contains several potential transcription factor binding sites. Interestingly, 

none of them is responsible for high GCPII expression in the prostate [10, 11]. This 

phenotype is probably caused by a 72 bp enhancer (PSME), localized in the third intron of 



 - 2 - 

FOLH1, which activates GCPII expression in prostate cancer cell lines and is repressed by 

androgens [12, 13]. 

1.3 GCPII on RNA level 

1.3.1 Alternative splicing 

An mRNA coding for full-length GCPII protein (ENTREZ code NM_004476.1) 

undergoes various alternative splicing. Several different splice variants such as PSM', 

PSM-C, PSM-D, PSM-E and PSM-F have been identified [14-18]. Additionally, many 

other alternatively spliced transcripts of FOLH1 gene can be found among the ESTs 

(expressed sequence tags) at the NCBI database UniGene 

(http://www.ncbi.nlm.nih.gov/unigene), which indicates that the list of described splice 

variants is probably not complete. 

The PSM' was the first identified and the most studied GCPII splice variant. PSM' 

lacks the nucleotides 114-379 at the 3' end of the first exon compared to the "wild-type" 

mRNA. On a protein level this deletion would led to the loss of intracellular as well as 

transmembrane region of GCPII thus yielding a protein which would start with methionine 

at position 58 (compared to the "wild type" protein) [17]. Indeed, a protein, which cleaved 

NAAG and started with alanine at position 60, was identified in the LNCaP cells and in the 

prostate carcinoma. This protein was named PSM' since it was considered to be a 

translational product of PSM' mRNA [19, 20]. 

However, the true origin of PSM' protein is probably more complex. GCPII protein 

was shown to be N-glycosylated and this post-translational modification was proven to be 

essential for its enzymatic activity [21, 22]. On the other hand, PSM' protein originating 

from PSM' mRNA would not contain a signal sequence which would guide the protein into 

the ER and Golgi apparatus, where N-glycosylation occurs. Moreover, it was recently 

shown that identified PSM' protein is N-glycosylated and is also produced by full-length 

GCPII transfectants [23]. These data suggest that PSM' protein probably does not originate 

from PSM' mRNA but is rather a product of a post-translational processing of a full-length 

GCPII protein. 

1.3.2 Expression of mRNA in human tissues 

All studies determining the expression profile of mRNA coding for GCPII showed a 

significantly increased mRNA level in the prostate compared to other tissues [24-28]. 



 - 3 - 

Furthermore, Chang et al. suggested that GCPII mRNA expression is induced in malignant 

non-prostatic tissues such as the bladder, lung, or pancreas [25]. However, a subsequent 

study by Pangalos et al. detected mRNA expression in variety of human tissues including 

brain, colon, heart, kidneys, lungs, ovary, pancreas, spleen, small intestine and testis [27]. 

These data suggest that the GCPII mRNA expression is widespread in human but it may be 

further induced by the malignant processes within the cell. 

1.4 GCPII on protein level 

GCPII (E.C. 3.4.17.21) is a type II transmembrane di-zinc metallopeptidase which, 

based on the sequence homology with the aminopeptidases from Streptomyces griseus and 

Vibrio proteolyticus, belongs to the MEROPS clan MH; subfamily M28B [29, 30]. It 

consists of short intracellular N-terminal part (AAs 1-18), one transmembrane helix (AAs 

19-43) and large extracellular C-terminal part (AAs 44-750) [31]. GCPII contains 10 N-

glycosylation motifs (Asn-X-Ser/Thr) within its primary sequence and these post-

translational modifications were shown to be necessary for GCPII enzymatic activity [21, 

22]. Properly modified GCPII molecule embodies a molecular weight of approximately 

100 kDa while the protein without posttranslational modifications has a molecular weight 

of 84 kDa [26]. 

 Additionally, the short intracellular portion of GCPII contains an internalization 

motif (MXXXL) which is responsible for its internalization via clathrin-coated pits [32]. 

1.4.1 GCPII overall 3D structure 

Structural information about GCPII has been primarily gained from the X-ray 

crystallography experiments. The first X-ray structure of GCPII refined at 3.5 Å was 

published in 2005. It revealed overall homodimer fold of this protein and also a 

coordination sphere for two zinc ions, which is conserved throughout the whole clan of 

MH peptidases [33]. However, the detailed description of GCPII active site and its 

mechanism of substrate recognition were not known until 2006 when a series of high-

resolution structures (refined at up to 2.0 Å) was published; it is worth mentioning that this 

study also pointed out some major misinterpretations in the original structure [31]. 

A homodimeric structure of GCPII extracellular part is shown in Figure 1, p. 4. The 

GCPII monomer can be divided into three distinct domains: protease-like domain (AAs 59-

116 and 352-590), apical domain (AAs 117-351) and C-terminal domain (AAs 591-750). 
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Additionally, four inorganic ions (two Zn2+, one Cl- and one Ca2+) and seven N-

glycosylation sites have been identified within the crystal structure model of GCPII. 

 
Figure 1: X-ray structure model of extracellular portion of GCPII.  
One monomer is shown in wheat and the other is colored according to the domain organization; 
protease-like domain in red (AAs 57-116 and 352-590), apical domain in yellow (AAs 117-351) and 
C-terminal domain in orange (AAs 591-750). Carbon atoms of carbohydrate moieties of colored 
monomer are shown in cyan while in other monomer are shown in wheat. All carbohydrates are 
shown as stick and their oxygen atoms are shown in red and nitrogen atoms in blue. Protein 
backbone is shown in ribbon representation while zinc ions are depicted as blue, chloride ion as 
green and calcium ion as magenta spheres. N- and C-termini of the GCPII extracellular domain are 
labeled as N and C, respectively. The orientation of GCPII homodimer towards the cell is 
schematically depicted by the illustration of the plasma membrane. 

A major breakthrough in the field came a year later, when a new crystallization 

conditions for GCPII, which led to the structures refined to as low as 1.65 Å, were 

identified [34]. Since then, the X-ray crystallography has become a method routinely 

applied for investigation of GCPII substrate specificity and enabled to perform several 

structure-activity relationship (SAR) studies which aimed to design potent and specific 

inhibitors of GCPII [35-43]. Currently, more than 40 different X-ray structures of GCPII 

have been deposited in RCSB Protein Data Bank.  

1.4.2 Specific structural features of GCPII 

The large series of X-ray structures led to the identification of many GCPII structural 

features. These features were shown to be responsible for a stabilization of the overall 

protein fold (e.g., the N-glycosylation at position Asn638 or the Ca2+ coordination sphere), 

for the substrate specificity (e.g., the arginine patch, the Cl- coordination sphere, or the 

positioning of the entrance lid), and for the enzymatic activity (e.g., the Zn2+ coordination 

sphere together with catalytic acid/base Glu424). Majority of these structural features is 

illustrated and described in more detail in Figure 2, p. 5.  
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Figure 2: Selected structural features of human GCPII. 
GCPII homodimer in the center of the figure is shown identically as in Figure 1. The ribbon 
representations of individual isolated domains are shown within shaded areas with α-helices, β-
strands, and loops colored red, yellow, and green, respectively. C1, detailed view of protein-
carbohydrate interactions in the GCPII structure. An oligosaccharide chain anchored at Asn638 
side chain (green sticks) of the first monomer (green cartoon) interacts with the side chains of 
Glu276 and Arg354 (yellow sticks) of the second GCPII monomer (orange surface) and thus 
contributes to dimer formation. Hydrogen bonding interactions are shown as dashed lines. A1, 
solvent exposed type-II polyproline helix (Pro146–Pro149). A2, detailed architecture of the calcium-
binding site. Residues from the apical (Tyr272 and Thr269) and the protease-like (Glu433 and 
Glu436) domains contribute to the Ca2+

 (cyan sphere) coordination sphere. This motif is involved in 
GCPII dimerization by stabilizing the loop 272–279 at the dimerization interface. P1, coordination 
sphere of active site zinc ions (purple spheres). P2, flexibility of the arginine patch residues. Side 
chains of the arginine patch (Arg534, Arg536, and Arg463) are shown in stick representation, the 
chloride ion as a yellow sphere. While the side chain of Arg534 is virtually immobile, the Arg536 
side chain can adopt two conformations depending on the occupancy of the S1 site – the binding 
conformation (R536b, green) and stacking conformation (R536s, yellow) with the S1 site empty or 
occupied, respectively. P3, coordination sphere of the chloride anion (yellow sphere). P4, 5, 
entrance lid (Trp541-Gly548) in the closed (P4) and open (P5) conformation. GCPII is shown in 
surface representation with the entrance lid colored cyan. Adopted from [44]. 
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Additionally, a detailed reaction mechanism of NAAG hydrolysis by GCPII was 

described by the combination of computational and X-ray crystallography methods [43]. 

For more information, the reader is referred to a recently published review article which 

comprehensively summarizes and describes the current knowledge about GCPII structure 

and its reaction mechanism in more detail [44]. 

1.5 GCPII as an enzyme 

1.5.1 GCPII substrates 

As the name suggests, GCPII is a hydrolase which cleaves off C-terminal glutamate 

from its substrate. In a human body this enzymatic activity executes two different but 

important physiological functions. Firstly, GCPII is responsible for the cleavage of N-

acetyl-L-aspartyl-L-glutamate (NAAG), the most abundant peptide neurotransmitter in 

human brain [45], yielding N-acetyl-L-aspartate and L-glutamate (see Figure 3) [1]. 

 

Figure 3: Cleavage of N-acetyl-L-aspartyl-L-glutamic acid (NAAG) by GCPII in the brain. 
 

Secondly, GCPII enzymatic activity is crucial for the metabolism of dietary folates. 

People accept folate (known also as pteroyl-γ-L-glutamate or vitamin B9) in a 

polyglutamylated form. GCPII located in the brush border membrane of the small intestine 

is responsible for the consecutive cleavage of these glutamates (see Figure 4) and thus 

enables the absorption of the folates by epithelial cells [3, 4]. 

 

Figure 4: Cleavage of folylpoly-γ-L-glutamate by GCPII in the small intestine.  
Generally, the polyglutamylated folates contain 5-7 glutamate residues (n=5-7). 

Beside these two endogenous substrates, GCPII is able to process other peptidic 

substrates. Study by Barinka et al. showed that GCPII efficiently processes N-acetylated 
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dipeptides which contain acidic residues (Glu/Asp) in P1 position and either acidic 

residues (Glu/Asp) or methionine in P1’ position (e.g., N-acetyl-L-glutamyl-L-glutamate or 

N-acetyl-L-aspartyl-L-methionine) [46]. 

1.5.2 GCPII inhibitors 

As all other metallopeptidases, GCPII is inhibited by chelating agents (e.g., EDTA, 

EGTA), but these compounds are neither specific nor potent enough to enable their 

practical use. Additionally, the product analogues (e.g., quisqualic acid) and substrate 

analogues (e.g., β-NAAG) were shown to inhibit GCPII activity effectively [1, 47]. 

However, it took another 10 years until a first potent nanomolar inhibitor of GCPII 2-

(phosphonomethyl)pentanedioic acid (2-PMPA) was prepared [48]. Generally, GCPII 

inhibitors often comprise a glutamate residue, which binds to a P1' site of GCPII, and a 

zinc binding group. Based on the different zinc binding groups, GCPII inhibitors can be 

divided into three different groups: (1) phosphonate-, phosphate-, and phosphoramidate-

based inhibitors (e.g., 2-PMPA); (2) thiol-based inhibitors (e.g., 2-(3-mercapto-

propyl)pentanedioic acid (2-MPPA) [49]); and (3) urea-based inhibitors (e.g., ZJ-43, 

DCIBzL, and ARM-P2 [39, 40, 50, 51]). The chemical formulae together with respective 

inhibition constants of each group representatives are shown in Figure 5, p. 8. 

The inhibitor 2-PMPA was the first developed tight and specific GCPII inhibitor [48] 

and served as an inhibitor scaffold for many derivatives [52]. However, these inhibitors are 

highly polar and therefore not orally available which diminished their practical 

applicability. To reduce the polarity, the phosphonate group was replaced with thiol moiety 

which led to slightly decreased inhibitory potency, but made the whole molecule less polar 

and therefore orally available [49, 53]. Interestingly, even though 2-PMPA showed 

different inhibition potency of its two enantiomers, the corresponding thio analog 2-MPPA 

did not exhibit this phenomenon [54].  

In the meantime, Kozikowski et al. developed quite simple and original approach 

which utilizes a urea group as a zinc binding group. They prepared series of highly potent, 

specific and also easily accessible compounds [55, 56]. Further optimization of the urea-

based inhibitors led to the preparation of low-picomolar inhibitors DCIBzL and ARM-P2 

[40, 51]. 
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Figure 5: Chemical formulae and inhibition constants of selected GCPII inhibitors.  
Inhibitors are divided based on their active moieties to 5 different groups. Inhibition constant of each 
inhibitor together with the citation source is stated bellow the name of inhibitor. EDTA - 2,2',2'',2'''-
(ethane-1,2-diylbis(azanetriyl))tetraacetic acid; EGTA - 3,12-bis(carboxymethyl)-6,9-dioxa-3,12-
diazatetra-decanedioic acid; 2-PMPA - 2-(phosphonomethyl)pentanedioic acid; 2-MPPA - 2-(3-
mercapto-propyl)pentanedioic acid; β-NAAG - ((S)-3-acetamido-3-carboxy propanoyl) -L-glutamic 
acid; ZJ-43 - (((S)-1-carboxy-3-methylbutyl)carbamoyl)-L-glutamic acid; DCIBzL - (((S)-1-carboxy-5-
(4-iodobenzamido)pentyl)carbamoyl)-L-glutamic acid; ARM-P2 - (((S)-1-carboxy-5-(4-((2-(2-((2,4-
dinitrophenyl)amino)ethoxy)ethoxy)methyl)-1H-1,2,3-triazol-1-yl)pentyl)carbamoyl)-L-glutamic acid. 
Systematic names of the inhibitors were generated using ChemBioDraw Ultra software v13.0 
(PerkinElmer).  

As GCPII inhibitors find their application in many areas of clinical research, such as 

prostate cancer diagnostics and therapy or in the neuroprotective studies (see below), the 

urea-based scaffold is currently used preferentially for GCPII inhibitor design. A more 

complex and detailed description of the GCPII inhibitor field was recently reviewed by 

Ferraris et al. [57]. Additionally, a Braunschweig enzyme database (BRENDA) can also 

serve as a valuable source of data on GCPII enzymological profile [58]. 

1.6 GCPII expression in human body 

GCPII protein expression in human healthy and malignant tissues has been intensively 

studied throughout the past two decades. Unfortunately, except for a high protein 
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expression in both benign and malignant prostate tissue, the data on GCPII expression in 

other human tissues are somewhat inconsistent (see Table 1, p. 10).  

The explanation for such big discrepancy may lie in a variety of detection methods 

(western blotting (WB) [59], immunohistochemistry (IHC) [60-65], enzyme-linked 

immunosorbent assay (ELISA) [66]) and monoclonal antibodies (7E11-C5.3 [59, 61-66], 

J591 and J415 [63], PEQ226.5 [63, 66], PM2J004.5 [63], 24.4E6 [60], and YPSMA-1 

[67]) used in these studies. Different methods have variable detection limits and their 

results also often rely on the experience of the researcher. Moreover, different mAbs 

recognize distinct epitopes (e.g., within intracellular or extracellular portion of GCPII) and 

may bind to its antigen in different forms (e.g., native or denatured form of GCPII). 

Unfortunately, these basic mAbs characteristics are often not even known or specified for 

majority of the commonly used mAbs and additionally many researchers do not provide 

sufficient information (e.g., concentration of used mAb) to enable reliable assessment 

and/or reproducibility of their experiments. 

Nevertheless, the data from healthy tissue samples indicate that GCPII expression is 

not exclusive for the prostate, but can also be found in other tissues such as brain, small 

intestine, colon and kidney. In malignant tissues, the only clear consistency of the data 

relates to the strong GCPII expression in prostate carcinoma. On the other hand, 

considering histological localization, a majority of the studies demonstrated that GCPII is 

primarily expressed in tumor-associated neovasculature of various types of solid 

carcinomas [25, 63, 68-70]. 

1.7 GCPII role in human pathological conditions 

1.7.1 GCPII role in neuropathies 

GCPII role in neuropathological conditions is quite complex. Generally, GCPII 

inhibition leads to the increase of NAAG concentration in a neuronal synaptic cleft which 

has a neuroprotective effect in a model of glutamate-mediated excitotoxicity. The detailed 

description of this field is beyond the scope of this Introductory section. However, a whole 

issue of the Current Medicinal Chemistry (2012, vol.19, no.9) was recently published 

containing review articles exclusively related to this topic. In this chapter, only a basic 

description of the excitotoxicity mechanism and the role of NAAG in this process will be 

presented. 
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Table 1: Summary of reported GCPII expression in human healthy and malignant tissues. 
" + " stands for detected protein expression. " - " stands for no expression detected. Empty spot 
indicates that the tissue was not analyzed in the study. 1marks studies which used WB as 
a detection method. 2marks studies which used IHC as a detection method. 3marks studies which 
used ELISA as a detection method. mAbs used for individual studies were: J591 and J415 used in 
[63], PEQ226.5 used in [63, 66], 7E11-C5.3 (widely marked as 7E11) used in [59, 61-66], 
PM2J004.5 used in [63], 24.4E6 used in [60], and YPSMA-1 used in [67]. Adopted from [71]. 

Healthy tissue 

T
royer 

 et al. [59] 1 

K
inoshita 

 et al. [60] 2 

D
um

as 
 et al. [61] 2 

G
ala 

 et al. [62] 2 

C
hang 

 et al. [63] 2 

Lopes 
 et al. [64] 2  

S
ilver 

 et al.[65]  2 

S
okoloff 

 et al. [66] 3 

M
haw

ech-
F

auceglia 
 et al. [67] 2 

adrenal glands  +   - - -   
bladder  +   -  -  + 
brain + +   - - -  + 

breast - +   +  - + - 
colon - +   + - +  - 

duodenum     +  +   
esophagus  +   -    - 

heart         + 
kidney - glomerulus     - - -  - 

kidney - proximal tubule   +  + +    
kidney - distal tubule     - -    

liver - +   - - -   
lung - -   - -   - 

lymph node       -  - 
ovary - +   -   + - 

pancreas     - - -   
peripheral ganglion       -   

prostate  +   + + + + + 
salivary gland +        - 

skeletal muscle -    + + -   
seminal fluid +       +  

skin     - - -  - 
small intestine + +    -  + - 

spleen      -   - 
stomach  +   - - -  - 

testis     - - -  + 
thyroid gland     - - -  - 

urine        +  
urothelium    +     + 

Malignant tissue          
adrenal gland  +       - 

bladder - +  + - - -  + 
breast - +   - -  + - 
colon - +   - - -  + 

connective tissue     -     
esophagus  +       + 
gallbladder         + 

kidney  + +  - - -  + 
liver -        + 
lung - +   - -    
ovary  -       + 

pancreas     -     
prostate + +   + + +  + 

salivary gland         + 
skin     - -   + 

small intestine  +       + 
stomach  +        

testis  +   -    - 
thyroid gland         + 

urinary bladder         + 
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1.7.1.1 Model of glutamate-mediated excitotoxicity 

L-glutamate is generally acknowledged as a main excitatory amino acid 

neurotransmitter in mammals with glutamate receptors expressed in majority of neurons 

and glial cells [72-74]. These glutamate receptors can be divided in two major classes: 

ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) 

[75, 76].  

Based on the exogenous agents activating them, iGluRs are further subdivided to three 

groups: AMPA (α-amino-3-hydroxy-5-methyl-4-isoxasolepropionate), NMDA (N-methyl-

D-aspartate), and kainate receptors (see Figure 6). Upon ligand binding, iGluRs become 

permeable for extracellular ions (mostly Na+, but in case of NMDA also for Ca2+) which 

causes membrane depolarization of a postsynaptic neuron [77]. 

 

Figure 6: Structures of ionotropic glutamate receptor agonists. 
AMPA - 2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propanoic acid, NMDA - methyl-D-aspartic 
acid, kainate - (2R,3S,4S)-3-(carboxymethyl)-4-(prop-1-en-2-yl)pyrrolidine-2-carboxylic acid. 
Systematic names of the inhibitors were generated using ChemBioDraw Ultra software v13.0 
(PerkinElmer). 

Contrary to iGluRs, mGluRs do not facilitate straightforward influx of ions into the 

cell but are rather coupled with G-proteins and thus regulate the production of second 

messengers (e.g., cAMP). mGluRs are expressed in both presynaptic and postsynaptic 

neurons as well as in glial cells and can be divided into three subgroups I-III. Activation of 

mGluRs group I acts excitatory leading to the propagation of the neuronal signals, while 

activation of mGluRs group II and III leads to the attenuation of the signaling [78]. 

During signal transduction, the L-glutamate is released from presynaptic neuron, 

reaching as high as 1 mM concentration in a synaptic cleft for few milliseconds. Its rapid 

reuptake is secured by specific amino acid transporters in both neurons and astrocytes [79]. 

However, a prolonged exposition of the post-synaptic neurons to high L-glutamate 

concentration may lead to the overstimulation of the glutamate receptors. This causes a 

rapid influx of Ca2+ ion into the cells, mainly through the activation of NMDA receptors. 

Consequently, high Ca2+ concentration triggers processes leading to the death of the 

postsynaptic neuronal cell followed by additional release of glutamate which starts cascade 

effect of cell death. This phenomenon is called glutamate-mediated excitotoxicity [80-83]. 
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Glutamate-mediated excitotoxicity has been shown to be involved in many 

neuropathological conditions such as amyotrophic lateral sclerosis (ALS), Alzheimer 

disease, diabetic neuropathy, inflammatory and neuropathic pain, ischemia, and traumatic 

brain injury [81, 84, 85]. 

1.7.1.2 Neuroprotective mechanism of GCPII inhibition 

NAAG, the most abundant peptide neurotransmitter in mammals [45] and substrate of 

GCPII [1], plays pivotal role in an attenuation of a postsynaptic neuron excitation and thus 

acts as a protective agent against the excitotoxicity. 

There are two distinct mechanisms of action of NAAG which both participate in a 

protection of postsynaptic neurons. Firstly, NAAG was shown to specifically activate 

group II of metabotropic glutamate receptors, mainly mGluR3 [86, 87]. The mGluR3 are 

expressed in astrocytes, where their activation leads to the secretion of TGF-β (tumor 

growth factor β) which has a neuroprotective effect on the neurons [88-90]. Additionally, 

the mGluR3 are expressed in presynaptic neurons where they inhibit additional secretion of 

glutamate [91, 92].  

Second mechanism of action lies in the ability of NAAG to bind specifically to NMDA 

receptors, but not to AMPA and kainate receptors [93]. Even though this mechanism may 

seem counter-intuitive, NAAG demonstrated much less activation potency than glutamate 

upon binding to NMDA receptor [94, 95]. Therefore, NAAG acts as a partial antagonist of 

NMDA receptors competing with excitatory neurotransmitter glutamate. However, the 

ability of NAAG to bind NMDA receptors is not ubiquitous and probably depends on the 

composition of the NMDA receptor subunits since there are studies reporting this binding 

[94-98] and also studies which do not observe NAAG binding to NMDA receptor [99, 

100]. Therefore, this type of neuroprotective role of NAAG may probably be restricted to 

defined regions in the nervous system. Nevertheless, neuroprotective role of the NAAG in 

nervous system is undeniable. 

GCPII is responsible for NAAG inactivation in a synaptic cleft by its cleavage to N-

acetyl-L-aspartate and L-glutamate. The inhibition of GCPII activity, leading to subsequent 

increase of NAAG concentration in synaptic cleft, was shown to be neuroprotective in 

several models of neurodegenerative conditions. Therefore, GCPII is being considered and 

evaluated as a potential therapeutic target against various neuropathies [89, 90, 101-108]. 

Zhong et al. recently summarized a current state of the art in this field [85].  
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A simplified model of the proposed NAAG and GCPII role in glutamatergic synapse is 

illustrated in Figure 7. 

 

 

Figure 7: A model of the proposed NAAG role in a glutamatergic synapse. 
When released from the presynaptic neuron, NAAG can activate mGluR3 on both the presynaptic 
neuron and the glial cells. The activation of presynaptic mGluR3 decreases the release of the 
primary neurotransmitter glutamate, while the activation of glial mGluR3 leads to the secretion of 
neuroprotective TGF-β, which is absorbed by postsynaptic neuron and acts there as a 
neuroprotective agent. Simultaneously, NAAG is also competing with glutamate for the binding to 
NMDA receptors in some types of neuronal synapses. The action of NAAG is terminated by GCPII 
which hydrolyses NAAG to N-acetyl-aspartate (NAA) and glutamate (Glu) which are then absorbed 
by glial cells. 

1.7.2 GCPII role in prostate cancer and angiogenesis 

High level of GCPII expression in prostate carcinoma (PCa) indicates its potentially 

important role in the development of this pathological condition. However, unlike its role 

in neuropathies, the GCPII mechanism of action in the PCa is not known. 

One hypothesis suggested that GCPII may serve as a folate transporter [109, 110]. 

Other, based on the close sequence and structural homology with transferrin receptor [31, 

111, 112] and an ability of GCPII to internalize upon ligand binding [32, 69], hypothesized 

that GCPII may serve as a receptor for yet unknown ligand. However, since nearly 100 % 

of prostate cancer metastases express GCPII, it seems likely that the protein contributes to 

a successful transport and colonization of the cells at distant body sites [113, 114]. 
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Unfortunately, not enough evidence has been gathered yet for any theory to be widely 

accepted by the scientific community. 

Additionally, GCPII was also detected in endothelial cells of newly formed blood 

vessels associated with most of the solid tumors as well as with normal proliferative tissues 

such as endometrium and wounds [63, 68, 115-117]. In analogy to the role in prostate, 

GCPII function in the process of angiogenesis (i.e., formation of new blood vessels) still 

remains to be elucidated. One hypothesis speculated that GCPII increases the invasiveness 

of the endothelial cells by feedback loop activation of p21-associated kinase (PAK) [118], 

while the other suggested that GCPII mechanism of action resides in the absorption of 

extracellular folate into the cell. Folate is subsequently converted to 5-methyl-

tetrahydrofolate (THF) that reduces and recycles tetrahydrobiopterin (BH4). Then BH4, as 

a cofactor of endothelial isoform of nitric oxide synthase (eNOS), sustains the production 

of nitric oxide, a potent stimulator of angiogenesis [119-121]. Unfortunately, none of these 

hypotheses have been reliably proven yet. 

1.8 GCPII as a diagnostic and therapeutic target of prostate carcinoma 

Cancerous diseases are a major public health problem. Statistics for the USA show that 

more than 1 600 000 new cases and over 580 000 deaths are projected to occur in the USA 

in 2014. Among males, the prostate carcinoma (PCa) is the most commonly diagnosed 

type of cancer and the leading cause of death with the expected number of diagnoses and 

deaths exceeding 233 000 and 30 000, respectively [122]. As the numbers suggest, the 

need for effective diagnosis and treatment of PCa is immense. 

1.8.1 GCPII in prostate cancer imaging 

Imaging can be defined as a set of techniques, such as positron emission tomography 

(PET), single-photon emission computed tomography (SPECT), nuclear magnetic 

resonance (NMR), or computed tomography (CT), which enable non-invasive detection 

and measurement of cellular processes in living beings. Imaging has become routinely 

used in cancer research, clinical trials as well as medical practice. In a cancer management, 

the molecular imaging enables detection of tumor metastatic malignancies, determination 

of tumor stage, and also therapeutic monitoring, which is particularly important early after 

the start of the therapy [123]. 

In case of the PCa, the primary goal of imaging techniques is detection of potential 

metastases and also early identification of possible recurrence after initial primary therapy 
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(most often prostatectomy). GCPII, in this field almost exclusively known as PSMA, 

represents a promising molecular target for the PCa imaging. The agents targeting GCPII 

can be divided into two distinct groups: (1) monoclonal antibodies and (2) low-molecular-

weight molecules [121, 124, 125]. 

1.8.1.1 Monoclonal antibodies as imaging agents 

Monoclonal antibodies (mAbs) are widely used in basic research, but they can be also 

utilized in a diagnosis and therapy of PCa. Many different mAbs against GCPII have been 

prepared since its identification as a prostate cancer marker. 

The first mAbs against GCPII, 7E11-C5.3, was prepared in 1987 [1]. Its radio-

conjugate with 111In, sold under the commercial name ProstaScint™, currently represents 

the only imaging agent which was approved by U.S. Food and Drug Administration (FDA) 

for human imaging [126]. The ProstaScint™ is reported to stage primary PCa with 68 % 

accuracy, 62 % sensitivity and 72 % specificity [127], which shows that the agents is 

useful but not optimal. The sub-optimal function of ProstaScint™ may be caused by the 

fact that it recognizes intracellular portion of GCPII [128] and thus is probably able to 

visualize only necrotic cells of PCa which have disrupted cell membrane. This drawback 

led to the development of second-generation mAbs which target extracellular portion of 

GCPII [129].  

The mAb J591, developed in the laboratory of Dr. N. Bander at the Comell University, 

is by far the most intensively studied second-generation mAb [63]. To facilitate its use in 

clinical practice, the humanized form of J591 was prepared in 2003 [130]. Subsequently, 

several radio-conjugates of J591 with 64Cu, 111In, 177Lu, 89Zr and 99mTc were prepared and 

tested [131-135]. In majority of the studies the J591 radio-conjugates showed specific 

targeting of GCPII positive cells. Therefore, intensive research involving 99mTc-J591 [136], 
89Zr-J591 [137], and 177Lu-J591 [138, 139], which can serve conveniently as both imaging 

and therapeutic agent, is currently undergoing to enable application of these imaging 

agents in clinical practice [137]. Additionally, 111In-J591 has already entered phase I of the 

clinical trials (in combination with 90Y-J591 which served as therapeutic agent) [140]. 

The mAb 3/A12 represents one of the several mAbs against GCPII developed in the 

laboratory of Dr. U. Elsässer-Beile [141]. The 64Cu radio-conjugate of 3/A12 showed 

highly specific uptake to GCPII-positive tumors in animal models suggesting its potential 

to become useful diagnostic agent [142, 143]. 
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1.8.1.2 Low-molecular-weight molecules as imaging agents 

One of the drawbacks of the mAb-based imaging agents is their delayed clearance 

from the non-targeted tissues resulting in a span of several days between agent injection 

and imaging [121]. This issue may be overcome by the usage of small molecules [144]. 

Since GCPII is an enzyme, its specific and potent inhibitors (see section 1.5.2), can be used 

as the scaffolds for the design of specific low-molecular-weight imaging agents. Chemical 

formulae of further discussed imaging agents are depicted in Figure 8. 

As suggested earlier, the urea-based inhibitors have been preferentially utilized as a 

scaffold for GCPII specific low-molecular-weight imaging agents. The first imaging agents 

were derived from tyrosine-glutamate urea (conjugated with 125I; compound 1) [145] and 

cystein-glutamate urea (conjugated with 18F; compound 2) [146]. Both these compounds 

showed high affinity towards GCPII, selective binding to GCPII-positive cells and specific 

uptake in GCPII-positive xenografts. Afterwards, a lysine-glutamate urea scaffold was 

utilized to prepare 123I radio-conjugate (compound 3). In clinical SPECT imaging study, 

this compound was able to detect metastatic prostate cancer lesions in soft tissues [147]. 

To enable the use of heavy metal radionuclides such as 99mTc, bulky radiometal chelate 

group was attached to the lysine-glutamate urea scaffold (compound 4) yielding imaging 

agent that demonstrated specific uptake in GCPII-positive xenografts [148]. Last but not 

least, a 99mTc-labeled agent was prepared from glutamine-glutamate urea scaffold 

(compound 5) which also showed specific accumulation in GCPII-positive xenograft 

models [149]. 

 

Figure 8: Examples of structures of imaging agents based on the specific GCPII inhibitors. 
The citation of the corresponding literature source is stated for each compound. 
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The abovementioned GCPII imaging agents do not represent all prepared compound so 

far. For additional information, the reader is referred to a recently published review which 

summarizes the field more thoroughly [121]. 

1.8.2 GCPII in the targeted therapy of prostate cancer  

Majority of carcinomas are still treated by the whole body exposition to various 

cytotoxic agents which might bring serious side-effects such as nausea, hair and weight 

loss, compromised immunity and infertility to the patients. Specific targeted delivery of the 

therapeutic agents represents an attractive approach to diminish these side-effects. 

Unfortunately, even though the idea of targeted therapy has been actively investigated by 

scientific community for several decades, it has started to be used in clinical practice just 

recently [150, 151]. Similarly to PCa diagnostics, GCPII is also intensively studied as a 

target for PCa targeted therapy. Both mAbs and specific small molecule conjugates with 

cytotoxic agents or radionuclides have been prepared and their therapeutic application 

tested in the past decades [152, 153]. 

1.8.2.1 Monoclonal antibodies as therapeutic agents 

Second-generation mAb conjugates are mostly investigated as potential therapeutic 

agents. Understandably, mAbs used in diagnostic (see section 1.8.1.1) are also heavily 

utilized in therapy together with one additional mAb called PSMA-ADC (ADC stands for 

antibody-drug conjugate) [154]. PSMA-ADC is fully humanized mAb conjugated with 

monomethylauristatin E, a potent inhibitor of tubulin dimerization. This conjugate showed 

potent in vivo activity against GCPII-positive xenografts [155] and is now tested in phase I 

clinical trials [156]. 

Antibody J591 has been widely investigated mainly for its potential use in 

radioimmunotherapy. It was conjugated with α-emitting radioisotope 215Bi [157-160] and 

with β-emitters 131I, 90Y and 177Lu [133, 134, 161-163]. All these conjugates specifically 

target GCPII-positive cells in vitro, PCa in vivo [157, 159, 162] and show no side-effects 

[158]. A 177Lu-J591 conjugate is currently in the final stage of phase II clinical trials and 

registration for phase III trial is planned [139]. J591 conjugation with immunotoxins is not 

so profoundly studied even though the conjugate with maytansine derivative DM1, a 

microtubule depolymerizing compound, was shown to specifically target GCPII-positive 

xenografts and inhibit its growth [164]. 



 - 18 - 

Unlike J591, mAbs from Dr. U. Elsässer-Beile laboratory have been predominantly 

conjugated with immunotoxins. Single-chain variable fragment (scFv) antibody A5 was 

conjugated with truncated form of Pseudomonas exotoxin (PE40) yielding A5-PE40. This 

construct demonstrated specific binding and cytotoxic effect against GCPII-positive tissue 

culture and mouse xenografts [165, 166]. A comparable potency was also achieved by 

using construct which consisted of different scFv (D7) and the same exotoxin (PE40) 

[167]. Both these constructs are now aiming to the clinical trials.  

A different approach of therapy, utilizing human own immune system, was also 

investigated by preparation of diabody combining scFv A5 and scFv against CD3, a 

protein expressed in T-cells. Testing on the cell cultures showed ability of this conjugate to 

activate immune response of the T-cells [168, 169]. 

1.8.2.2 Low-molecular-weight molecules as imaging agents 

Direct radio-labeling of small molecules is not frequently used in GCPII targeted 

therapy. One representative may be the inhibitor [131I]-MIP-1375 (131I analogue of 

compound 3, Figure 8, p. 16) which was able to inhibit the growth of GCPII-positive cell 

cultures and xenografts [170]. 

Besides the specific GCPII inhibitors, the aptamers, a 8-15 kDa oligonucleotide or 

protein molecules which are selected for specific binding to targeted molecule through 

affinity maturation [171], are also investigated for their potential usage in targeted therapy 

[172]. Short hairpin RNA (shRNA) aptamer A10 specific against GCPII was developed 

[173] and its conjugate with small interfering RNA (siRNA) demonstrated GCPII-positive 

tumor regression in mouse xenografts [174, 175]. Additionally, A10 aptamer was also used 

for preparation of aptamer-nanoparticle conjugate which was loaded with various cytotoxic 

compounds. Such nanoparticles then demonstrated growth inhibition of GCPII-positive 

cells in vitro and in vivo [176-180]. Even though the preliminary results of aptamer 

conjugates are encouraging, additional research needs to be done before its potential 

application in the clinical practice will be feasible. 

1.9 GCPII homologs 

1.9.1 GCPII orthologs 

GCPII orthologs (i.e., proteins derived from the common ancestral gene and separated 

by a speciation event) can be found throughout the whole eukaryotic domain [111]. For 
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successful development of diagnostic and therapeutic agents targeting GCPII, an animal 

model testing is an essential methodology. Therefore, reliable data on GCPII activity, 

inhibition profile and tissue expression in these animal models are crucial for their efficient 

utilization. 

Given the frequently used animal models in drug-development testing, mouse, rat, pig 

and canine GCPII are the most extensively investigated GCPII orthologs. Since all those 

orthologs share more than 90 % sequence similarity to human GCPII, it is not surprising 

that all were found to be good models of human GCPII in enzymological studies [1, 7, 14, 

181-183]. On the other hand, the GCPII expression profiles of these orthologs differ 

considerably in prostate and small intestine compared to human. Most importantly, no 

expression of GCPII was detected in mouse, rat and pig prostate [70, 181, 184]. 

Interestingly, GCPII expression in canine prostate was firstly not detected [184], but 

subsequent studies showed GCPII expression on both mRNA and protein level [185, 186] 

leaving this issue controversial. In small intestine, GCPII expression was detected in pig, 

but not in mouse and rats [70, 181]. In other tissues, the mouse, rat and pig orthologs 

showed similar tissue distribution as human GCPII being expressed primarily in brain, 

kidney and testes [70, 181].  

To sum up, the data suggest that common animal models can be used for GCPII-based 

diagnostic and therapeutic testing, but there are some caveats, mainly considering GCPII 

protein tissue distribution, which needs to be taken into account. Due to similar enzymatic 

activity of these orthologs, the agents based on the GCPII-specific inhibitors can be used in 

the animal models without restriction, while in the case of the agents based on GCPII-

specific mAbs, differences in primary and tertiary structures among the orthologs need to 

be accounted for. Unfortunately, the proper characterization of these mAbs binding 

specificity and their potential cross-reactivity towards GCPII orthologs has not been 

carried out yet. 

1.9.2 Paralogs of human GCPII 

Human GCPII has several very close paralogs (i.e., proteins derived from a gene which 

was created by a duplication event of an ancestral gene within the genome). Unfortunately, 

these proteins, due to the sometimes very similar enzymatic properties, have been 

designated based on the one of the several GCPII historic names, which makes the 

orientation in the literature highly complicated. The various names used for GCPII and its 

closest paralogs prostate specific membrane antigen-like (PSMAL), glutamate 
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carboxypeptidase III (GCPIII), and N-acetylated α-linked acidic dipeptidase-like 

(NAALADase L) proteins are summarized in Table 2. For clarity, the table also contains 

references to their mRNA and protein sequences and basic protein characteristics. 

Table 2: List of human GCPII paralogs and their basic nomenclature. 
The most commonly used names for GCPII and its closest human paralogs are highlighted while 
the other names found in literature are listed bellow. Corresponding mRNA and protein sequences 
can be accessed via ENTREZ code at http://www.ncbi.nlm.nih.gov/gene or 
http://www.ncbi.nlm.nih.gov/protein, respectively. Additionally, the number of amino acids of each 
protein and protein identities towards human GCPII are also listed. Adopted from [187]. 

Protein name (abbreviation) Gene name / 
localization 

ENTREZ code 
for mRNA 

ENTREZ code 
for protein identity AAs 

Glutamate Carboxypeptidase II 
(GCPII or GCP2) 

Prostate Specific Membrane Antigen (PSMA or PSM) 
N-acetylated α-linked Acidic Dipeptidase (NAALADase) 

Folylpoly-γ-glutamate Carboxypeptidase (FGCP) 
Folate Hydrolase (FOLH) 

FOLH1 
11p11.2 

NM_004476.1 NP_004467.1 100 % 750 

Prostate Specific Membrane Antigen-like 
(PSMAL) 

FOLH1B 
11q14.3 

NM_153696.2 NP_710163.1 98 %* 442 

Glutamate Carboxypeptidase III 
(GCPIII or GCP3) 

β-Citrylglutamate Hydrolase (BCG hydrolase) 

N-acetylated α-linked Acidic Dipeptidase II (NAALADase II) 

NAALAD2 
11q14.3-q21 

NM_005467.3 NP_005458.1 68 % 740 

N-acetylated α-linked Acidic Dipeptidase-like 
(NAALADase L) 

100kDa Ileal Brush Border Membrane Protein (I100) 

NAALADL1 
11q12 

NM_005468.2 NP_005459.2 37 % 740 

* Percentage of protein identity is calculated regarding to the whole sequence of PSMAL and corresponding part of GCPII. 

1.9.2.1 Prostate-specific membrane antigen-like (PSMAL) 

Gene FOLH1B, which is localized at the chromosome 11 arm q11.4 and codes for 

PSMAL, was initially thought of as a FOLH1 pseudogene [10]. However, the subsequent 

investigation indicated that the identified DNA region is actually the evolutionary closest 

GCPII paralog found only in primates [111]. 

The genomic identity of FOLH1B and FOLH1 is 98 %, but FOLH1B lacks more than 

1 kb region which corresponds to the end of a promoter, first exon and part of the first 

intron of FOLH1 gene [188]. Therefore, putative protein construct from this gene, 

PSMAL, would be substantially shortened (442 AAs) compared to GCPII (750 AAs). Even 

though PSMAL shares more than 98 % sequence identity with GCPII, due to its N-

terminal truncation and architecture of GCPII active site, where all three protein domains 

contribute to the proper folding of the active site, the PSMAL protein is likely to be 

inactive [189]. mRNA coding for PSMAL was detected in liver and kidney [188], but no 

data are available on the PSMAL protein expression. 
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1.9.2.2 Glutamate carboxypeptidase III (GCPIII) 

With 68 % primary sequence identity, GCPIII represents the closest enzymatically 

active homolog of GCPII coded by NAALAD2 gene localized at chromosome 11 arm 

q14.3-q21. mRNA coding for GCPIII was found well-spread in human tissues such as 

brain, colon, heart, ovary, spleen, prostate and testis, but generally showed lower 

expression level compared to GCPII [27].  

No data on GCPIII protein expression are available. The likely reason for that is the 

fact that a specific mAb, which would recognize GCPIII but not GCPII, has not been 

prepared yet. Interestingly, this issue has not been taken into account in almost any studies 

mapping GCPII protein expression profile. With regard to very high primary sequence 

identity of GCPII and GCPIII, the chance of cross-reactivity of some mAbs recognizing 

mainly denatured GCPII is substantial. Unfortunately, currently used mAbs against GCPII 

are not characterized enough with respect to their potential cross-reactivity with GCPIII. 

Bzdega et al. demonstrated that mouse GCPIII cleaves NAAG with similar efficiency 

as mouse GCPII [190]. Subsequent comparative analysis of human GCPII and GCPIII 

revealed different pH and salt dependency on the enzymatic activity for these enzymes, 

which makes their direct comparison quite difficult [191].  

Interestingly, GCPIII was recently shown to process β-citryl-L-glutamate (BCG), a 

compound structurally similar to NAAG (see Figure 9) [192]. BCG is a pseudopeptide 

found in rat testis and prenatal as well as perinatal CNS [193-195]. Its role in these tissues 

is still unknown. Interestingly, GCPIII cleavage specificity was shown to be metal 

dependent. In the presence of Zn2+, GCPIII cleaved preferentially NAAG, whereas in the 

presence of Ca2+, GCPIII cleaved preferentially BCG. In the presence of Mn2+, GCPIII 

processed both substrates with a similar efficiency. Surprisingly, GCPII did not process 

BCG at all [192]. 

 

Figure 9: Hydrolysis of β-citryl-L-glutamic acid (BCG) by GCPIII. 

 
X-ray structure of GCPIII was recently solved [196]. The overall GCPIII structure is 

highly similar to that of GCPII, but some interesting differences have been identified. The 
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most important one involved the coordination of zinc ions in the GCPIII active site. 

Compared to GCPII, zinc ions in GCPIII displays much lower occupancies (0.80-0.95 for 

catalytic Zn1 and 0.45-0.80 for co-catalytic Zn2) [196]. This observation suggests that 

GCPIII is able to create heteromettalic clusters, replacing zinc ion with different metal ion, 

which supports the enzymological data determined for BCG and NAAG hydrolysis. 

To date, no selective inhibitor of GCPII/GCPIII has been identified. However, 

knowledge of 3D structure and identification of GCPIII specific substrate may hopefully 

facilitate the development of such inhibitor, which would be essential for a proper 

dissection of GCPII and GCPIII physiological roles. 

1.9.2.3 N-acetylated α-linked acidic dipeptidase-like (NAALADase L) 

NAALADase L represents a more distant paralog of GCPII with just 37 % protein 

identity. It is coded by NAALADL1 gene which is located at chromosome 11 arm q12 [27]. 

NAALADase L, approximately 100 kDa large protein, was identified in 1997 by its 

isolation from rat ileum and based on its molecular weight named I100 [197]. 

Subsequently, a large comparative study by Pangalos et al. revealed its close homology to 

GCPII and GCPIII and the protein was re-named to NAALADase L, because at that time 

the researchers worked with "NAALADase" instead of "GCPII" [27]. Since this was 

actually the last publication investigating NAALADase L, the name still prevailed. 

mRNA coding for NAALADase L was shown to be expressed in several human 

tissues such as heart, colon, ovary, blood, prostate, small intestine, spleen and testis and 

additionally was shown to undergo heavy alternative splicing [27]. To date, no data on 

NAALADase L protein expression in human tissues have been published. 

Both abovementioned studies detected DPP-IV activity of NAALADase L, but none of 

these studies used purified recombinant protein [27, 197]. This may be quite crucial since 

DPP-IV activity is highly promiscuous [198] and therefore false positive results may be 

easily obtained; as was probably the case for GCPII and GCPIII, which were both shown 

to possess DPP-IV activity by Pangalos et al. and subsequently disproved by the 

experiments with pure recombinant protein [27, 46, 191]. Finally, unlike GCPII and 

GCPIII, NAALADase L was shown to be unable to cleave NAAG [27].  

Undoubtedly, additional studies characterizing NAALADase L will be necessary for 

the determination of its physiological role which is currently unknown. 
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Chapter 2: Results 

2.1 Research aims 

 

The research aims of this thesis are as follows: 

 

• To develop and establish the affinity-tag based purification protocol for 

extracellular portion of recombinant human GCPII (rhGCPII) heterologously 

expressed in Drosophila S2 Schneider cells which would be also applicable for 

topologically identical proteins. 

 

 

• To perform thorough comparative analysis of all available mAbs recognizing 

human GCPII. To quantitatively characterize their binding, to investigate their 

potential cross-reactivity with close GCPII homologs, and to compare their 

efficacies on the standard antibody-based molecular biology methods. 

 

 

• To characterize human NAALADase L protein in terms of its 3D structure, its 

enzymatic activity, and its expression on mRNA and protein levels in order to 

elucidate its physiological function. 
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2.2.1 Paper I: Efficient and versatile one-step affinity purification of GCPII 

 

Motivation of the study 

Since GCPII requires N-glycosylation for its proper enzymatic activity [21, 22], the 

eukaryotic systems have to be used for its preparation. One option is to purify GCPII from 

its natural sources (e.g., brain tissue or LNCaP cells [19, 199, 200]). Unfortunately, even 

though this approach yields full-length GCPII with endogenous post-translational 

modifications, it provides low yields and is rather expensive. 

The other possibility is to use a eukaryotic heterologous expression system, such as 

insect cells, designed for a large-scale protein expression. A baculoviral expression system 

combined with affinity chromatography can be used to express and purify recombinant 

GCPII with N-terminal His-tag [33, 201]. However, utilization of His-tag for GCPII, which 

is a metallopeptidase, is not optimal and may influence the protein enzymatic activity.  

A "tag-free" stable cell line expression system using Drosophila melanogaster 

Schneider S2 cells was established by Barinka et al. in our laboratory in 2002 [46]. This 

system is rather cost-effective providing GCPII in high yields; tens of milligrams per liter 

of culture media. Even though this set-up produces just extracellular portion of GCPII 

(rhGCPII) the subsequent analysis showed that protein is properly folded and 

enzymatically active. Furthermore, the omission of transmembrane domain enabled much 

easier work with the protein. The down-sides of this purification set-up were its 

complexity, four purification steps, and its non-versatility towards other enzymes highly 

homologous to GCPII, such as GCPIII or NAALADase L. 

Therefore, we set out to establish new expression system for GCPII which would be 

less laborious, more versatile and additionally enables specific modification of a purified 

protein. 

 

Summary 

In this study, we present a new large-scale expression system for extracellular portion 

of GCPII utilizing Avi-tag as an affinity anchor and Drosophila melanogaster Schneider 

S2 cells as host cells. The prepared protein construct as well as purification analysis by 

SDS-PAGE are show in Figure 10, p.26.  

The protein construct (Avi-GCPII) comprises the Avi-tag sequence [202], TEV 

cleavage site and extracellular portion of human GCPII (rhGCPII). The Avi-GCPII is 

endogenously biotinylated by E. coli biotin ligase (BirA) on the lysine residue of the Avi-
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tag during its expression; S2 cells were stably transfected with BirA prior Avi-GCPII 

production. We prepared three different S2 stable cell lines with BirA localized in the 

cytoplasm, in the endoplasmic reticulum (ER) or secreted outside the cell. We investigated 

these stable transfectants and found out that BirA localization within ER leads to the 

highest biotinylation efficacy of Avi-GCPII and used these cells for large-scale expression. 

Subsequently, we used the site-specific biotinylation of Avi-GCPII for one-step 

affinity purification via commercially available Streptavidin Mutein Matrix (Roche) 

yielding highly homogenous protein in good yields, 6 mg per liter of culture media. 

 

Figure 10: Schematic representation of Avi-GCPII and analysis of its purification.  
Panel A: Schematic representation of Avi-GCPII with detailed primary sequence; Avi –15 AAs 
sequence known as AviTag with underlined Lys residue which undergoes biotinylation; TEV – TEV 
protease cleavage site marked with *; rhGCPII – extracellular portion of GCPII (AAs 44–750). 
Panel B: Analysis of Avi-GCPII purification by SDS–PAGE. (1) Molecular weight marker; (2) Load; 
(3) Flow-through; (4) Wash; (5–11) Elutions 1–7. 4 µl of the sample was loaded to each lane.  

Additionally, we demonstrated that this purification set-up provides protein which 

readily crystallizes yielding diffraction quality crystals. We solved the 3D X-ray structure 

of Avi-GCPII and confirmed that our protein construct embodies the same overall structure 

and enzymatic activity as its tag-free counterpart (rhGCPII). Finally, we confirmed the 

versatility of our expression system by preparation and purification of close GCPII 

homolog, NAALADase L, with similar yields and purity. 

 

My contribution:  

I prepared expression plasmid for Avi-tagged proteins, established and optimized the 

purification protocol, purify Avi-GCPII and refined its X-ray structure. I also conducted all 

experiment involving AviTEV cleavage, by TEV protease or unknown host protease, and 

Avi-GCPII enzymatic activity analysis and wrote the draft of the manuscript. 
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2.2.2 Paper II: Comparative analysis of monoclonal antibodies against GCPII 

 

Motivation of the study 

GCPII is involved in several human pathological conditions related to 

neurodegenerative and cancerous diseases, as has been extensively reviewed in the 

Introductory section (see section 1.7). Therefore, it is not surprising that monoclonal 

antibodies (mAbs) against this protein represent an intensively studied and used tool for 

GCPII specific targeting. 

Unfortunately, even though there are many commercially available mAbs, only small 

portion of them is appropriately characterized in terms of their affinity and specificity. This 

issue may contribute to the inconsistent results concerning GCPII protein expression 

profile (see section 1.6). Additionally, the cross-reactivity of mAbs with close GCPII 

homologs, mainly human GCPIII and mouse GCPII/III (see section 1.9), has not been 

investigated for almost any available mAbs. The lack of knowledge of these basic 

characteristics may lead to erroneous interpretation of results obtained during every-day 

laboratory work as well as during advanced clinical testing of these mAbs. 

Therefore, we decided to collect a panel of the most commonly used mAbs against 

GCPII and analyze them in both qualitative and quantitative manner. 

 

Summary 

In the presented study, we collected the 13 most frequently used mAbs against GCPII. 

We quantitatively characterized their binding to GCPII by enzyme-linked immunosorbent 

assay (ELISA) and surface plasmon resonance (SPR) while simultaneously determining 

their ability to recognize either native or denatured form of GCPII. Additionally, we 

investigated potential cross-reactivity of the studied mAbs against human GCPIII and 

mouse GCPII/III, and using a peptide library we mapped the epitopes of mAbs recognizing 

denature form of GCPII. 

ELISA and SPR analyses revealed that mAbs J591, J415, D2B, 107-1A4, GCP-05, and 

2G7 bind preferentially to GCPII in its native form, while mAbs YPSMA-1, YPSMA-2, 

GCP-02, GCP-04, and 3E6 bind solely to denatured form of GCPII. mAbs 24.4E6 and 

7E11-C5.3 recognize both forms of GCPII in similar efficiency. Additionally, we 

determined that GCP-02 and 3E6 cross-react with denatured mouse GCPII, while GCP-04 

recognizes denatured GCPII and GCPIII proteins from both human and mouse. 
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Finally, we assessed the applicability of these mAbs to routine experimental setups, 

including western blot (WB), immunohistochemistry (IHC), and flow cytometry (FC). The 

obtained results are summarized in Table 3. 

Table 3: Summary of basic characteristics of anti-GCPII mAbs. 
Each mAb is evaluated for its effectiveness on each of the analyzed methods. “-“ stand for ‘not 
applicable’ while “+++” stands for ‘highly efficient’. 

 

This is a first comprehensive study of these highly important research tools for GCPII 

analysis and targeting. We hope that the presented data will enable more precise and 

efficient usage of these mAbs by the researchers in the future. 

 

My contribution 

I purified mAbs GCP-02 and 24.4E6 and conducted all ELISA, SPR and WB 

experiments. I also participated in FC and IHC experiments and wrote the draft of the 

manuscript.  

 

GCPII in native form  GCPII in denatured form 
Antibody 

ELISA FC  ELISA WB IHC 

J591 +++ +++  + + - 
J415 +++ +++  - - - 
D2B +++ +++  + + - 

107-1A4 +++ +++  - - - 
2G7 ++ ++  - - - 

GCP-05 + +++  - - - 
7E11-C5.3 ++ -  ++ ++ - 

GCP-02 - -  +++ +++ +++ 
GCP-04 - -  +++ +++ +++ 

YPSMA-1 - -  ++ +++ +++ 
YPSMA-2 - -  ++ ++ +++ 

3E6 - -  ++ ++ ++ 
24.4E6 + -  + + ++ 
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2.2.3 Paper III: Structural and biochemical characterization of NAALADase L 

 

Motivation of the study 

Human N-acetylated alpha-linked acidic dipeptidase-like protein (NAALADase L) 

represents one of the closest GCPII homologs with approximately 37% sequence identity 

and conservation of zinc coordinating residues as well as catalytic glutamate. Even though 

the protein was identified in 1997 by Shneider et al. [197] only one additional study 

describing NAALADase L has been published to date [27]. Both these studies 

characterized expression and enzymatic activity of NAALADase L. However, they did not 

use purified recombinant protein and their results were somewhat inconsistent.  

Therefore, we decided to prepare recombinant NAALADase L and thoroughly 

describe its structure, expression profile and enzymatic activity. Additionally, being a close 

GCPII homolog, we hoped that elucidation of a physiological role of NAALADase L could 

shed some light on the potential non-enzymatic function of GCPII; a question which is 

actively pursued in a GCPII research field. 

 

Summary 

Using previously established Avi-tag based expression and purification system, we 

prepared and purified extracellular portion of NAALADase L (Avi-NaalL) and its putative 

catalytically ineffective mutant Avi-NaalL(E416A). We prepared diffraction quality 

crystals of Avi-NaalL and refined the final model to 1.75 Å resolution (see Figure 11A, 

p. 68). The structure analysis revealed that Avi-NaalL structure is highly similar to that of 

GCPII, including complete conservation of amino acids indispensable for hydrolase 

activity. 

Additionally, we analyzed the expression profile of NAALADase L on both mRNA 

and protein level. We detected high levels of mRNA coding for NAALADase L in several 

tissues such as testis, small intestine, colon, spleen, and ovary. On the other hand, we 

observed highly restricted expression of NAALADase L on a protein level detecting the 

expression predominantly in a small intestine. These data suggested that the mRNA coding 

for NAALADase L probably undergoes extensive alternative splicing.  

Finally, we investigated the enzymatic activity of NAALADase L. We disproved its 

previously reported DPP IV-like activity and demonstrated that the recombinant protein 

derived from the NAALADL1 gene possesses aminopeptidase activity. NAALADase L 

degrades peptide substrates from their N-termini until it reaches an acidic residue at P2' or 
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proline residue at P3'. If there is none of these amino acids present within the peptide 

sequence, NAALADase L processes the peptide to single amino acids. Furthermore, we 

identified Glu416 as a critical residue for proper enzymatic activity of NAALADase L 

probably functioning as a proton shuttle (see Figure 11B).  

 

Figure 11: Structure and enzymatic activity analysis of NAALADase L. 
Panel A: Overall structure of NAALADase L dimer shown in ribbon representation. One monomer is 
shown in wheat, and the other is colored based on its domain organization. The zinc ions are 
shown as magenta spheres and calcium ions as blue spheres. The carbohydrate moieties are 
depicted as cyan sticks with oxygen atoms in red and nitrogen in blue. The disulfide bond between 
Cys296 and Cys313 is shown as a green stick. Panel B: Cleavage analysis of a random peptide by 
NAALADase L showing that the putative inactive mutant is incapable of effective cleavage and that 
the NAALADase L is able to completely process the peptide to individual amino acids. 

Based on NAALADase L newly identified enzymatic activity and highly restricted 

protein expression, we suggested a new name for this enzyme: human ileal aminopeptidase 

(HILAP) and hypothesized that this protein physiological role in human is likely connected 

to a peptide/protein degradation. 

 

My contribution:  

I prepared the expression plasmids and performed purification of Avi-tagged proteins, 

refined Avi-NaalL X-ray structure, conducted all enzymatic experiments except for the 

PICS analysis, performed protein expression profile analysis, and wrote the draft of the 

manuscript. 
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Chapter 3: Discussion and conclusion 

As reviewed in the Introductory section, GCPII represents a promising target for 

diagnostic and therapy of prostate cancer as well as other solid tumors. Additionally, the 

inhibition of GCPII enzymatic activity seems to be neuroprotective suggesting the key role 

of the enzyme in the neuropathological conditions; most probably through its role in 

glutamate-mediated neurotoxicity. Lastly, due to the convenient protein topology, 

inducible internalization upon ligand binding and favorable expression profile, GCPII is 

frequently used as a model molecule for various specific-targeting delivery studies.  

To enable effective use of GCPII in all these research areas, a reliable and efficient 

technique for its preparation is essential. We present here a new Avi-tag™-based 

purification protocol for preparation of recombinant GCPII in eukaryotic expression 

system. The system provides high-yields of homogenous protein in one-step purification 

set-up and does not demand extensive instrumentation, which makes it highly cost-

effective. Moreover, we demonstrate the high versatility of our system by its application to 

several other proteins topologically identical to GCPII, such as GCPIII or NAALADase L. 

Additional advantage of this purification system is that the purified protein is specifically 

modified by biotin at the side chain amino group of lysine residue within the Avi-tag. Such 

specific protein modification enables facile protein visualization, immobilization or 

isolation by various commercially available streptavidin or neutravidin conjugates. We 

have extensively utilized this feature in both following studies presented in the thesis. 

Monoclonal antibodies against GCPII represent not only indispensable tool for 

common laboratory work in GCPII-related research, but also one of the key clinical 

molecular agents to specifically target GCPII. Therefore, it is not surprising that there are 

various mAbs commercially available in the market and several mAb-conjugates are 

currently in the late stages of clinical trials. Unfortunately, even though mAbs against 

GCPII clearly play an important role in GCPII-related research, they are mostly very 

poorly characterized which may lead to their improper use or misinterpretation of obtained 

data. The presented study aims to address this issue by collecting and characterizing the 

most commonly used mAbs against GCPII. 

This study targets two main knowledge-gaps which we have identified in this field. 

Firstly, mAbs have been mostly described based on the methods for which they should be 

used instead of the nature of antigen (native or denatured) they recognize. The current 
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description often lead to the confusion since there are several basic mAb-based techniques, 

such as IHC or fluorescent microscopy, which can be performed in both native and 

denature set-ups. Therefore, we decided to primarily sort out the mAbs based on their 

ability to bind either denature or native form of GCPII. This distinction based on the nature 

of the recognized antigen should provide the researchers with sufficient information for 

effective use of the corresponding mAbs in any given method. 

Secondly, even though several close GCPII paralogs, such as GCPIII or 

NAALADase L, have been identified in the past decade, the potential cross-reactivity of 

available GCPII-specific mAbs against these proteins has not been investigated at all. 

Similarly, the issue of mAbs cross-reactivity with GCPII orthologs, such as mouse or rat 

GCPII, has also been largely ignored. Since potential unknown cross-reactivity may 

significantly influence the obtained results, for example in targeting GCPII-specific tissues 

in humans or in analyzing mouse xenograft models, we decided to probe all collected 

mAbs against closest and most relevant GCPII homologs; mouse GCPII, mouse GCPIII 

and human GCPIII. 

The described lack of proper mAbs description may be the reason for several major 

inconsistencies identified in GCPII research which involve methods utilizing mAbs, such 

as GCPII protein expression determined by western blotting, ELISA or IHC (see 

section 1.6). We hope that our study will help the researchers to use available anti-GCPII 

mAbs more appropriately and efficiently in the future, which might ultimately lead to 

diminishing of such inconsistencies in published results. 

Since we performed quantitative characterization of collected mAbs, the obtained 

dissociation constants for respective antigen-antibody complexes can be easily applied to 

optimize the appropriate protocol for highest possible signal output while keeping the mAb 

consumption to a minimum. Moreover, if the mAb with described cross-reactivity is used, 

the working mAb concentration can be adjusted in order to minimize the cross-reactivity or 

visualize both potential antigens; depending on individual researcher’s need. 

Finally, we would like to stress out that the motivation for performing this study was 

not to advertise one mAb over the other, but primarily provide a comprehensive 

characterization of given mAbs and point out the misleading information which can be 

found in some of the analyzed mAbs datasheets. For example, the mAb YPSMA-1 has 

been used in some studies for recognition of native GCPII, while it clearly recognizes only 

the denature form of the protein [118, 203]. This incorrect use of YPSMA-1 may be 

explained by the fact that its datasheet states the application of this mAb on the methods 
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such as IHC on frozen tissue slides, immunocytochemistry or flow-cytometry; the methods 

which are generally recognized as the techniques working with a native antigen. We hope 

that our presented data will help to prevent the repetition of such unfortunate use of anti-

GCPII mAbs in the future. 

Even though GCPII has been investigated for more than two decades as specific 

marker of prostate cancer, the physiological connection of increased expression level of 

GCPII with development of this pathological condition has not been conclusively 

identified yet. Based on the close structural homology to transferrin receptor, the putative 

role of GCPII in prostate cancer as a receptor rather than an enzyme has been proposed by 

several research groups (see section 1.7.2). However, the putative partner of GCPII has not 

yet been identified. To reveal potential non-enzymatic function of GCPII, a 

characterization and determination of physiological functions of its close homologs may be 

useful. Therefore, we decided to characterize NAALADase L and determine its 

physiological function. 

By determination of its X-ray structure, we demonstrated that NAALADase L has very 

similar secondary and tertiary structure as GCPII. This fact together with the conservation 

of essential amino acids (zinc coordinating amino acids and catalytic acid/base glutamate) 

suggested that it might embody similar enzymatic activity to that of GCPII. Surprisingly, 

we identified that NAALADase L acts as an aminopeptidase rather than carboxypeptidase. 

This fact together with restricted protein expression of NAALADase L in the small 

intestine indicated that its physiological role will probably be associated with the 

protein/peptide degradation and led us to propose a new name for this enzyme: human ileal 

aminopeptidase (HILAP).  

The presented data suggest that even though HILAP is highly homologous to GCPII 

on the structural level, its specialized physiological function does not make this protein a 

good candidate from which GCPII non-enzymatic role in pathological conditions could be 

derived. 

On the other hand, HILAP may represent an interesting molecule for study of 

molecular evolution of M28 family of metallopeptidases. This family of metallopeptidases 

comprises both amino- and carboxypeptidases. These aminopeptidases, such as 

aminopeptidase S from Streptomyces griseus, are single-domain enzymes, while 

carboxypeptidases, such as GCPII, are structurally more complex molecules, consisting of 

three domains and forming dimeric quaternary structure. This may make the HILAP 
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a potential evolutionary “intermediate” of these two enzyme sub-families having similar 

enzymatic activity as the first and the structure as the second. Even though this pilot study 

described HILAP from both structural and enzymological point of view, additional studies 

will be necessary to address these issues in more detail. 

To conclude, we presented here optimization and validation of an efficient purification 

set-up which is generally applicable for secreted proteins, such as the extracellular portion 

of GCPII. Moreover, we performed thorough characterization, in both quantitative and 

qualitative manner, of the most commonly used mAbs against GCPII. The results of these 

studies will hopefully contribute to more concise and efficient GCPII-related research thus 

facilitating the preparation of clinically applicable agents for targeting pathological 

conditions such as prostate carcinoma. Finally, we describe here a biochemical 

characterization of a close GCPII homolog, HILAP, which suggested that this protein 

probably represents an important element in the molecular evolution of M28 family of 

metallopeptidases and its physiological role is likely connected to the peptide/protein 

degradation. 
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bp    base pair 
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siRNA   small interfering ribonucleic acid 
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TGF-β   tumor growth factor β  
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