
03 May 2026

Glutamate carboxypeptidase II / Barchielli, Giulia; Capperucci, Antonella; Tanini, Damiano. - STAMPA. -
(2023), pp. 305-319. [10.1016/b978-0-12-823974-2.00002-4]

Original Citation:

Glutamate carboxypeptidase II

Publisher:

Published version:
10.1016/b978-0-12-823974-2.00002-4

Terms of use:

Publisher copyright claim:

(Article begins on next page)

La data sopra indicata si riferisce all'ultimo aggiornamento della scheda del Repository FloRe - The above-
mentioned date refers to the last update of the record in the Institutional Repository FloRe

La pubblicazione è resa disponibile sotto le norme e i termini della licenza di deposito, secondo quanto
stabilito dalla Policy per l'accesso aperto dell'Università degli Studi di Firenze
(https://www.sba.unifi.it/upload/policy-oa-2016-1.pdf)

Availability:
The webpage https://hdl.handle.net/2158/1353865 of the repository was last updated on 2024-03-
25T16:53:05Z

Elsevier

Questa è la versione Preprint (Submitted version) della seguente pubblicazione:

FLORE
Repository istituzionale dell'Università degli Studi

di Firenze

Open Access

DOI:

https://hdl.handle.net/2158/1353865


3.11  

GLUTAMATE CARBOXYPEPTIDASE II  

Giulia Barchielli, Antonella Capperucci, Damiano Tanini* 

University of Florence, Department of Chemistry “Ugo Schiff”, Via della Lastruccia 3–13, I-50019 Sesto 

Fiorentino, Italy. Phone: +39 0554573552; E-mail: damiano.tanini@unifi.it 

 

[NON PRINT ITEMS] 

 

Abstract: 

Glutamate carboxypeptidase II (GCP II) is a homodimeric dinuclear zinc carboxypeptidase 

catalysing the hydrolysis of substrates bearing L-glutamate at the C-terminal position. The GCP II-

catalysed hydrolysis of the neuropeptide N-acetyl-L-aspartyl-L-glutamate is considered an important 

source of glutamate, whose excesses are associated with various neurological disorders. 

Additionally, an increased expression of GCP II is often detected in cancer. In this context, GCP II 

is currently a pharmacological and diagnostic target being pursued in the clinic for the regulation of 

glutamate and for imaging purposes. An overview on GCP II, including its reaction mechanism, its 

biological localisation and its physiological roles, is provided herein. The main classes of GCP II 

inhibitors, as well as recent advances in the development of potential therapeutic and diagnostic 

tools based on the inhibition and/or detection of GCP II are also described in this chapter.  

 

Key Words: N-Acetyl-L-aspartyl-L-glutamate (NAAG); Reaction mechanism; Inhibitors; Small 

molecules; Antibodies; Cancer; Prostate; Nervous system, Inflammation; Brain; Imaging; 

Theranostic. 



INTRODUCTION 

The type-II membrane glycoprotein glutamate carboxypeptidase II (EC 3.4.17.21), known as GCP 

II, is a homodimeric dinuclear zinc carboxypeptidase with the highest expression levels found in the 

nervous and prostatic tissue [1,2].  

GCP II catalyses the hydrolysis of endogenous substrates bearing L-glutamate at the C-terminal P1’ 

position. One of these substrates is the abundant brain peptide N-acetyl-L-aspartyl-L-glutamate (α-

NAAG), whose cleavage provides N-acetyl aspartate and glutamate. GCP II also catalyses the 

hydrolysis of C-terminal glutamate residues of folylpoly-γ-L-glutamate (also known as folate 

polyglutamate and as pteroylpoly-γ-L-glutamate). Owing to these catalytic activities, GCP II has 

also been formerly referred as N-acetylated-α-linked acidic dipeptidase (NAALADase) and as folate 

hydrolase (FolH1).  

Glutamate carboxypeptidase II is also known as prostate-specific membrane antigen (PSMA). It is 

worth remembering that this membrane-bound exopeptidase (EC 3.4.17.21) is different from the 

prostate specific antigen (PSA, EC 3.4.21.77), which refers to kallikrein-related peptidase 3 [1,3]. 

GCP II BIOLOGICAL LOCALISATION 

Both in vitro immunoactivity and enzymatic essays showed that significant differences exist in the 

localisation of GCP II between different species [3-11]. According the above-mentioned studies, in 

healthy humans GCP II is mainly expressed in prostate (secretory acinar epithelium), central and 

peripheral nervous system (astrocytes and Schwann cells respectively), kidney (proximal tubules) 

and small intestine (brush border membranes of jejunum) [3-9,12-18]. A lower expression was also 

detected in testis, ovaries, bladder, pancreas, heart, salivary glands, skin, liver, lung, colon [4-

9,16,19]. In vivo researches, carried out by using GCP II small ligands or labelled antibodies, 

showed a restricted expression of the enzyme. This might be due to a limited accessibility of GCP II 

for test ligands in vivo or to the masking of the sites of interaction by other molecules or post-



translational modification [8,20-24]. The N-acetyl-aspartyl-glutamate (NAAG) distribution seems to 

influence the CGP II distribution in most regions of the human body [3]. 

Nervous system 

NAAG is the majorly distributed peptide transmitter in the mammalian brain and it is also the one 

with the main concentration (mM). It is synthetized in neurons and stored in presynaptic axon 

terminals in vesicles. [25]. In the nervous tissue NAAG exhibits a negative modulatory effect while 

glutamate has an excitatory role [3,26].  

NAAG is released in the synaptic cleft after calcium-dependent depolarization, then it quickly 

diffuses in the extra synaptic space where it can take two different ways. In the first case NAAG 

can act as an agonist at the metabotropic glutamate receptor 3 (mGluR3) on the presynaptic nerve 

terminal and astrocytes. By activating mGluR3, NAAG leads to a decrease in the cellular 

concentration of the second messengers cAMP and cGMP (via a G-protein coupled pathway). In the 

presynaptic nerve this causes a reduction in the amount of glutamate that will be released upon 

further nerve stimulation. In the astrocytes the link of NAAG to mGluR3 supports the production 

and secretion of neuroprotective factors such as the transforming growth-factor β [27-31]. 

Alternatively, NAAG can undergo hydrolysis by GCP II into N-Ac-Asp and glutamate, that are 

transported into astrocytes and oligodendrocytes. In this case, NAAG is no longer able to perform 

the agonist activity on mGluR3 [8].  

The GCP II enzymatic activity – and its possible regulation – may determine if the excitatory or 

inhibitory effects would prevail after the NAAG release in neural system [3]. 

“Glutamate excitotoxicity” is a phenomenon due to the non-physiological increase in the glutamate 

concentration in synapsis. This causes hyperactivation of ionotropic glutamate channels NMDAR 

with consequent excessive calcium influx and triggering of several cellular responses including 

nitric oxide overproduction, ionic homeostasis imbalance, caspase activation, mitochondrial 

dysfunction and associated free radical generation, which result in the necrotic or apoptotic death of 



the neuron. Consequently, neuronal dysfunction and degeneration both acute and chronic, including 

stroke – brain ischemia [8,32], amyotrophic lateral sclerosis, Alzheimer’s and Parkinson’s diseases, 

traumatic brain injury [8,33,34], inflammatory and neuropathic pain [35-37], peripheral neuropathy 

[38,39], epilepsy [40] might occur. 

A variety of studies on animal models showed that a lower stimulation of ionotropic glutamate 

channels might ameliorate serious pathological disorders both of peripherical and central nervous 

system [8]. This is also supported by the evidence of GCP II dysregulation in several neurologic 

and psychiatric disorders that involve glutaminergic neurotransmission [3,41-43]. 

The inhibition of GCP II increases the intact NAAG part and decreases the glutamate concentration. 

Furthermore, under GCP II inhibition the mGluR3 activation leads to additional reduction of 

released glutamate and to the secretion of protective peptides. Supporting this findings, GCP II 

knock-out mice showed reduced sensitivity to central and peripheric nerve damage [44] and proved 

to be less sensitive to traumatic brain injury in terms of neuronal loss, oxidative stress and apoptosis 

[45,46] The involvement of the mGluR3 receptors was confirmed in animal models of memory, 

Alzheimer’s, and ethanol intoxication; GCP II inhibition was found to improve cognition and to 

reduce the cognitive and motor deficits induced by ethanol [47].  

The attempt to employ NMDAR (N-methyl-D-aspartate receptor) antagonist for therapeutical 

purposes has failed. In this context, the employ of small molecules as GCP II specific inhibitors 

might be effective, via the increase of extrasynaptic NAAG concentration and its agonist action on 

mGluR3. In several preliminary in vitro and animal model studies, the utility of GCP II inhibitors 

has been demonstrated with multiple potential clinical applications as discussed by different authors 

[8,48,49] for inflammatory and neuropathic pain [8,50-52], peripheral neuropathy [8], motoneuron 

disease [8], cognitive impairment in multiple sclerosis [53], brain ischemia [8], spinal cord and 

traumatic brain injury [8], perinatal injury [54], epilepsy [8], schizophrenia [55], ethanol 

intoxication [47] and drug abuse (reducing self-administration and priming induced drug seeking) 



[8,56-59]. The efficacy of GCP II inhibition has also been confirmed in preclinical models of 

neurological disorders, where glutamatergic excitotoxicity plays a role [60,61].  

Very recently, the importance of GCP II inhibition as a potential strategy for the treatment of 

cognitive disorders associated with aging and/or neuroinflammation has been endorsed in studies 

with animals [62]. 

Kidney 

In kidney GCP II is located in the brush border of the proximal convoluted tubules where it has a 

role (still not fully understood) in the selective circulating peptides reabsorption [3,5]. 

Small Intestine 

In the brush border of small intestine cells GCP II cleavages the dietary poly-γ-glutamyl folates to 

their mono-glutamyl form by removing the γ-linked glutamate. Mono-glutamyl folates can then be 

actively absorbed by specific carriers [3,8]. This activity is critical in human nutrition since humans 

require folates and folate metabolism has been reported to be possibly influenced by GCP II 

polymorphism. However, further epidemiologic studies are needed to clarify the actual role of GCP 

II in folate metabolism [8].  

GCP II STRUCTURE AND REACTION MECHANISM 

GCP II is characterised by the presence of two Zn2+ ions in its active site within a (μ-aquo)(μ-

carboxylato)dizinc(II) core. The two zinc ions are coordinated by two histidines (His377 and His 

553), two aspartates (Asp387, bridging the two Zn2+ ions, and Asp453, which binds one Zn2+ ion in 

a bidentate mode), and one glutamate residue (Glu425). The zinc-zinc distance is of 3.3 A. In its 

substrate-free form, the two zinc ions of GCP II are bridged asymmetrically by a bidentate water or 

hydroxyl ligand. Thus, each of the two Zn2+ ions have the classical tetrahedral coordination sphere.  

Although the mechanism of GCP II is not understood in details, some information can be 

extrapolated from studies performed on other structurally related metallopeptidases. For example, 



experimental and computational data are available on aminopeptidase from Aeromonas proteolytica 

(AAP) and Streptomyces griseus (SGAP) [63,64].  

Such studies suggested that in GCP II the bridging oxygen is donated by a hydroxide anion and that 

the Glu424 (equivalent of Glu 151 in AAP) is a proton shuttle between the bridging water molecule 

(deprotonated upon coordination to Zn2+) and the scissile peptide bond. Additionally, docking 

studies performed on model dipeptides indicated that the substrate is bound to the dizinc cluster 

through the terminal amino functionality rather than the carbonyl moiety of the peptide bond. The 

bridging hydroxide can perform the nucleophilic attack at the carbonyl group without being shifted 

to the terminal position, which imply coordination at the Zn(1) only. DFT studies on the model of 

the active site of AAP also highlighted that the proton transfer from Glu151 to the nitrogen atom of 

the peptide bond is reasonably the rate-determining step. The following steps of the cycle, including 

the proton transfer from OH─ to Glu151 and the cleavage of the peptide bond, involve a sequence of 

intermediates and transition states with small reaction barriers. The catalytic Zn(1) ion stabilises the 

anionic tetrahedral intermediate, whereas the cocatalytic Zn(2) is involved in the binding of the 

substrate and in the orientation of the peptide bond towards the nucleophile [65]. Thus, the main 

role of the Zn(1) ion is the binding and the activation of a water molecule for the nucleophilic attack 

onto the scissile peptide bond. On the other hand, the Zn(2) ion mainly polarises the carbonyl 

functionality of the peptide bond, compensating for the absence of an oxyanion hole in GCP II. 

Both Zn ions act stabilising the gem-diol transition state [66]. The distance between the two Zn2+ 

ions increases from 3.3 A to 3.6-3.8 A in complexes with transition-state-analogue inhibitors 

[66,67]. A similar scenario may also occur in the gem-diol transition state of bound substrates. 

Based on crystallographic, biochemical, and computational evidences, Lubkowski et al. proposed a 

detailed mechanism of substrate hydrolysis by human GCP II (Figure 1) [68]. 
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**Insert Figure 1 here** 

Caption: Figure 1. Reaction mechanism of GCP II by Lubkowski et al. [68] 

 

Because two of its lone pairs are occupied in the coordination with the two zinc ions of the active 

pocket of the enzyme, the hydroxide anion of GCP II is significantly less nucleophilic than a free 

hydroxide anion. The direct attack of the OH─ at the carbonyl carbon of the peptide bond is 

therefore disfavoured and the reaction reasonably proceeds concertedly with the proton activating 

the nitrogen atom of the peptide bond and the concomitant formation of a metastable tetrahedral 

intermediate. In this regard – as mentioned above – Glu424 behaves as a general base/acid which 

shuttles the first proton from the activated water to the nitrogen atom of the peptide bond and then 

accepts the second proton from the bridging OH─. 

Several interactions take place between N-Ac-Asp-Glu and the substrate binding cavity of GCP II. 

The β-carboxylate group of the Asp residue of the substrate is involved in ionic interactions with 

the guanidinium groups of Arg534 and Arg536. The presence of hydrogen bonding interactions 



with Asn519 and with two water molecules is also suggested. The carbonyl oxygen of the acetyl 

group is engaged in interactions with the side chain of Arg536, Asp453, Asn519; additionally, the 

methyl group protrudes into a pocket delimitated by the side chains of Ile386, Asp387, Ser454, 

Glu457, and Tyr549 [68]. 

According DFT calculation-based studies, in transition state-1 (Figure 1), the hydrogen of the 

hydroxyl group of Glu24 is in the near-attack conformation and the Zn─Zn distance is elongated 

(from 3.3 A to 3.5 A). The carbonyl oxygen of the peptide bond is stabilised by Zn(1). Following 

the transition state-1, the system evolves towards the formation of the intermediate, which is 

structurally characterised by i) the elongated Zn─Zn distance, ii) a newly formed C─O bond 

between the oxygen atom of the bridging hydroxide and the carbon atom of the peptide bond of the 

substrate, iii) the stabilisation of the carbonyl oxygen of the substrate by Zn(1) and Tyr552, iv) the 

repositioning of the protonated hydroxyl group of Glu424 (Figure 1). 

The transition state-2 (reasonably the rate-determining one) foresees the elongation of the 

hydrolysed C─N bond. The reaction proceeds through a proton transfer from the hydroxyl group of 

Glu424 to the nitrogen atom of the peptide bond, a proton transfer from OH─ to Glu424 and, finally, 

the cleavage of the peptide bond. Following the transition state-2, the addition of a water molecule – 

which replaces the bridging hydroxide used in the hydrolysis – leads to the dissociation of N-Ac-

Asp from the active site (Figure 1). According to DFT calculations the release of N-Ac-Asp from 

the active site is promoted by the “pull effect” of several arginine residues (Arg463, Arg511, 

Arg534, Arg536) located in the exit channel of GCP II [66]. At this stage, the glutamate residue – 

which is the second product of the reaction – likely remains bound in the active pocket of the 

enzyme [68]. 

GCP II INHIBITION 



Inhibitors of GCP II have been widely studied. Their physiological role and the possibility to use 

GCP II inhibitors for therapeutic purposes (i.e., neurological disorders, cancer) have been 

extensively reviewed [3,8,61,69-75].  

Excess of glutamate is associated with various neurological disorders, as stroke, amyotrophic lateral 

sclerosis, spinal cord injury, epilepsy, chronic pain. The formation of glutamate by GPC II-

catalysed hydrolysis of N-acetylaspartylglutamate 1 (NAAG) is considered an important source of 

glutamate 3 (Figure 2). Thus, besides conventional therapeutic approaches for the treatment of the 

above-mentioned diseases (use of small molecules to block postsynaptic glutamate receptors or 

upstream reduction of presynaptic glutamate), the use of potential GPC II inhibitors as therapeutic 

agents, to prevent glutamate release, was deeply investigated.  
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**Insert Figure 2 here** 

Caption: Figure 2. GPC II-catalysed hydrolysis of N-acetylaspartylglutamate (NAAG, 1).  

 

The first chemicals capable to inhibit GCP II were adaptable oxoanions like phosphate and sulfate, 

as well as bidentate metal ion chelating agents like EDTA and EGTA (CLAN MH 1 ). 

Initially the attention was focused towards the synthesis of peptide analogues of NAAG 1 to 

evaluate their capability to inhibit the hydrolysis by NAALA dipeptidase (N-acetylated alpha-linked 

acidic dipeptidase). It was found that N-fumaryl-L-glutamic acid was the most active GCP II 

inhibitor (IC50 value of 0.8 μM) [76]. The kinetics of NAAG hydrolysis by the cloned human 

enzyme were also evaluated, showing a pharmacologic profile very similar to the endogenously 

expressed GCP II activity [77]. Glutamate and quisqualic acid derivatives were identified as GCP II 

inhibitors, active at µM concentration [22,23,78]. While peptide-based inhibitors were not used in 

evaluating the therapeutic usefulness of GPC II inhibition, their investigation was important to gain 



insight into the structural requirements for inhibition of this enzyme. It was showed that the spacing 

linker groups in the C-terminal glutamate residue are significant for binding to the active site of the 

enzyme. Later on, effective GCP II inhibitors mainly belonging to the classes of i) phosphonate-

based inhibitors (IC50 300 pM), ii) thiol-based inhibitors (IC50 90 nM),  iii) hydroxamate-based 

inhibitors, iv) urea-based inhibitors (IC50 20 nM), and v) sulfamide-based inhibitors have been 

described [8,70,73,79,80].  

 

2-(Phosphonomethyl)pentanedioic acid (2-PMPA) inhibitors  

Relevant results were reported by the Jackson’s group, who first identified phosphorus-based 

inhibitors, such as 2-PMPA (2-(phosphonomethyl)pentanedioic acid) (Figure 3). 2-PMPA proved 

to be a very active compound with a Ki = 0.275 nM [81], with high selectivity for GCP II and high 

aqueous solubility/stability [32]. 2-PMPA is a competitor inhibitor; its pentanedioic acid portion 

interacts with the glutarate recognition site of GCP II and the phosphonate group chelates the zinc 

ions at the active site.  
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Caption: Figure 3. 2-PMPA GCP II inhibitors. 

 

Slusher and coworkers reported the therapeutic utility of GCP II inhibition by 2-PMPA, able to 

protect against ischemic injury and to reduce the ischemia-induced rise in glutamate, thus 

contributing to neuroprotection in animal models [82-85]. However, the polar nature of 2-PMPA 

caused a poor pharmacokinetic profile, thus limiting its use as a therapeutic drug. The fluorinated 

aryl-derivative GPI 5232 (Figure 3) also behaved as an effective inhibitor in vitro and in vivo, 



reducing brain injury in animal models [86]. Interestingly, the (S)-enantiomer of GPI 5232 was 

more potent with respect to the (R)-enantiomer [87]. Crystal structure of the extracellular part of 

GCP II in complex with 2-PMPA was described [67]. 

The activity of 2-PMPA in several preclinical models of neurological disorders associated with 

glutamatergic excitotoxicity was recently reviewed [61]. Additionally, 2-PMPA showed a broad 

and potent analgesic and neuroprotective effects in a variety of preclinical studies [8,52,88]. A 

novel gut-restricted GCP II inhibitor IBD3540 with high oral anti-colitis efficacy in mouse models 

with a promising preclinical safety profile was also reported [89]. 

Besides the 2-PMPA usefulness in several preclinical models, its clinical use was rather hampered 

for its high polarity and therefore for its low oral bioavailability. Indeed, 2-PMPA and related 

structures were effective in treatment and useful to prove the role of GCP II in models of disease 

where an excess of glutamate is thought to be pathogenic, including amyotrophic lateral sclerosis, 

pain, ischemia, seizures, morphine tolerance, and aggression [8]. However, the low oral 

bioavailability and the limited brain penetration significantly limited the advance of the above-

mentioned compounds in clinical tests. Very recently, the therapeutic potential of 2-PMPA in the 

treatment of Alzheimer’s disease in animal models [47], glioblastoma - in vitro [90] and 

Amyotrophic Lateral Sclerosis - in vitro [91]was confirmed. New opportunities of 2-PMPA as a 

possible nephron-protective strategy in PSMA-targeted prostate cancer radiotherapy also arose 

[92,93], giving new input to the research on these molecules. 

Several attempts were performed in order to increase the oral bioavailability and the lipophilicity, 

thus improving the possibility for these molecules to cross the blood brain barrier) [8]. At first the 

new synthetized molecules showed a lower potency (in the nM range) without any significant 

improvement of the pharmacokinetic. The intranasal administration seemed to offer in some case a 

valid alternative to deliver therapeutic concentrations in the brain [94,95]. The synthesis of prodrugs 

as an alternative route has also been followed [61], with encouraging results in animal models for 



some 2-PMPA prodrugs in terms of stability, pharmacokinetics and delivery to plasma and brain 

[61,95,96].  

For example, 2-PMPA prodrugs were studied and synthesized through esterification of carboxylic 

or phosphonic groups with pivaloyloxymethyl (POM), isopropyloxycarbonyloxymethyl (isopropyl 

carbonate) (POC) and (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl (ODOL) moieties, which can be 

functionalized by esterase enzymes [61]. Phosphonate esters with the hydrophobic POC (or POM) 

groups were prepared, leaving unsubstituted the α- and γ-carboxilic groups (Figure 4, 4). These 

derivatives were rather unstable, with low permeability. Esterification also of the carboxylic groups 

enabled to enhance their chemical stability. However, they revealed to be too stable in vivo and 

minimal release of 2-PMPA was achieved. The introduction of POC and POM groups on both the 

phosphonic and the α-carboxylic groups provided tris-POC-2-PMPA, tris-POM-2-PMPA, and tetra-

POM-2-PMPA (Figure 4, 5-7). Oral administration of 5 in mice for over 4 h showed >20 fold 

enhancement of 2-PMPA with respect to orally administered 2-PMPA (molar equivalent dose), 

showing the first example of orally bioavailable prodrugs [97].  
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**Insert Figure 4 here** 

Caption: Figure 4. 2-PMPA prodrugs.  



 

2-PMPA prodrugs bearing ODOL groups, a FDA approved promoiety, were also prepared. 

Compounds containing two (8), three (9) or four (10) masked acidic groups (Figure 5) were 

synthesized from suitably substituted benzyl esters, using the different reactivity of carboxylic and 

phosphonate esters [96]. Their stability in vitro, as well as their pharmacokinetics in vivo, was 

determined in mice and dog. It was found that prodrug 10 delivered the highest 2-PMPA levels. 

These results suggest that ODOL-substituted compounds offer a promising strategy to increase the 

oral bioavailability, opening possible space for 2-PMPA clinical translation.  

 

P
CO2H

O

OH
O

O O

8
bis-ODOL-2-PMPA

O

OO

P
O

OH
O

O O
O

OO

9
tris-ODOL-2-PMPA

O

O

O

O
O

O

O
O

O
O

O

P
O

O
O

O O
O

OO

O

O

O

O
O

O
O

O

O
O

O

10
tetra-ODOL-2-PMPA  

**Insert Figure 5 here** 

Caption: Figure 5. ODOL derivatives of 2-PMPA.  

 

Thiol-based GCP II inhibitors  



Another approach to overcome the poor oral bioavailability of the phosphorous-containing GPC II 

inhibitors was the preparation of molecules with a reduced polarity, bearing a less polar thiol group 

instead of a phosphorylated moiety. A series of 2-(thioalkyl)pentanedioic acids 11a-f (Figure 6) 

were prepared and studied [98,99]. 

2-(Phosphonomethyl)pentanedioic acid (2-MPPA, Figure 6) was the first compound identified in 

this class of inhibitors and it proved to be efficient after oral administration in animal models of 

neuropathic pain, familial amyotrophic lateral sclerosis, cocaine addiction, painful and sensory 

diabetic neuropathy [8]. When tested in next human studies, 2-MPPA did not cause adverse effects 

on CNS and it was well tolerated at plasma concentration but it did not significantly advance in 

clinic due to its quite low potency and concerns about the potential immune reactivity (that is 

common for thiol-containing drugs) [8]. Very recently, 2-MPPA was administrated in animal 

models, improving working memory performance in young and aged tested rats, and it also 

improved performance after local infusion into the medial prefrontal cortical [100. 2-MPPA 

showed also neuroprotective effects in superoxide dismutase transgenic (SOD) after induced 

hypoxia-ischemia [101]. Since this molecule proved to be well-tolerated, researchers suggested it 

could provide an important new direction for treatment of cognitive disorders associated with aging 

and/or inflammation and for the prevention of typical damage related to brain injury and 

inflammation.  

Research efforts were directed towards the synthesis of more potent molecules [8], A series of 

derivatives of 2-MPPA (Figure 6, 11a-f) with a different number of methylene groups between the 

thiol moiety and the pentanedioic acid residue were also synthesized through different approaches, 

aiming to establish the optimal position of the -SH group to achieve the best affinity to GCP II [98]. 

The biological evaluation of the inhibitory potency against the enzyme revealed that the efficacy 

was dependent on the number of CH2 groups. Indeed, 2-(3-mercaptopropyl)pentanedioic acid (2-

MPPA, also known as GPI 5693, Figure 6, n = 3) was found to behave as the more active 



compound in an animal model of peripheral neuropathy by oral administration (IC50 = 90 nM). 

However, none of the thiol-based compounds has been shown to be as potent as 2-PMPA.  

Both enantiomers of 2-MPPA were also prepared and tested, showing comparable efficacy as GCP 

II inhibitors in the neuropathic pain model, by oral administration [87]. 
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Caption: Figure 6. Thiol-based GCP II inhibitors. 

 

Garrido, Sanabria et al. investigated the functional role of 2-MPPA with respect to its 

neuroprotective effects in hippocampal mossy fiber-CA3 pyramidal cell synapses [102]. Based on a 

mechanistic study, it is assumed that the action of 2-MPPA in preclinical models of neurological 

disorders is due to a presynaptic regulation of glutamatergic neurotransmission. 

In 2005 van Gerven and co-workers reported that GPI 5693 was safe and fairly well tolerated at 

plasma exposures. Even if no important drug related CNS adverse events  were  described, minor 

CNS effects were observed following the highest dose level [103]. 

Another series of thiol-based GCP II inhibitors containing a benzyl group, in place of the  

carboxyethyl group of 2-MPPA, was also synthesised (Figure 6, 12) [104]. In vitro GCP II assay 

showed that the meta-substituted analogue 3-(2-carboxy-5-mercaptopentyl)benzoic acid (Figure 6, 

12c, R = 3-CO2H) was more potent than 2-MPPA (IC50 = 15 nM). On the contrary, the 

unsubstituted and the ortho-substituted derivatives (Figure 6, 12a,b, R = H, 2-CO2H) were less 

active than 2-MPPA in inhibiting GCP II. This result was not unexpected as the removal of one 

carboxylate group decreases the interaction with the glutamate recognition site of GCP II. However 



these results represent the first example to enhance the activity of GCP II inhibitors by modifying 

the glutarate moiety.  

A series of N-substituted 3-(2-mercaptoethyl)-1H-indole-2-carboxylic acids 13 (Figure 7), having 

IC50 values in the range of 20-50 nM were also synthesised. Notably, at that time, derivatives 13 

were the first achiral GCP II inhibitors structurally different from NAAG [105].  
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Caption: Figure 7. Structure of N-substituted 3-(2-mercaptoethyl)-1H-indole-2-carboxylic acids 13. 

 

Hydroxamate-based inhibitors 

Other different zinc-binding compounds, as hydroxamate-based derivatives, were also investigated 

(Figure 8, 14a-c). The succinyl hydroxamic acid derivative 2-(hydroxy-carbamoylmethyl)-

pentanedioic acid (hydroxamate-based inhibitor (14a) n=1, Figure 8) showed a high GCP II 

inhibitor activity with an IC50 value of 220 nM [79]. In 2016 Barinka and coworkers reported the 

synthesis and the structural characterization of novel hydroxamic acid-based inhibitors (Figure 8, 

14d) [106]. These compounds contain the Zn-binding group (hydroxamic acid) bonded to the 

benzoic acid moiety via a flexible linker (2-carboxybutyl group). The racemic mixture was 

synthesized in eight step (27% overall yield). Chiral separation of the enantiomers, by means of a 

chiral column, and cleavage of the benzyl groups by hydrogenation on Pd/C led to hydroxamates 

(R)-14d and (S)-14d (Figure 8). Crystal structures evidenced a unique binding mode, which can 

explain the lack of enantiospecificity observed for the two isomers. The inhibitory properties were 

determined, confirming the use of such derivatives in the treatment of chronic neurological 

disorders, as neuropathic pain [106].  
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Caption: Figure 8. Hydroxamate-based inhibitors. 

 

Urea-based GCP II inhibitors 

Urea-based inhibitors are the third class of molecules, structurally similar to NAAG, where a urea 

linkage join 2 amino acids through their NH2 groups. Urea represents here the zinc-binding group. 

In 2004, the urea-based NAAG analogue ZJ-43 (Figure 9) was synthesized and its inhibitory 

activity on cloned human GCP II was determined using a fluorescent assay [107]. Notably, ZJ-43 

and other molecules of this group exhibited a low nM potency [8]. Remarkably, ZJ-43 showed 

efficacy in various animal models of neuropathic pain, inflammatory peripheral pain, neurological 

disorders (i.e., schizophrenia), and traumatic brain injury. On the other hand, ZJ-43 exhibited low 

oral bioavailability and minimal brain penetration [8]. 

Several researches have been pursued in order to improve GCII inhibitors oral bioavailability and 

minimize the potential toxicity. In particular, the use of prodrugs has been sought after and 

alternative zinc-biding groups (i.e., sulfamides, sulfonamides, imidazoles and other nitrogen-

containing hetero-cycles) have been tested [8]. 

It is interesting to point out that while in case of neurological disease the employ of GCP II 

inhibitors increased NAAG and decreased glutamate in brain, in absence of disease the inhibition 

had no effect of the basal glutamate transmission. This is very important from a therapeutical point 

of view because it means that limiting the excess of glutamate by GCP II inhibitors may provide 



neuroprotection without the undesired side effects typically observed with the use of glutamate 

receptors antagonists [8].  
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Caption: Figure 9. Urea-based inhibitors. 

To overcome the limitations associated with poor oral bioavailability and negligible brain 

penetration of “traditional” GCP II inhibitors, recently, catechol-based inhibitors were developed. In 

particular D-DOPA offered a non-competitive mode of inhibition with an excellent pharmacokinetic 

profile which can be enhanced by co-administration with the DAAO inhibitor sodium benzoate, 

resulting in robust target engagement in the brain [108]. 

More recently, Šácha and coworkers developed potent urea-based GCP II inhibitors by structure-

aided design [109]. The efficacy was enhanced by using a rigid linker, capable to increase the 

selectivity and to allow a suitable connection with different functional groups, such as a fluorophore 

or biotin. The replacement of the terminal PEG12-biotin with the fluorescein (Figure 9, 15) enabled 

a further improvement of inhibitory potency, with a Ki = 8.6 pM, with respect to the biotin-

derivative (Ki = 0.11 nM). 

 

Sulfamide-derivatives as GCP II inhibitors 

In 2013 Berkman and coworkers reported a small library of sulfamide analogs of GCP II inhibitors 

scaffolds (Figure 10) in order to evaluate the behaviour of the sulfamide group as a zinc-binding 



moiety. Compounds 16 and 17 were the most efficient inhibitors, and only the aspartyl-glutamyl 

sulfamide 16 showed a submicromolar activity (IC50 = 0.9 μM) [73].  
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Caption: Figure 10. Sulfamides derivatives. 

 

GCP II AND DISEASES 

Cancer 

Highest levels of GCP II/PSMA than normal were found in malignant tissues. In prostate cancer, 

the GCP II expression was found to be positively correlated with the Gleason score (cancer grade) 

and disease progression, increasing from the healthy tissue to androgen refractory malignancies 

through benign prostate hyperplasia and low grade to metastatic adenocarcinoma [3,8,48]. It is 

believed that, in prostate cancer, CGP II is negatively regulated by androgens and is promoted by 

other growth factors such as basic fibroblast growth factor, TGF (transforming growth factor) and 

EGF (Epidermal Growth Factor). The increased PSMA/GCP II expression in prostate cancer tissues 

is also related with an increased ability of cells to process folate [48]. 

An increased expression of GCP II was also detected in solid tumours derived from tissues that 

normally express the enzyme such as Schwann cells, bladder, kidney, colon and breast [3,8,69]. An 

increased expression of GCP II is observed in neo-vasculature of solid tumours, whereas it is absent 

in the vasculature of corresponding benign tissues. This suggests a possible role of GCP II in 



tumour angiogenesis [3,8,48,69]. However, some significant differences were observed between 

different tissues tumours and between non-small cell cancers and small cell cancers [48].  

GCP II/PSMA may reveal useful with theranostics purposes for these tumor types [69]. As a 

possible consequence of this, NAAG concentration in plasma could be a non-invasive measurement 

to monitor cancer progression [110].  

GCP II higher expression increases folate uptake giving the cell a proliferative advantage [8,48]. 

Some studies highlighted that GCP II is required for carcinogenesis and cell invasion in prostate. 

Conversely, other studies found an inverse correlation between GCP II and prostate cancer 

invasiveness [8,48]. Additional investigations are required to clarify whether enzyme inhibition 

could block the invasiveness and growth of prostate cancer or not.  

In this context, it is worth reminding the marked differences existing in the expression of GCP II 

between rodents and humans. The highest expression of GCP II in mice is in kidney, brain, and 

salivary glands, while the enzyme is almost absent in rodent prostate and small intestine. 

Additionally, there are no reports about the presence of GCP II in neovasculature of solid tumours 

in rodents [8,111]. Mouse GCP II possesses lower catalytic efficiency but similar substrate 

specificity compared with the human enzyme. Differences between rodents and humans also exist 

in the link to plasma proteins of small-molecules GCP II ligands. For all these reason, mouse GCP 

II could approximate human GCP II in drug development but significant differences in GCP II 

tissue expression need be taken into account when developing novel GCP II-based anticancer and 

therapeutic approaches, including targeted anticancer drug delivery systems [111].  

GCP II is a promising candidate both for tumours imaging/diagnosis and the delivery of toxic 

therapy, especially for prostatic cancer [3,8]. Monoclonal antibodies (mAb), including the 111In-

labelled ProstaScintTM – approved by FDA as an imaging for metastatic cancer – were designed for 

these purposes [3]. This antibody recognizes only an intracellular epitope of GCP II/PSMA and, 

thus, only dying or died necrotic cells can be detected. Furthermore, ProstaScintTM has to be 

administrated several days prior the test, with issues linked to background radioactivity [3,8]. To 



overcome the limitations of ProstaScintTM, antibodies that recognize the extracellular epitopes of 

GCP II/PSMA have been obtained. For example, J591 can be used in the imaging of both prostate 

and other solid tumours, owing to the presence of PSMA within the tumour vasculature [3,8]. Small 

radiolabelled molecules have also been used for imaging purposes. These molecules are 

characterized by high affinity to PSMA as well as by the possibility to be rapidly uptaken by the 

tumour tissue and washed-out to non-target sites [8,70]. 

Urea-based GCP II inhibitors have been used for imaging of prostate cancer [3,8]. 125I, 123I, 99mTc-

labelled urea derivatives were successfully used for SPECT techniques while 11C, 68Ga, and 18F-

labelled molecules were employed for PET imaging providing high target to non-target ratio [8].  

Radiolabelled 18F-DCFPyL (Figure 11) (PSMA) PET/CT was tested in women with advanced 

high-grade serous ovarian cancer (HGSOC). It showed higher specificity for the metastatic sites as 

compared to standard of care contrast-enhanced CT but detects fewer metastatic sites of disease, 

especially in the upper abdomen and along the gastrointestinal tract, limiting its clinical utility as a 

diagnostic tool in HGSOC [112].  

GCP II antibodies with specific conjugated molecules can be used for cancer therapy, for example 

using radioactive elements as in the case of a derivative of ProstaScintTM conjugated with 90Y 

instead of 111In or 90Y-J591 and 117Lu-J591 [8]. 
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Caption: Figure 11. Radiolabelled 18F-DCFPyL. 

 



Immunotoxins can also be conjugated to antibodies, for example this is the case of J591 conjugated 

with ricin A, melitin like peptide, monomethylauristatin E and others [8]. These molecules showed 

promising results in vitro and in xenograft models, from the tumour growth inhibition to a full 

ablation of implanted tumours [8]. Recently PSMA-specific small-molecule carriers equipped by 

Doxorubicin (Dox) (Figure 12) were synthesized and tested in animal models. Preliminary results 

showed that the novel compounds were able to release the active substance inside cancer cells 

thereby providing a relatively high Dox concentration in nuclei and a relevant cytotoxic effect 

[113].  

The issues in clinical application include the possible immunogenicity of these conjugated 

antibodies and the difficulties faced in producing them in a large homogeneous scale. The use of 

recombinant DNA technologies might help to overcome, at least partially, the problem of 

immunogenicity, with the obtainment of smaller, single-chain antibody fragments [8].  
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Caption: Figure 12. Doxorubicin-derived compounds for cancer therapy.  

 



Molecules belonging to the phosphoramidate peptidomimetic class has been radiolabelled with 18F 

showing pseudoirreversible binding to GCP II [114]. Pseudoirreversibility is a feature of inhibitor 

binding that increase the internalization and that can thus be exploited for transporting therapies into 

PSMA-positive cells. This characteristic was not observed for urea based GCP II inhibitors [8].  

All the PSMA-based imaging agents are unable to cross the blood-brain barrier because they are 

highly charged. Thus, although they are effective in the periphery, their use for imaging within the 

CNS is hampered. In order to use such derivatives in diagnosis and therapy in the brain, the removal 

of the tricarboxylic moiety is required [8,115]. 

Notably, PSMA targeting species labelled with infrared emitting fluorescent species can be used as 

guidance in surgeries [8,21].  

Inflammatory bowel diseases 

The role of GCP II in IBD (inflammatory bowel diseases) was first suggested by studies about the 

human disease, by genome-wide expression investigation [116]. Recently the expression of the 

FOLH1 gene that codes for GCP II was confirmed to be strongly upregulated in biopsies of patients 

with IBD [69-116-118]. FOLH1 was described as a “hub” gene that has significant correlations 

with over a dozen of known IBD gene biomarkers [116]. 

GCP II enzymatic activity has been demonstrated to be significantly increased (by 300–3000%) in 

both Crohn’s disease and ulcerative colitis diseased patient biopsies [69,119]. The pharmacological 

inhibition of this upregulated activity provided therapeutic benefit in preclinical IBD models 

[69,119,120]. In this regard, 2-PMPA has been proposed as a novel treatment for inflammatory 

bowel disease. Daily treatment with a hypotonic 2-PMPA enema ameliorated macroscopic and 

microscopic symptoms of IBD in mouse model, thus highlighting the therapeutic potential of 

FOLH1/GCP II inhibitors for the local treatment of IBD [119,120]. 

Benign inflammatory states 



The activity of GCP II in benign inflammatory states, including anal fistula, sarcoidosis, fasciitis, 

and cerebral infarction has been observed. Some expression has also been found in in Paget disease, 

fractures and synovitis. Although the role of the enzyme in these pathological states is poorly 

understood, it is interesting to target it for possible novel therapeutic strategies [69].  

Male reproduction 

Research on the urogenital system of aged mice highlighted that the PSMA/GCP II-deficient mouse 

model had increased propensity for enlarged seminal vesicles upon aging. Significant amounts of 

PSMA/GCP II within the mouse urogenital system were detected only in the epididymis. As the 

enzyme is also present in the human epididymis, these findings suggest a role of PSMA/GCP II on 

reproduction and provide a groundwork for further studies on humans [121]. 

CONCLUSIONS AND PERSPECTIVES 

GCP II is currently a pharmacological and diagnostic target being pursued in the clinic for the 

regulation of glutamate and for imaging purposes. The inhibition of GCP II represents an interesting 

strategy and, although several GCP II inhibitors have been developed, some challenges remain 

ahead. The improvement of the oral bioavailability of GCP II inhibitors capable to penetrate the 

blood-brain barrier would enable a more effective treatment of neurological diseases. Indeed, 

although PSMA/GCP II represents a promising target for treating neurological disorders, issues in 

delivering drugs across the blood-brain barrier significantly hurdle its full exploration. 

Additionally, the design and synthesis of specific small molecules that could discriminate between 

GCP II and its paralogs (e.g., GCP III, whose physiological role is almost unknown but its substate 

specificity and pharmacologic profile are very similar to those of GCP II) would be highly 

desirable. In this context, more information about GCP II paralogs and orthologs in mammalian 

might help to better understand the role of the enzyme in healthy and diseases tissues.  

Finally, the clarification of the specific function of GCP II in cancer cells would enable a more 

rational approach towards new potential therapeutic tools for tumour treatment.  



 

CHAPTER REFERENCES: 

1. Mesters JR, Hilgenfeld R. Glutamate carboxypeptidase II. Handbook of Metalloproteins, Online © 2006–
2008 John Wiley & Sons, Ltd. 

2. Carter RE, Feldman AR, Coyle JT. Prostate-specific membrane antigen is a hydrolase with substrate and 
pharmacologic characteristics of a neuropeptidase. Proc. Natl. Acad. Sci. USA, 1996, 93(2): 749–53. 

3.] Slusher BS, Rojas C, Coyle JT. Glutamate Carboxypeptidase II. In Handbook of Proteolytic Enzymes 
(Third Edition), Chapter 367, 2013 and reference cited therein. 

4. Robinson MB, Blakely RD, Couto R, Coyle JT. Hydrolysis of the brain dipeptide N-acetyl-L-aspartyl-L-
glutamate. Identification and characterization of a novel N-acetylated alpha-linked acidic dipeptidase activity 
from rat brain. J. Biol. Chem. 1987, 262: 14498–14506. 

5. Slusher BS, Robinson MB, Tsai G, Simmons ML, Richards SS, Coyle JT. Rat brain N-acetylated alpha-
linked acidic dipeptidase activity. Purification and immunologic characterization. J. Biol Chem. 1990, 265 
(34): 21297-21301. 

6. Berger UV, Carter RE, McKee M, Coyle JT. N-acetylated alpha-linked acidic dipeptidase is expressed by 
non-myelinating Schwann cells in the peripheral nervous system. J. Neurocytol. 1995, 24(2): 99-109. 

7. Rovenská M, Hlouchová K, Sácha P, Mlcochová P, Horák V, Zámecník J, Barinka C, Konvalinka J. 
Tissue expression and enzymologic characterization of human prostate specific membrane antigen and its rat 
and pig orthologs. Prostate, 2008, 68 (2): 171-82. 

8. Bařinka C, Rojas C, Slusher B, Pomper M. Glutamate carboxypeptidase II in diagnosis and treatment of 
neurologic disorders and prostate cancer. Curr. Med. Chem. 2012, 19 (6): 856-70 and reference cited therein. 

9. Halsted CH, Ling E, Luthi-Carter R, Villanueva JA, Gardner J, Coyle JT. Folylpoly-gamma-glutamate 
carboxypeptidase from pig jejunum. Molecular characterization and relation to glutamate carboxypeptidase 
II. J. Biol. Chem. 1988, 273: 20417-20424. 

10. Aggarwal S, Ricklis RM, Williams SA, Denmeade SR. Comparative study of PSMA expression in the 
prostate of mouse, dog, monkey, and human. Prostate, 2006, 66 (9): 903-910.  

11. Shafizadeh TB, Halsted CH. gamma-Glutamyl hydrolase, not glutamate carboxypeptidase II, hydrolyzes 
dietary folate in rat small intestine. J. Nutr. 2007, 137 (5): 1149-1153.  

12. Luthi-Carter R, Berger UV, Barczak AK, Enna M, Coyle JT. Isolation and expression of a rat brain 
cDNA encoding glutamate carboxypeptidase II. Proc. Natl. Acad. Sci. USA, 1998, 95(6): 3215-20.  

13. Berger UV, Luthi-Carter R, Passani LA, Elkabes S, Black I, Konradi C, Coyle JT. Glutamate 
carboxypeptidase II is expressed by astrocytes in the adult rat nervous system. J. Comp. Neurol. 1999,415 
(1): 52-64.  

14. Sácha P, Zámecník J, Barinka C, Hlouchová K, Vícha A, Mlcochová P, Hilgert I, Eckschlager T, 
Konvalinka J. Expression of glutamate carboxypeptidase II in human brain. Neuroscience, 2007, 144 (4): 
1361-1372. 



15. Silver DA, Pellicer I, Fair WR, Heston WD, Cordon-Cardo C. Prostate-specific membrane antigen 
expression in normal and malignant human tissues. Clin. Cancer Res. 1997, 3(1): 81-85. 

16. Sokoloff RL, Norton KC, Gasior CL, Marker KM, Grauer LS. A dual-monoclonal sandwich assay for 
prostate-specific membrane antigen: levels in tissues, seminal fluid and urine. Prostate, 2000, 43(2): 150-
157.  

17. Bostwick DG, Pacelli A, Blute M, Roche P, Murphy GP. Prostate specific membrane antigen expression 
in prostatic intraepithelial neoplasia and adenocarcinoma: a study of 184 cases. Cancer, 1998, 82 (11): 2256-
2261.  

18. Chang SS, Reuter VE, Heston WD, Bander NH, Grauer LS, Gaudin PB. Five different anti-prostate-
specific membrane antigen (PSMA) antibodies confirm PSMA expression in tumor-associated 
neovasculature. Cancer Res. 1999, 59 (13): 3192-3198. 

19. Kinoshita Y, Kuratsukuri K, Landas S, Imaida K, Rovito PM Jr, Wang CY, Haas GP. Expression of 
prostate-specific membrane antigen in normal and malignant human tissues. World J. Surg. 2006, 30 (4): 
628-636.  

20. Bander NH. Technology insight: monoclonal antibody imaging of prostate cancer. Nat. Clin. Pract. Urol. 
2006 3 (4): 216-225.  

21. Chen Y, Dhara S, Banerjee SR, Byun Y, Pullambhatla M, Mease RC, Pomper MG. A low molecular 
weight PSMA-based fluorescent imaging agent for cancer. Biochem. Biophys. Res. Commun. 2009, 390 (3): 
624-629.  

22. David KA, Milowsky MI, Kostakoglu L, Vallabhajosula S, Goldsmith SJ, Nanus DM, Bander NH. 
Clinical utility of radiolabeled monoclonal antibodies in prostate cancer. Clin. Genitourin. Cancer, 2006, 4 
(4): 249-256.  

23. Foss CA, Mease RC, Fan H, Wang Y, Ravert HT, Dannals RF, Olszewski RT, Heston WD, Kozikowski 
AP, Pomper MG. Radiolabeled small-molecule ligands for prostate-specific membrane antigen: in vivo 
imaging in experimental models of prostate cancer. Clin. Cancer Res. 2005, 11 (11): 4022-4028 

24. Mease RC, Dusich CL, Foss CA, Ravert HT, Dannals RF, Seidel J, Prideaux A, Fox JJ, Sgouros G, 
Kozikowski AP, Pomper MG. N-[N-[(S)-1,3-Dicarboxypropyl]carbamoyl]-4-[18F]fluorobenzyl-L-cysteine, 
[18F]DCFBC: a new imaging probe for prostate cancer. Clin. Cancer Res. 2008, 14 (10): 3036-3043.  

25. Becker I, Lodder J, Gieselmann V, Eckhardt M. Molecular characterization of N-acetylaspartylglutamate 
synthetase. J. Biol. Chem. 2010, 285 (38): 29156-29164.  

26. Wroblewska B, Wroblewski JT, Saab OH, Neale JH. N-acetylaspartylglutamate inhibits forskolin-
stimulated cyclic AMP levels via a metabotropic glutamate receptor in cultured cerebellar granule cells. J. 
Neurochem. 1993, 61 (3): 943-8. 

27. Fricker AC, Mok MH, de la Flor R, Shah AJ, Woolley M, Dawson LA, Kew JN. Effects of N-
acetylaspartylglutamate (NAAG) at group II mGluRs and NMDAR. Neuropharmacology, 2009, 56 (6-7): 
1060-1067.  

28. Wroblewska B, Wegorzewska IN, Bzdega T, Olszewski RT, Neale JH. Differential negative coupling of 
type 3 metabotropic glutamate receptor to cyclic GMP levels in neurons and astrocytes. J. Neurochem. 2006, 
96 (4): 1071-1077.  



29. Bruno V, Battaglia G, Casabona G, Copani A, Caciagli F, Nicoletti F. Neuroprotection by glial 
metabotropic glutamate receptors is mediated by transforming growth factor-beta. J. Neurosci. 1998, 18 (23): 
9594-9600.  

30. Thomas AG, Liu W, Olkowski JL, Tang Z, Lin Q, Lu XC, Slusher BS. Neuroprotection mediated by 
glutamate carboxypeptidase II (NAALADase) inhibition requires TGF-beta. Eur. J. Pharmacol. 2001, 430 
(1): 33-40.  

31. Niswender CM, Conn PJ. Metabotropic glutamate receptors: physiology, pharmacology, and disease. 
Annu. Rev. Pharmacol. Toxicol. 2010, 50: 295-322. 

32. Slusher BS, Vornov JJ, Thomas AG, Hurn PD, Harukuni I, Bhardwaj A, Traystman RJ, Robinson MB, 
Britton P, Lu XC, Tortella FC, Wozniak KM, Yudkoff M, Potter BM, Jackson PF. Selective inhibition of 
NAALADase, which converts NAAG to glutamate, reduces ischemic brain injury. Nat. Med. 1999, 5 (12): 
1396-1402 

33. Long JB, Yourick DL, Slusher BS, Robinson MB, Meyerhoff JL. Inhibition of glutamate 
carboxypeptidase II (NAALADase) protects against dynorphin A-induced ischemic spinal cord injury in rats. 
Eur. J. Pharmacol. 2005, 508 (1-3): 115-122.  

34. Zhong C, Zhao X, Sarva J, Kozikowski A, Neale JH, Lyeth BG. NAAG peptidase inhibitor reduces acute 
neuronal degeneration and astrocyte damage following lateral fluid percussion TBI in rats. J. Neurotrauma, 
2005, 22(2): 266-76.  

35. Carpenter KJ, Sen S, Matthews EA, Flatters SL, Wozniak KM, Slusher BS, Dickenson AH. Effects of 
GCP-II inhibition on responses of dorsal horn neurones after inflammation and neuropathy: an 
electrophysiological study in the rat. Neuropeptides, 2003, 37 (5): 298-306. 

36. Chen SR, Wozniak KM, Slusher BS, Pan HL. Effect of 2-(phosphono-methyl)-pentanedioic acid on 
allodynia and afferent ectopic discharges in a rat model of neuropathic pain. J. Pharmacol. Exp. Ther. 2002, 
300 (2): 662-7.  

37. Yamamoto T, Hirasawa S, Wroblewska B, Grajkowska E, Zhou J, Kozikowski A, Wroblewski J, Neale 
JH. Antinociceptive effects of N-acetylaspartylglutamate (NAAG) peptidase inhibitors ZJ-11, ZJ-17 and ZJ-
43 in the rat formalin test and in the rat neuropathic pain model. Eur. J. Neurosci. 2004, 20 (2): 483-94.  

38. Carozzi VA, Chiorazzi A, Canta A, Lapidus RG, Slusher BS, Wozniak KM, Cavaletti G. Glutamate 
carboxypeptidase inhibition reduces the severity of chemotherapy-induced peripheral neurotoxicity in rat. 
Neurotox. Res. 2010, 17 (4): 380-91.  

39. Zhang W, Murakawa Y, Wozniak KM, Slusher B, Sima AA. The preventive and therapeutic effects of 
GCPII (NAALADase) inhibition on painful and sensory diabetic neuropathy. J. Neurol. Sci. 2006, 247 (2): 
217-23. 

40. Witkin JM, Gasior M, Schad C, Zapata A, Shippenberg T, Hartman T, Slusher BS. NAALADase (GCP 
II) inhibition prevents cocaine-kindled seizures. Neuropharmacology, 2002, 43 (3): 348-56.  

41. Tsai GC, Stauch-Slusher B, Sim L, Hedreen JC, Rothstein JD, Kuncl R, Coyle JT. Reductions in acidic 
amino acids and N-acetylaspartylglutamate in amyotrophic lateral sclerosis CNS. Brain Res. 1991, 556 (1): 
151-6.  

42. Ghose S, Chin R, Gallegos A, Roberts R, Coyle J, Tamminga C. Localization of NAAG-related gene 
expression deficits to the anterior hippocampus in schizophrenia. Schizophr. Res. 2009, 111 (1-3): 131-7.  



43. Guilarte TR, Hammoud DA, McGlothan JL, Caffo BS, Foss CA, Kozikowski AP, Pomper MG. 
Dysregulation of glutamate carboxypeptidase II in psychiatric disease. Schizophr. Res. 2008, 99 (1-3): 324-
32.  

44. Bacich DJ, Wozniak KM, Lu XC, O'Keefe DS, Callizot N, Heston WD, Slusher BS. Mice lacking 
glutamate carboxypeptidase II are protected from peripheral neuropathy and ischemic brain injury. J. 
Neurochem. 2005, 95 (2): 314-323.  

45. Gao Y, Xu S, Cui Z, Zhang M, Lin Y, Cai L, Wang Z, Luo X, Zheng Y, Wang Y, Luo Q, Jiang J, Neale 
JH, Zhong C. Mice lacking glutamate carboxypeptidase II develop normally, but are less susceptible to 
traumatic brain injury. J. Neurochem. 2015, 134 (2): 340-353.  

46. Cao Y, Gao Y, Xu S, Bao J, Lin Y, Luo X, Wang Y, Luo Q, Jiang J, Neale JH, Zhong C. Glutamate 
carboxypeptidase II gene knockout attenuates oxidative stress and cortical apoptosis after traumatic brain 
injury. BMC Neurosci. 2016, 17: 15.  

47. Olszewski RT, Janczura KJ, Bzdega T, Der EK, Venzor F, O'Rourke B, Hark TJ, Craddock KE, 
Balasubramanian S, Moussa C, Neale JH. NAAG Peptidase Inhibitors Act via mGluR3: Animal Models of 
Memory, Alzheimer's, and Ethanol Intoxication. Neurochem. Res. 2017, 42 (9): 2646-2657.  

48. Evans JC, Malhotra M, Cryan JF, O'Driscoll CM. The therapeutic and diagnostic potential of the prostate 
specific membrane antigen/glutamate carboxypeptidase II (PSMA/GCPII) in cancer and neurological 
disease. Br. J. Pharmacol. 2016, 173 (21): 3041-3079.  

49. Neale JH, Yamamoto T. N-acetylaspartylglutamate (NAAG) and glutamate carboxypeptidase II: An 
abundant peptide neurotransmitter-enzyme system with multiple clinical applications. Prog. Neurobiol. 
2020, 184: 101722.  

50. Sasson NJ, Turner-Brown LM, Holtzclaw TN, Lam KS, Bodfish JW. Children with autism demonstrate 
circumscribed attention during passive viewing of complex social and nonsocial picture arrays. Autism. Res. 
2008, 1 (1): 31-42.  

51. Yamamoto T, Kozikowski A, Zhou J, Neale JH. Intracerebroventricular administration of N-
acetylaspartylglutamate (NAAG) peptidase inhibitors is analgesic in inflammatory pain. Mol. Pain, 2008, 4: 
31.  

52. Nonaka T, Yamada T, Ishimura T, Zuo D, Moffett JR, Neale JH, Yamamoto T. A role for the locus 
coeruleus in the analgesic efficacy of N-acetylaspartylglutamate peptidase (GCPII) inhibitors ZJ43 and 2-
PMPA. Mol. Pain. 2017, 13: 1744806917697008. 

53. Hollinger KR, Alt J, Riehm AM, Slusher BS, Kaplin AI. Dose-dependent inhibition of GCPII to prevent 
and treat cognitive impairment in the EAE model of multiple sclerosis. Brain Res. 2016, 1635: 105-112. 

 

54. Zhang Z, Bassam B, Thomas AG, Williams M, Liu J, Nance E, Rojas C, Slusher BS, Kannan S. Maternal 
inflammation leads to impaired glutamate homeostasis and up-regulation of glutamate carboxypeptidase II in 
activated microglia in the fetal/newborn rabbit brain. Neurobiol. Dis. 2016, 94: 116-128.  

55. Olszewski RT, Janczura KJ, Ball SR, Madore JC, Lavin KM, Lee JC, Lee MJ, Der EK, Hark TJ, Farago 
PR, Profaci CP, Bzdega T, Neale JH. NAAG peptidase inhibitors block cognitive deficit induced by MK-801 
and motor activation induced by d-amphetamine in animal models of schizophrenia. Transl. Psychiatry, 
2012, 2 (7): e145.  



56. Peng XQ, Li J, Gardner EL, Ashby CR Jr, Thomas A, Wozniak K, Slusher BS, Xi ZX. Oral 
administration of the NAALADase inhibitor GPI-5693 attenuates cocaine-induced reinstatement of drug-
seeking behavior in rats. Eur. J. Pharmacol. 2010, 627 (1-3): 156-161. 

57. Xi ZX, Kiyatkin M, Li X, Peng XQ, Wiggins A, Spiller K, Li J, Gardner EL. N-acetylaspartylglutamate 
(NAAG) inhibits intravenous cocaine self-administration and cocaine-enhanced brain-stimulation reward in 
rats. Neuropharmacology. 2010, 58 (1): 304-13.  

58. Xi ZX, Li X, Peng XQ, Li J, Chun L, Gardner EL, Thomas AG, Slusher BS, Ashby CR Jr. Inhibition of 
NAALADase by 2-PMPA attenuates cocaine-induced relapse in rats: a NAAG-mGluR2/3-mediated 
mechanism. J. Neurochem. 2010, 112 (2): 564-76.  

59. Zhu H, Lai M, Chen W, Mei D, Zhang F, Liu H, Zhou W. N-acetylaspartylglutamate Inhibits Heroin 
Self-Administration and Heroin-Seeking Behaviors Induced by Cue or Priming in Rats. Neurosci. Bull. 2017, 
33 (4): 396-404.  

60. Morland C, Nordengen K. N-Acetyl-Aspartyl-Glutamate in Brain Health and Disease. Int. J. Mol. Sci. 
2022, 23 (3): 1268.  

61. Krečmerová M, Majer P, Rais R, Slusher BS. Phosphonates and Phosphonate Prodrugs in Medicinal 
Chemistry: Past Successes and Future Prospects. Front. Chem., 2022, 10: 88737. 

62. Yang S, Datta D, Elizabeth Woo, Duque A, Morozov YM, Arellano J, Slusher BS, Wang M, Arnsten 
AFT. Inhibition of glutamate-carboxypeptidase-II in dorsolateral prefrontal cortex: potential therapeutic 
target for neuroinflammatory cognitive disorders. Mol. Psychiatry, 2022, 27 (10): 4252-4263.  

63.Desmarais W, Bienvenue DL, Bzymek KP, Petsko GA, Ringe D, Holz RC. The high-resolution structures 
of the neutral and the low pH crystals of aminopeptidase from Aeromonas proteolytica. J. Biol. Inorg. Chem. 
2006, 11: 398–408. 

64. Schürer G, Horn AHC, Gedeck P, Clark T. The reaction mechanism of bovine lens leucine 
aminopeptidase. J. Phys. Chem. B, 2002, 106: 8815–8830. 

65. Chen S, Marino T, Fang W, Russo N, Himo F. Peptide hydrolysis by the binuclear zinc enzyme 
aminopeptidase from Aeromonas proteolytica: A density functional theory study. J. Phys. Chem. B, 2008, 
112: 2494–2500. 

66. Mesters JR, Barinka C, Li W, Tsukamoto T, Majer P, Slusher BS, Konvalinka J, Hilgenfeld R. Structure 
of glutamate carboxypeptidase II, a drug target in neuronal damage and prostate cancer. EMBO J, 2006 25 
(6): 1375–84. 

67. Mesters JR, Henning K, Hilgenfeld R. Human glutamate carboxypeptidase II inhibition: structures of 
GCPII in complex with two potent inhibitors, quisqualate and 2-PMPA. Acta Crystallogr. D Biol. 
Crystallogr. 2007, 63: 508–513. 

68. Klusák K, Bařinka C, Plechanovová A, Mlčochová P, Konvalinka J, Rulíšek L, Lubkowski J. Reaction 
Mechanism of Glutamate Carboxypeptidase II Revealed by Mutagenesis, X-ray Crystallography, and 
Computational Methods. Biochemistry, 2009, 48 (19): 4126–4138.  

69. Vornov JJ, Peters D, Nedelcovych M, Hollinger K, Rais R, Slusher BS. Looking for Drugs in All the 
Wrong Places: Use of GCPII Inhibitors Outside the Brain. Neurochem. Res. 2020, 45 (6): 1256-1267.  



70. Nikfarjam Z, Zargari F, Nowroozi A, Bavi O. Metamorphosis of prostate specific membrane antigen 
(PSMA) inhibitors. Biophys. Rev. 2022, 14 (1): 303-315.  

71. Tsukamoto T, Wozniak KM, Slusher BS. Progress in the discovery and development of glutamate 
carboxypeptidase II inhibitors. Drug. Discov. Today, 2007, 12 (17-18): 767-76.  

72. Pavlícek J, Ptácek J, Barinka C. Glutamate carboxypeptidase II: an overview of structural studies and 
their importance for structure-based drug design and deciphering the reaction mechanism of the enzyme. 
Curr. Med. Chem. 2012, 19 (9):1300-9.  

73. Choy CJ, Fulton MD, Davis AL, Hopkins M, Choi JK, Anderson MO, Berkman CE. Rationally designed 
sulfamides as glutamate carboxypeptidase II inhibitors. Chem. Biol. Drug. Des. 2013, 82 (5): 612-9. 

74. Ferraris DV, Shukla K, Tsukamoto T. Structure-activity relationships of glutamate carboxypeptidase II 
(GCPII) inhibitors. Curr. Med. Chem. 2012, 19 (9): 1282-94. 

75. Zhou J, Neale JH, Pomper MG, Kozikowski AP. NAAG peptidase inhibitors and their potential for 
diagnosis and therapy. Nat. Rev. Drug. Discov. 2005, 4 (12): 1015-26. 

76. Subasinghe N, Schulte M, Chan MY, Roon RJ, Koerner JF, Johnson RL. Synthesis of acyclic and 
dehydroaspartic acid analogues of Ac-Asp-Glu-OH and their inhibition of rat brain N-acetylated alpha-linked 
acidic dipeptidase (NAALA dipeptidase). J. Med. Chem. 1990, 33 (10): 2734-44.  

77. Luthi-Carter R, Barczak AK, Speno H, Coyle JT. Hydrolysis of the neuropeptide N-
acetylaspartylglutamate (NAAG) by cloned human glutamate carboxypeptidase II. Brain. Res. 1998, 795 (1-
2): 341-348.  

78. Ghosh A, Heston WD. Effect of carbohydrate moieties on the folate hydrolysis activity of the prostate 
specific membrane antigen. Prostate, 2003, 57 (2): 140-151.  

79. Stoermer D, Liu Q, Hall MR, Flanary JM, Thomas AG, Rojas C, Slusher BS, Tsukamoto T. Synthesis 
and biological evaluation of hydroxamate-Based inhibitors of glutamate carboxypeptidase II. Bioorg. Med. 
Chem. Lett. 2003, 13 (13): 2097-100.  

80. Park JD, Kim DH, Kim SJ, Woo JR, Ryu SE. Sulfamide-based inhibitors for carboxypeptidase A. Novel 
type transition state analogue inhibitors for zinc proteases. J. Med. Chem. 2002, 45 (24): 5295-302 

81. Jackson PF, Cole DC, Slusher BS, Stetz SL, Ross LE, Donzanti BA, Trainor DA. Design, synthesis, and 
biological activity of a potent inhibitor of the neuropeptidase N-acetylated alpha-linked acidic dipeptidase. J. 
Med, Chem. 1996, 39 (2): 619-22.  

82. Lu XM, Tang Z, Liu W, Lin Q, Slusher BS. N-acetylaspartylglutamate protects against transient focal 
cerebral ischemia. Eur. J. Pharmacol. 2000, 408: 233-239. 

83. Rojas C, Frazier ST, Flanary J, Slusher BS. Kinetics and inhibition of glutamate carboxypeptidase II 
using a microplate assay. Anal. Biochem. 2002, 310 (1): 50-4.  

84. Tortella FC, Lin Y, Ved H, Slusher BS, Dave JR. Neuroprotection produced by the NAALADase 
inhibitor 2-PMPA in rat cerebellar neurons. Eur. J. Pharmacol. 2000, 402 (1-2): 31-7.  

85. Cai Z, Lin S, Rhodes PG. Neuroprotective effects of N-acetylaspartylglutamate in a neonatal rat model of 
hypoxia-ischemia. Eur. J. Pharmacol. 2002, 437 (3): 139-45.  



86. Williams AJ, Lu XM, Slusher B, Tortella FC. Electroencephalogram analysis and neuroprotective profile 
of the N-acetylated-alpha-linked acidic dipeptidase inhibitor, GPI5232, in normal and brain-injured rats. J. 
Pharmacol. Exp. Ther. 2001, 299 (1): 48-57.  

87. Tsukamoto T, Majer P, Vitharana D, Ni C, Hin B, Lu XC, Thomas AG, Wozniak KM, Calvin DC, Wu 
Y, Slusher BS, Scarpetti D, Bonneville GW. Enantiospecificity of glutamate carboxypeptidase II inhibition. 
J. Med. Chem. 2005, 48 (7): 2319-24.  

88. Vornov JJ, Hollinger KR, Jackson PF, Wozniak KM, Farah MH, Majer P, Rais R, Slusher BS. Still 
NAAG'ing After All These Years: The Continuing Pursuit of GCPII Inhibitors. Adv. Pharmacol. 2016, 
76: 215-55.  

89. Peters D, Norris L, Tenora L, Snajdr I, Zhu X, Sakamoto S, Thomas A, Majer P, Rais R, Slusher 
B. Inflamm. Bowel Dis. 2022, 28(1): S4.  

90. Gao Y, Zheng H, Li L, Feng M, Chen X, Hao B, Lv Z, Zhou X, Cao Y. Prostate-Specific Membrane 
Antigen (PSMA) Promotes Angiogenesis of Glioblastoma Through Interacting With ITGB4 and Regulating 
NF-κB Signaling Pathway. Front. Cell. Dev. Biol. 2021, 9: 598377.  

91. Tallon C, Sharma A, Zhang Z, Thomas AG, Ng J, Zhu X, Donoghue A, Schulte M, Joe TR, 
Kambhampati SP, Sharma R, Liaw K, Kannan S, Kannan RM, Slusher BS. Dendrimer-2PMPA Delays 
Muscle Function Loss and Denervation in a Murine Model of Amyotrophic Lateral Sclerosis. 
Neurotherapeutics, 2022, 19 (1): 274-288.  

92. Kratochwil C, Giesel FL, Leotta K, Eder M, Hoppe-Tich T, Youssoufian H, Kopka K, Babich JW, 
Haberkorn U. PMPA for nephroprotection in PSMA-targeted radionuclide therapy of prostate cancer. J. 
Nucl. Med. 2015, 56 (2): 293-298. 

93. Chatalic KL, Heskamp S, Konijnenberg M, Molkenboer-Kuenen JD, Franssen GM, Clahsen-van 
Groningen MC, Schottelius M, Wester HJ, van Weerden WM, Boerman OC, de Jong M. Towards 
Personalized Treatment of Prostate Cancer: PSMA I&T, a Promising Prostate-Specific Membrane Antigen-
Targeted Theranostic Agent. Theranostics. 2016, 6(6): 849-861.  

94. Rais R, Wozniak K, Wu Y, Niwa M, Stathis M, Alt J, Giroux M, Sawa A, Rojas C, Slusher BS. Selective 
CNS Uptake of the GCP-II Inhibitor 2-PMPA following Intranasal Administration. PLoS One, 2015, 10 (7): 
e0131861.  

95. Nedelcovych M, Dash RP, Tenora L, Zimmermann SC, Gadiano AJ, Garrett C, Alt J, Hollinger KR, 
Pommier E, Jančařík A, Rojas C, Thomas AG, Wu Y, Wozniak K, Majer P, Slusher BS, Rais R. Enhanced 
Brain Delivery of 2-(Phosphonomethyl)pentanedioic Acid Following Intranasal Administration of Its γ-
Substituted Ester Prodrugs. Mol. Pharm. 2017, 14 (10): 3248-3257.  

96. Dash RP, Tichý T, Veeravalli V, Lam J, Alt J, Wu Y, Tenora L, Majer P, Slusher BS, Rais R. Enhanced 
Oral Bioavailability of 2-(Phosphonomethyl)-pentanedioic Acid (2-PMPA) from its (5-Methyl-2-oxo-1,3-
dioxol-4-yl)methyl (ODOL)-Based Prodrugs. Mol. Pharm. 2019, 16 (10): 4292-4301. 

97. Majer P, Jančařík A, Krečmerová M, Tichý T, Tenora L, Wozniak K, Wu Y, Pommier E, Ferraris D, 
Rais R, Slusher BS. Discovery of Orally Available Prodrugs of the Glutamate Carboxypeptidase II (GCPII) 
Inhibitor 2-Phosphonomethylpentanedioic Acid (2-PMPA). J. Med. Chem. 2016, 59 (6): 2810-9.  

98. Majer P, Jackson PF, Delahanty G, Grella BS, Ko YS, Li W, Liu Q, Maclin KM, Poláková J, Shaffer 
KA, Stoermer D, Vitharana D, Wang EY, Zakrzewski A, Rojas C, Slusher BS, Wozniak KM, Burak E, 

javascript:;


Limsakun T, Tsukamoto T. Synthesis and biological evaluation of thiol-based inhibitors of glutamate 
carboxypeptidase II: discovery of an orally active GCP II inhibitor. J. Med. Chem. 2003, 46 (10): 1989-96. 

99. Garbiras, BJ, Stephen, M. Preparation of Carboxythioalactones and Their Active Derivatives. Synthesis, 
1999, 270-274.   

100. Datta D, Leslie SN, Woo E, Amancharla N, Elmansy A, Lepe M, Mecca AP, Slusher BS, Nairn AC, 
Arnsten AFT. Glutamate Carboxypeptidase II in Aging Rat Prefrontal Cortex Impairs Working Memory 
Performance. Front. Aging Neurosci. 2021, 13: 760270.  

101. Arteaga Cabeza O, Zhang Z, Smith Khoury E, Sheldon RA, Sharma A, Zhang F, Slusher BS, Kannan 
RM, Kannan S, Ferriero DM. Neuroprotective effects of a dendrimer-based glutamate carboxypeptidase 
inhibitor on superoxide dismutase transgenic mice after neonatal hypoxic-ischemic brain injury. Neurobiol. 
Dis. 2021, 148: 105201. 

102. Sanabria ER, Wozniak KM, Slusher BS, Keller A. GCP II (NAALADase) inhibition suppresses mossy 
fiber-CA3 synaptic neurotransmission by a presynaptic mechanism. J. Neurophysiol. 2004, 91 (1): 182-93.  

103. van der Post JP, de Visser SJ, de Kam ML, Woelfler M, Hilt DC, Vornov J, Burak ES, Bortey E, 
Slusher BS, Limsakun T, Cohen AF, van Gerven JM. The central nervous system effects, pharmacokinetics 
and safety of the NAALADase-inhibitor GPI 5693. Br. J. Clin. Pharmacol. 2005, 60 (2): 128-36.  

104. Majer P, Hin B, Stoermer D, Adams J, Xu W, Duvall BR, Delahanty G, Liu Q, Stathis MJ, Wozniak 
KM, Slusher BS, Tsukamoto T. Structural optimization of thiol-based inhibitors of glutamate 
carboxypeptidase II by modification of the P1' side chain. J. Med. Chem. 2006, 49 (10): 2876-85.  

105. Grella B, Adams J, Berry JF, Delahanty G, Ferraris DV, Majer P, Ni C, Shukla K, Shuler SA, Slusher 
BS, Stathis M, Tsukamoto T. The discovery and structure–activity relationships of indole-based inhibitors of 
glutamate carboxypeptidase II. Bioorg. Med. Chem. Lett. 2010, 20: 7222–7225 

106. Novakova Z, Wozniak K, Jancarik A, Rais R, Wu Y, Pavlicek J, Ferraris D, Havlinova B, Ptacek J, 
Vavra J, Hin N, Rojas C, Majer P, Slusher BS, Tsukamoto T, Barinka C. Unprecedented Binding Mode of 
Hydroxamate-Based Inhibitors of Glutamate Carboxypeptidase II: Structural Characterization and Biological 
Activity. J. Med. Chem. 2016, 59 (10): 4539-50.  

107. Olszewski RT, Bukhari N, Zhou J, Kozikowski AP, Wroblewski JT, Shamimi-Noori S, Wroblewska B, 
Bzdega T, Vicini S, Barton FB, Neale JH. NAAG peptidase inhibition reduces locomotor activity and some 
stereotypes in the PCP model of schizophrenia via group II mGluR. J. Neurochem. 2004, 89 (4): 876-85. 

108. Gori SS, Thomas AG, Pal A, Wiseman R, Ferraris DV, Gao RD, Wu Y, Alt J, Tsukamoto T, Slusher 
BS, Rais R. D-DOPA Is a Potent, Orally Bioavailable, Allosteric Inhibitor of Glutamate Carboxypeptidase 
II. Pharmaceutics, 2022, 14 (10): 2018.  

109. Tykvart J, Schimer J, Jančařík A, Bařinková J, Navrátil V, Starková J, Šrámková K, Konvalinka 
J, Majer P, Šácha P. Design of highly potent urea-based, exosite-binding inhibitors selective for 
glutamate carboxypeptidase II. J. Med. Chem. 2015, 58 (10): 4357-63. 

110. Asaka R, Le A. Dual role of N-acetyl-aspartyl-glutamate metabolism in cancer monitor and therapy. 
Mol. Cell Oncol. 2019, 6 (5): e1627273.  

111. Knedlík T, Vorlová B, Navrátil V, Tykvart J, Sedlák F, Vaculín Š, Franěk M, Šácha P, Konvalinka J. 
Mouse glutamate carboxypeptidase II (GCPII) has a similar enzyme activity and inhibition profile but a 
different tissue distribution to human GCPII. FEBS Open Bio. 2017, 7 (9): 1362-1378.  



112. Metser U, Kulanthaivelu R, Chawla T, Johnson S, Avery L, Hussey D, Veit-Haibach P, Bernardini M, 
Hogen L. 18F-DCFPyL PET/CT in advanced high-grade epithelial ovarian cancer: A prospective pilot study. 
Front. Oncol. 2022, 12: 1025475.  

113. Ivanenkov YA, Machulkin AE, Garanina AS, Skvortsov DA, Uspenskaya AA, Deyneka EV, 
Trofimenko AV, Beloglazkina EK, Zyk NV, Koteliansky VE, Bezrukov DS, Aladinskaya AV, Vorobyeva 
NS, Puchinina MM, Riabykh GK, Sofronova AA, Malyshev AS, Majouga AG. Synthesis and biological 
evaluation of Doxorubicin-containing conjugate targeting PSMA. Bioorg. Med. Chem. Lett. 2019, 29 (10): 
1246-1255. 

114. Liu T, Toriyabe Y, Kazak M, Berkman CE. Pseudoirreversible inhibition of prostate-specific membrane 
antigen by phosphoramidate peptidomimetics. Biochemistry. 2008, 47 (48): 12658-60.  

115. Wang H, Byun Y, Barinka C, Pullambhatla M, Bhang HE, Fox JJ, Lubkowski J, Mease RC, Pomper 
MG. Bioisosterism of urea-based GCPII inhibitors: Synthesis and structure-activity relationship studies. 
Bioorg. Med. Chem. Lett. 2010, 20 (1): 392-7.  

116. Zhang T, Song B, Zhu W, Xu X, Gong QQ, Morando C, Dassopoulos T, Newberry RD, Hunt SR, Li E. 
An ileal Crohn's disease gene signature based on whole human genome expression profiles of disease 
unaffected ileal mucosal biopsies. PLoS One, 2012, 7 (5): e37139.  

117. Noble CL, Abbas AR, Lees CW, Cornelius J, Toy K, Modrusan Z, Clark HF, Arnott ID, Penman ID, 
Satsangi J, Diehl L. Characterization of intestinal gene expression profiles in Crohn's disease by genome-
wide microarray analysis. Inflamm. Bowel Dis. 2010, 16 (10): 1717-1728.  

118. Ben-Shachar S, Yanai H, Baram L, Elad H, Meirovithz E, Ofer A, Brazowski E, Tulchinsky H, 
Pasmanik-Chor M, Dotan I. Gene expression profiles of ileal inflammatory bowel disease correlate with 
disease phenotype and advance understanding of its immunopathogenesis. Inflamm. Bowel Dis. 2013, 19 
(12): 2509-2521.  

119. Rais R, Jiang W, Zhai H, Wozniak KM, Stathis M, Hollinger KR, Thomas AG, Rojas C, Vornov JJ, 
Marohn M, Li X, Slusher BS. FOLH1/GCPII is elevated in IBD patients, and its inhibition ameliorates 
murine IBD abnormalities. JCI Insight. 2016. 1 (12): e88634.  

120. Date AA, Rais R, Babu T, Ortiz J, Kanvinde P, Thomas AG, Zimmermann SC, Gadiano AJ, Halpert G, 
Slusher BS, Ensign LM. Local enema treatment to inhibit FOLH1/GCPII as a novel therapy for 
inflammatory bowel disease. J. Control. Release. 2017, 263: 132-138.  

121. Vorlová B, Sedlák F, Kašpárek P, Šrámková K, Malý M, Zámečník J, Šácha P, Konvalinka J. A novel 
PSMA/GCPII-deficient mouse model shows enlarged seminal vesicles upon aging. Prostate. 2019, 79 (2): 
126-139.  

 

 

 

 



 

 


