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BACKGROUND. Prostate specific membrane antigen (PSMA), also called glutamate
carboxypeptidase II (GCPII), is a target enzyme for diagnosis and treatment of prostate cancer.
Moreover, it is upregulated in the vasculature of most solid tumors and is therefore a potential
target for the generation of novel antineoplastics. In this context, we analyze the possibility of
using rat and pig as animal models for enzymologic and in vivo studies.
METHODS. We prepared the recombinant extracellular part of human, rat, and pig GCPII in
S2 cell media and characterized the activity and inhibition profiles of the three orthologs by
radioenzymatic assay. We performed Western blot analysis of GCPII expression in human, rat,
and pig tissues using the monoclonal antibody GCP-04 and confirmed these findings by activity
measurements and immunohistochemistry.
RESULTS. The three recombinant proteins show similar specific enzymatic activities and
inhibition profiles. Tissue expression analysis revealed that most of the pig and human tissues
show at least some GCPII-positivity, while the expression pattern in rat is more restricted.
Moreover, tissues such as prostate and testes exhibit different GCPII expression levels among
the species studied.
CONCLUSIONS. The rat and pig orthologs of GCPII seem to be suitable to approximate
human GCPII in enzymologic studies. However, the diffuse expression pattern of GCPII in
animal and human tissues could be a caveat for the potential utilization of GCPII-targeted
anticancer drugs. Furthermore, variations in GCPII tissue distribution among the species
studied should be considered when using rat or pig as models for antineoplastic drug discovery.
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INTRODUCTION

According to estimates, prostate cancer accounted
for the highest percentage (33%) of all incident cancer
cases in American men in 2006. In the same year, it was
the third leading cause of cancer-related death (9% of
all cancer deaths) [1]. New diagnostic and therapeutic
approaches for prostate cancer are therefore being
actively pursued. One of the molecules thought to be
relevant for both diagnosis and treatment of prostate
cancer is prostate specific membrane antigen (PSMA),
called also glutamate carboxypeptidase II (GCPII).
Since the latter name is more general, we decided to
use it throughout the whole manuscript.

GCPII is a 750-amino acid, heavily glycosylated
membrane-bound metallopeptidase that utilizes two
zinc ions for substrate hydrolysis [2,3]. PSMA was first
identified as an antigen of the 7E11-C5.3 antibody,
which was raised against membranes of LNCaP
cells isolated from human prostate cancer [4]. In
parallel, an exopeptidase activity of this protein was
discovered in rat brain membranes, where it cleaves the
peptide neurotransmitter N-acetyl-L-aspartyl-L-gluta-
mate (NAAG) into N-acetyl-L-aspartate and L-gluta-
mate [5]. In the prostate, several variants of this protein
were found, among them so-called PSM0, which lacks
the first 59 N-terminal amino acids and is dominant (on
the mRNA level) in normal human prostate, while full-
length PSMA is the prevalent form in primary prostate
tumors [6–8]. GCPII expression is up- or down-
regulated in some non-prostatic tumors [9], and its
role in cancer is also supported by the fact that it is
expressed in prostatic as well as non-prostatic tumor-
associated neovasculature, whereas normal human
vascular endothelium is GCPII negative [10–12].

Many studies have been conducted to assess the
possibility of using GCPII as a diagnostic tool in
prostate cancer patients. One successful discovery is
ProstaScint (Capromab pendetide, CYT-356), a 111In-
labeled immunoconjugate of 7E11-C5.3 antibody [13]
which is currently used as a radioimmunoscintigraphic
imaging agent capable of detection of prostate cancer
and/or its metastases [14,15] (for review see Ref. [16]).

In addition to diagnostic strategies, many therapeu-
tic strategies based on GCPII are being evaluated at
present. Most of these are based on modified compo-
nents of the immune system, such as dendritic cells
pulsed with PSMA-derived peptides [17–19] or anti-
PSMA antibodies either conjugated to toxins [20] or
radiolabeled by 90Yttrium/177Lutecium [21,22].

For the development of novel treatment and
diagnostic approaches, an appropriate animal model
is an invaluable tool. To this end, the orthologs of the
human target molecule must be characterized in terms
of sequence identity, tissue expression, and activity.

Rat and pig GCPII have very high amino acid sequence
identity with human GCPII (85% and 91%, respectively)
[23–25]. Before human recombinant GCPII expressed in
insect cells became available [26], a number of enzymo-
logic and inhibition analyses of GCPII were performed
using rat brain extracts. The rat and pig orthologs of
GCPII have been cloned and partially characterized
[24,25], but little direct comparison of the enzymatic
activities of these orthologs has been published to date.
Tissue localization and expression of GCPII in various
species has been studied by several laboratories both on
the mRNA and protein level. However, these analyses are
incomplete, and the individual studies were accom-
plished by different methods.

Therefore, we decided to map GCPII protein
expression and activity in human, rat, and pig tissues
in one consistent study. Recently, we published the
preparation and analysis of a novel monoclonal anti-
body, GCP-04, which recognizes an epitope in the
extracellular portion of the GCPII molecule [26,27]. We
have shown that this antibody is more sensitive than
the prototype 7E11-C5.3 antibody [27]. Twenty-one
various tissues from each species were examined with
the GCP-04 antibody and, in selected tissues, NAAG-
hydrolyzing activity was determined to confirm the
immunochemistry data. In addition, we have prepared
the extracellular domains of GCPII of Homo sapiens
sapiens (amino acids 44–750; hGCPII), Rattus norvegicus
(amino acids 45–752; rGCPII), and Sus scrofa (amino
acids 44–751; pGCPII) by recombinant expression in
Drosophila S2 cells to compare their proteolytic activ-
ities. Altogether, this study analyzes the possibility of
using these common species as animal models for the
development of GCPII-based cancer diagnosis and
therapy.

MATERIALSANDMETHODS

Tissue Samples

Human samples were obtained during autopsy
performed 4–8 hr postmortem (after 2 hr at room
temperature, the corpses were stored at 58C). Rat
samples were collected from Lewis strain rats; pig
samples originated from healthy miniature pigs of the
MeLiM strain with hereditary melanoma [28].

For Western blotting and activity measurements,
tissue samples were frozen immediately in liquid
nitrogen and subsequently homogenized in 50 mM
tris(hydroxymethyl)aminomethane (Tris; Sigma–
Aldrich, St. Louis, MO), 150 mM NaCl (PENTA,
Prague, Czech Republic), pH 7.5 supplemented with
protease inhibitors (Complete Mini, EDTA-free, Roche,
Mannheim, Germany). The samples were then soni-
cated (10 mm amplitude, Soniprep 150 machine, Sanyo,
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San Diego, CA) three times for 10 sec on ice and Triton
X-100 (Serva, Heidelberg, Germany) was added to 1%
(v/v). After a 30-min incubation on ice, the suspension
was centrifuged at 16,000g for 10 min and the super-
natants were stored for further analysis at �808C. In
addition, samples used for activity measurements were
dialyzed against 20 mM 3-(N-morpholino)propanesul-
fonic acid (MOPS; Sigma), 20 mM NaCl, pH 7.4. Protein
concentrations were determined using Bio-Rad Protein
Assay (Bio-Rad, Hercules, CA) according to the
manufacturer’s protocol.

For immunohistochemistry, the samples were fixed
in 10% buffered formalin for a minimum of 24 hr.

Molecular CloningofRattusNorvegicus
and Sus ScrofaGCPII

cDNAs ofR. norvegicus (cloned in pBluescript) andS.
scrofaGCPII (cloned in pCR12.1-TOPO) were kind gifts
from Tomasz Bzdega, Georgetown University [23], and
Charles H. Halsted, University of California [25],
respectively. cDNA segments encoding rGCPII (amino
acids 45–752) or pGCPII (amino acids 44–751) were
amplified by polymerase chain reaction (PCR) with Pfu
polymerase (Promega, Madison, WI), using the follow-
ing primers: forward 50-AAAAGATCTAAACCCTC-
CAATGATTCTACTAGCAGTGTTTCC-30 and reverse
50-AAACTCGAGTTAGTCTACTTCTCTCAGAGTCT-
CTGCTGC-30 for rGCPII, forward 50-AAAAGATC-
TAAATCTCCCAATGAAGCTGCTAACATTAGTCC-
30 and reverse 50-AAACTCGAGTTAGGCTACTTCT-
CTCAGAGTCCCTGCTGCGGCC-30 for pGCPII. The
resulting cDNAs were cloned into the pMT/BiP/V5-
HisA vector (Invitrogen, San Diego, CA) using BglII
and XhoI restriction sites (New England Biolabs,
Beverly, MA). Verification of DNA sequence was
performed with BigDye1 Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA).

Transfection of Insect Cells and
rGCPII/pGCPIIExpression

Drosophila Schneider 2 (S2) cells in SF900II medium
(Invitrogen) supplemented with 10% fetal bovine
serum (Invitrogen) were grown at 248C. At a density
of 2–4� 106 cells/ml, the cells were co-transfected with
19 mg of the expression plasmid and 1 mg of pCoHY-
GRO (Invitrogen) selection vector following the cal-
cium-phosphate-mediated transfection procedure
provided by the manufacturer. After a 16-hr incubation
at 248C the cells were transferred into fresh medium
and grown for 2 more days. Subsequently, the cells
were selected in medium containing 300 mg/ml
Hygromycin B (Invitrogen) for 3 weeks. The hygrom-
ycin-resistant cells were transferred into serum-free
medium supplemented with 100� Defined Lipid

Concentrate and 50�Yeastolate Ultrafiltrate (Invitro-
gen) and incubated at 248C with stirring at 120 revolu-
tions per minute (RPM). At a density of 10� 106 cells/
ml, protein expression was induced with 1 mM CuSO4

(Sigma). On days 1 and 3 postinduction the medium
was supplemented with L-glutamine and 20% D-
glucose (Sigma) to final concentrations of 1 mM and
0.1%, respectively. The conditioned medium was
harvested 5 days after induction by centrifugation at
500g for 10 min and was frozen at �208C. For
biochemical studies, the conditioned medium was
dialyzed 3� 10 hr against 20 mM MOPS, 20 mM NaCl,
pH 7.4.

Determination ofNAAG-Hydrolyzing
Activity and Inhibition Prof|le

Radioenzymatic assay. Tissue homogenate, purified
hGCPII [26], or conditioned medium containing
rGCPII or pGCPII was diluted into reaction buffer
(20 mM MOPS, 20 mM NaCl, pH 7.4) to a final volume
of 180 ml. For IC50 measurements, 2-(phosphonome-
thyl)pentanedioic acid (2-PMPA) (kind gift from MGI
Pharma, Baltimore, MD) of various concentrations (0–
5,000 pM) was also included. After a 5-min preincuba-
tion at 378C, the reaction was started by addition of 20ml
of a mixture of unlabeled and radiolabeled NAAG (950
nM NAAGþ 50 nM 3H-NAAG for IC50 measurements,
0.2–100 mM NAAGþ 50–100 nM 3H-NAAG for KM

measurements; PerkinElmer, Boston, MA). The reac-
tion mixtures were incubated at 378C and then GCPII
activity was quenched by the addition of 200 ml of
200 mM KH2PO4 (Sigma–Aldrich), pH 7.4. Samples
were applied onto an AG1-X8 Resin column (formate
form, Bio-Rad), and released L-glutamate was eluted
with 2 ml of 1 M formic acid (Lachema, Brno, Czech
Republic) and quantified by liquid scintillation (after
mixing with the scintillation cocktail-Rotiszint ECO
Plus, Roth, Karlsruhe, Germany). For kcat calculation,
concentrations of rGCPII and pGCPII in the media were
determined by quantification of Western blots, employ-
ing the ImageQuant TL program (Amersham Bioscien-
ces, Piscataway, NJ), using a calibration curve
constructed from hGCPII of known concentrations.
The concentration of hGCPII was determined by active-
site titration of the purified protein by 2-PMPA using
high performance liquid chromatography (HPLC)
assay-see below. Data analysis was performed using
GraFit (version 5.0.4, Erithacus Software Limited,
Horley, UK).

HPLC assay. The active site concentration of purified
hGCPII was determined by inhibition of the enzyme by
2-PMPA, assayed in a total reaction volume of 120 ml in
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the reaction buffer (20 mM MOPS, 20 mM NaCl, pH
7.4). After incubation of purified hGCPII (final concen-
tration approximately 90 nM) with 100 mM N-acetyl-L-
aspartyl-L-methionine (a substrate of GCPII [26]) in the
presence of increasing concentrations of 2-PMPA (0–
1,000 nM) for 12 min at 378C, the reaction was stopped
by addition of 60 ml of 33 mM ethylenediaminetetra-
acetic acid (EDTA), 66 mM sodium borate (Sigma–
Aldrich), pH 9.2. The released methionine was deriv-
atized using 20 ml of AccQ-Fluor Reagent (Waters,
Milford, MA) dissolved in acetonitrile (Sigma). Fifty
microliter of the resulting mixture were resolved on a
Luna C18(2) column 250� 4.6 mm, 5 mm (Phenomenex,
Torrance, CA) mounted to a Waters Alliance 2795 sys-
tem equipped with a Waters 2475 fluorescence detector
using a 10–70% linear gradient of B (56 mM sodium
acetate-Lachema, 6.8 mM triethanolamine-Sigma–
Aldrich, 60% acetonitrile-Sigma–Aldrich, pH 6.6) in
A (140 mM sodium acetate, 17 mM triethanolamine, pH
5.05) over 15 min. Fluorescence was monitored at lex/
lem ¼ 250/395 nm. Released methionine was quanti-
fied using a calibration curve constructed from methio-
nine of known concentrations. The active site
concentration was determined from the plot of vi/v0

(the ratio of individual reaction rate to the rate of an
uninhibited reaction) against the inhibitor concentra-
tion using GraFit.

Preparation of theGCP-04Monoclonal Antibody

The preparation of the GCP-04 antibody is described
elsewhere [26,27]. Briefly, hybridomas secreting the
GCP-04 monoclonal antibody (IgG1) were prepared by
standard methods from mice (F1 hybrids of BALB/c
and B10.A strains) immunized with the extracellular
part of recombinant human GCPII (i.e., amino acid
residues 44–750). After purification by Protein A
affinity chromatography, the resulting IgG (stock
concentration 7 mg/ml) was stored in phosphate
buffered saline (PBS) containing 0.02% azide at 58C
until further use.

Western Blotting

Tissue homogenates containing 5, 20, 50, or 100 mg of
total protein were separated on a reducing 10% sodium
dodecylsulfate (SDS) polyacrylamide gel according to
the standard protocol, and the proteins were subse-
quently electroblotted onto a nitrocellulose membrane.
The membrane was then blocked with Casein Blocker
(Pierce, Rockford, IL) for 1 hr and probed with the GCP-
04 antibody (1:35,000 dilution of the 7 mg/ml stock) for
17 hr, followed by horseradish peroxidase-conjugated
goat antimouse immunoglobulin (Pierce) diluted
1:25,000 (1 hr). Visualization on a MEDIX XBU film
(FOMA Bohemia, Hradec Kralove, Czech Republic)

was performed using SuperSignal West Femto or West
Dura chemiluminiscence substrate (Pierce).

Immunohistochemistry

Tissue sample preparation for immunohistochemis-
try was performed as previously described [27]. Tissues
fixed in 10% buffered formalin were embedded in
paraffin. Four micrometer thick tissue sections were
deparaffinized in xylene and rehydrated through a
gradient of alcohol (decreasing ethanol:water ratio).
After blocking of endogenous peroxidase activity,
epitope retrieval was performed by 40-min incubation
in 10 mM sodium citrate buffer solution (pH 6.0) heated
to 968C. The sections were incubated overnight at 48C
with the GCP-04 antibody (1:1,000 dilution of the 7 mg/
ml stock). The antigen-antibody complexes were
visualized by a biotin-streptavidin detection system
(ChemMate Detection kit, DakoCytomation Co.,
Glostrup, Denmark) with 3,30-diaminobenzidine
(DAB, Sigma–Aldrich) as chromogen. All sections
were counterstained with Harris0 hematoxylin
(Sigma–Aldrich). The specificity of staining was con-
firmed by processing sections from the same paraffin
block with omission of the GCP-04 antibody.

Statistical Analysis

All values are presented as the mean� standard
deviation.

RESULTS

AlignmentofHuman,Pig, and Rat
GCPIIAminoAcid Sequences

The alignment of human, pig, and rat GCPII amino
acid sequences was made using Vector NTI Advance
10.3.0 program (Invitrogen) and the result is shown in
Figure 1. All residues proposed to define the active site
[3] are conserved in all three orthologs except for
position 548, which is occupied by glycine in human
GCPII and serine in pig and rat GCPII. Glycosylation has
been shown to be indispensable for GCPII folding and
activity. Human GCPII, which consists of 750 amino
acids, has 10 predicted and confirmed glycosylation sites
[29]. Ten potentialN-glycosylation sites are also found in
the sequence of rat GCPII (752 amino acids), while pig
GCPII (751 amino acids) displays 12 potential N-
glycosylation sites. Eight potential N-glycosylation sites
are conserved among all three orthologs. Interestingly,
glycosylation at position 140, which was shown to be
essential for the NAAG-hydrolyzing activity of human
GCPII [29], is not present in the rat GCPII sequence.

A linear epitope recognized by the GCP-04 antibody
was mapped to amino acids 100–104 (WKEFG) of the
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hGCPII sequence (see Figs. 1 and 4; Ref. [27]), and this
motif is well-conserved in rat and pig GCPII. It can thus
be inferred that the GCP-04 antibody will cross-react
with GCPII orthologs in the animal tissues studied.

Direct Comparison of the ExopeptidaseActivities
of RecombinantGCPIIFromHomoSapiens
Sapiens,RattusNorvegicus, and Sus Scrofa

Recombinant hGCPII was expressed and purified as
previously described [26]. rGCPII and pGCPII were

expressed in Drosophila S2 cells with yields of
approximately 3 mg/L and 10 mg/L, respectively. To
relate the hydrolytic activities of rGCPII and pGCPII
with respect to their human counterpart, the condi-
tioned media containing rGCPII and pGCPII were
assayed for their ability to cleave radiolabeled NAAG.
The amount of p/rGCPII present in the conditioned
media was determined by quantification of pGCPII and
rGCPII levels from Western blots developed with GCP-
04 antibody, with purified hGCPII as a standard (data
not shown). The resulting kinetic parameters (KM and
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Fig. 1. Sequencealignmentof thehuman,pig,andratGCPIIproteins.Greenballs:predictedresiduesdefining theS1pocket;redballs:residues
forming theS10pocket;purpleball:predictedprotonshuttlecatalyticbase;residuesinblue:zincligands[3];boxed‘‘WKEFG’’sequence:epitope
of theGCP-04antibody[27];Ninoval:potentialN-glycosylationsites [29].
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kcat) are compared to those of purified hGCPII in
Table I.

The KM values for rGCPII and pGCPII are seven and
threefold lower, respectively, than that of hGCPII. The
tighter binding of the substrate is compensated for by
turnover number (kcat) values that are five and twofold
lower, respectively, than the corresponding values for
hGCPII, leading to a similar kcat/KM ratio for all the
variants. Thus, the catalytic efficiencies of both rGCPII
and pGCPII are comparable to the catalytic efficiency
for NAAG-hydrolysis by the human ortholog.

Inhibitionof hGCPII, rGCPII, andpGCPIIHydrolyzing
Activityby 2-(phosphonomethyl)

pentanedioicAcid (2-PMPA)

In order to analyze the inhibition profile of the rat
and pig orthologs of human GCPII, we measured
inhibition of NAAG-hydrolyzing activity of
purified hGCPII and of rGCPII and pGCPII in
conditioned media by 2-(phosphonomethyl)pentane-
dioic acid (2-PMPA), a prototype inhibitor of hGCPII
[30]. Enzyme concentration as well as substrate
concentration were held at identical levels. The results
are summarized in Table II. 2-PMPA proved to be a
very potent inhibitor of all three GCPII variants, with
IC50 values in the picomolar range. rGCPII and pGCPII
display very similar IC50 values; the IC50 value for
hGCPII is slightly higher compared to the other two
orthologs.

Analysis of GCPIIExpression in
TissuesbyWestern Blotting

GCPII tissue expression patterns were examined
using the GCP-04 antibody, which recognizes human,
rat, and pig GCPII with similar sensitivity (data not
shown).

We performed Western blotting analysis of a set of
21 human, rat, and pig tissue homogenates including
brain, spinal cord, spleen, lung, mammary gland, heart,
stomach, liver, pancreas, kidney, jejunum, ileum, colon,
urinary bladder, ovary, uterus, prostate, testes, skeletal
muscle, skin, and fat (Fig. 2). Overall, GCPII tissue
localization is diverse in these species. Only brain and

kidney display pronounced GCPII expression in all
three species. Moderate to high GCPII levels were
found in human spinal cord, spleen, lung, liver,
jejunum, ileum, ovary, and prostate; in rat spinal cord
and testes; and in pig spinal cord and spleen, lung,
mammary gland, heart, stomach, jejunum, ileum, large
intestine, urinary bladder, ovary, uterus, testes, skeletal
muscle, and fat. Only slight to negligible GCPII expres-
sion was observed in human mammary gland, stom-
ach, large intestine, urinary bladder, uterus, testes, and
fat; rat spleen, liver, urinary bladder, ovary, uterus,
prostate; and pig liver, pancreas, prostate, and skin.
The remaining tissues exhibited no GCPII expression
detectable by the GCP-04 antibody. Thus, GCPII is
expressed most abundantly in pig tissues, while many
tissues that are GCPII positive in human and/or pig do
not express GCPII in rat, with jejunum and ileum
representing the most striking difference.

Contradictory results were obtained for prostate;
while human prostate seems to express high levels of
GCPII, rat and pig prostates show very low GCPII
expression levels. The opposite situation was observed
for testes, which are GCPII-rich in pig and rat and
nearly free of GCPII in human.

The specificity of immunostaining was confirmed by
Western blot analysis of 24 (eight from each species)
selected tissues using two additional mouse mono-
clonal antibodies raised against human GCPII (anti-
bodies GCP-01 and GCP-02; for preparation see Ref.
[26]). These analyses provided similar results as West-
ern blots probed with GCP-04 antibody (data not
shown).

NAAG-HydrolyzingActivity in Selected Tissues

In order to confirm the expression of GCPII in
individual human and animal tissues, NAAG hydrol-
ysis by homogenates of human, rat, and pig brain,
prostate, urinary bladder, skin, heart, and skeletal
muscle; and of human and pig fat; and of pig jejunum,
kidney, and testes was analyzed (Table III). To verify
the specificity of NAAG cleavage, we incubated the
substrate with the tissue homogenates of pig jejunum,
kidney, and testes in the presence of 50 mM 2-PMPA, a
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TABLE I. NAAG-HydrolyzingActivityof hGCPII, rGCPII, andpGCPII

Recombinant protein KM (nM) kcat (s�1) kcat/KM (�105 s�1 M�1)

hGCPIIa 1,200� 500 1.1� 0.2 9.3� 4.9
rGCPIIb 180� 50 0.2� 0.1 10.0� 3.8
pGCPIIb 370� 80 0.5� 0.1 13.3� 2.9

aPurified protein; the values are from [48].
bConditioned media containing the corresponding recombinant protein.
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specific inhibitor of GCPII activity. In all cases, 2-PMPA
decreased the substrate turnover almost to background
level.

For direct comparison, the activities measured were
normalized for total protein concentration in the
particular homogenate. The brain samples of all
the three species and the sample from human prostate,
pig testes, and pig kidney exhibit the highest NAAG-
hydrolyzing activity, which corresponds to the strong
signal observed for these tissues on Western blots.
The remaining tissues display at least eightfold lower
activity, including the poorly active rat and pig
prostates. Human skin, skeletal muscle, fat, and heart;
rat skin, skeletal muscle, heart, and urinary bladder;
and pig skeletal muscle were nearly inactive, which
again correlates with weak or no GCPII positivity on
the corresponding Western blots.

ImmunohistochemicalDetectionofGCPIIinHuman,
Pig and Rat Prostate, Spinal Cord, andKidney

Immunohistochemical detection using the GCP-04
antibody was performed in human, pig, and rat prostate,
spinal cord, and kidney to confirm the results of Western

blotting analysis (Fig. 3). The epithelium of the prostate
glands as well as the endothelium of a proportion of
prostatic capillaries were stained with GCP-04 antibody
in all three species. The intensity of staining in rat
prostate varied considerably and was less intense than in
the prostatic tissue of human and pig. Moreover, the
apical accumulation of the GCP-04 antibody was less
pronounced in the rat prostate gland epithelium
compared to the other species. In spinal cord, the
immunohistochemistry analysis resulted in positive
staining of astrocytes and glial cell processes in all
three species. Moreover, the membranes of a proportion
of the anterior horn motor neurons were also positive in
rat. In kidney, the epithelia of both the proximal and
distal tubules and some capillary endothelia in glomer-
uli are positively stained in all three species.

DISCUSSION

GCPII is an important pharmaceutical target for a
number of diverse pathological conditions of the
nervous system caused by glutamate excitotoxicity
(brain stroke, diabetic neuropathy [31,32]). Due to its
expression in malignant prostate tissue, it is also an
attractive target for the development of diagnostic and
therapeutic tools for identifying and targeting cancer
cells. Moreover, since GCPII emerges in the vasculature
of most solid tumors and has been implicated in the
integrin signaling critical for neoangiogenesis [33], it is
a putative target for a new generation of antineoplastics
that specifically block the vascularization of solid
tumors and their metastases.

In order to test these diagnostic and therapeutic
possibilities experimentally, it is necessary to identify
and study appropriate animal models. For the correct
choice of animal model, several questions must be
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TABLE II. Inhibition of hGCPII, rGCPII, andpGCPIIby
2-(phosphonomethyl)pentanedioic Acid (2-PMPA)

Recombinant protein IC50 (pM)

hGCPIIa 840� 130
rGCPIIb 210� 110
pGCPIIb 370� 40

aPurified protein.
bConditioned media containing the corresponding recombinant
protein.

Fig. 2. WesternblotanalysisofGCPIIexpressioninselectedhuman,rat,andpig tissuesusing theGCP-04antibody.Thenumbersindicatethe
amountof totalproteinfromaparticular sampleappliedto thegel.Five-hundredpicogramofhGCPIIwasusedasa standardoneachblot.[Color
figurecanbeviewedin theonlineissue,whichis availableatwww.interscience.wiley.com.]
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addressed: (i) What is the activity of the target enzyme in
the animal model compared with the human enzyme?
(ii) What is the inhibition profile of the animal orthologs,
that is, could they be used for the screening of potential
inhibitors of the human enzyme? (iii) What is the tissue
distribution of the target enzyme in the animal organism
and how does it correlate with human? In this paper we
set out to address all of these questions for human GCPII
and its orthologs from pig and rat.

While rat is a well-established animal model for
basic biological studies including cancer and oncother-
apy, pig has been used less frequently. However,
numerous physiological and anatomical similarities
with human have drawn attention to the pig as a
valuable biomedical model, and its utilization in this
area has been rapidly increasing during recent years.
To reduce expenses and to simplify animal breeding
and handling, several strains of miniature pigs have
been developed for laboratory purposes as healthy
(e.g., Minnesota in the USA, Goettingen in Germany)
and cancerous (with hereditary melanoma-Sinclair in
the USA, MeLiM in the Czech Republic) animal
models. In the MeLiM strain, multiple skin melanoma
appears in about 60% of all piglets [28].

As seen in Figure 1, human, rat, and pig GCPII are
highly homologous. Not surprisingly, our results show
comparable kinetic parameters for NAAG hydrolysis
by these three enzymes and for their inhibition by 2-
PMPA (see Tables I and II). The KM value obtained for
rat GCPII is in good agreement with a previous report
which presented a KM value of 140 nM for rat GCPII
purified from rat brain membranes [34]. In the case of
human GCPII, only data acquired using cell lysates or
tissue homogenates are available in the literature;
hence, the correlation with our results is less tight,
although with respect to different experimental set-ups
still acceptable (lysates of PC3 cells transfected with
human GCPII display a KM value of 150 nM [35]).

The slightly lower KM and IC50 values for 2-PMPA
observed for the rat and pig orthologs compared to the
human ortholog are difficult to explain in structural
terms without the 3D structures of the proteins. The
only candidate sequence substitution in the vicinity of
the active site is position 548, which is occupied by Gly
in human GCPII and by Ser in both pig GCPII and rat
GCPII (Fig. 1; Ref. [3]). However, according to our
unpublished data, Gly 548 is not directly involved in
inhibitor binding [36]. In any case, the differences in
the presented kinetic parameters are not striking, and
pig and rat GCPII therefore seem to represent good
approximations for human GCPII for enzymologic
and inhibition studies.

Most of the information about the tissue distribution
of GCPII is derived from studies of rats and mice,
performed both on the mRNA and protein expression
level. Strong expression of GCPII in the prostate has
been documented in humans [4,37,38]. In contrast, very
low GCPII expression was recently found in the
prostate of mouse, dog, and monkey [39,40]. Human
as well as rat brain and kidney were confirmed to be the
principal sites of GCPII expression [5,37], together with
human prostate and small intestine [41]. Moderate to
negligible GCPII expression was detected in human
testes, seminal vesicles, heart, liver, lung, spleen,
thyroid gland, small intestine, colon, breast, ovary,
skin, salivary gland, urinary bladder, stomach, esoph-
agus, and adrenal gland [9,10,41–43]. Except for brain
and kidney, no rat tissue exhibited considerable GCPII
expression; very low GCPII levels were found in rat
adrenal gland, lung, heart, liver small intestine,
pancreas, testes, and skeletal muscle [5]. In pig, only
five tissues were tested, and GCPII was identified
mainly in the jejunum and duodenum. Low GCPII
expression was also found in pig kidney [25].

Since these previous studies cover only a few animal
tissues and the data were obtained by different
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TABLE III. NAAG-HydrolyzingActivity in Selected TissueHomogenates

Activity> 50 nmol mg�1 s�1 10�9 Activity¼ 1–10 nmol mg�1 s�1 10�9 Activity< 1 nmol mg�1 s�1 10�9

Pig testes Pig jejunum Rat skin
Rat brain Pig urinary bladder Pig skeletal muscle
Human prostate Pig heart Human skin
Pig brain Rat prostate Rat skeletal muscle
Pig kidney Human urinary bladder Rat heart
Human brain Pig skin Human skeletal muscle

Pig fat Rat urinary bladder
Pig prostate Human fat

Human heart

The activity is expressed as the number of nanomoles of cleaved substrate per 1mg of total protein per second. Tissues in columns are listed
in order of activity from the most active to the least active.
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methods, they are difficult to relate. Therefore, we set
out to perform a systematic analysis of GCPII expres-
sion and enzymatic activity in individual human, rat,
and pig tissues. The results of our Western blot
analyses, summarized in Figure 2, show that the major
sites of GCPII expression in all three species are the
brain and kidney. This result is confirmed by the very
high specific NAAG-hydrolyzing activity of the brain

tissue homogenates from all three species and homo-
genate from pig kidney. Somewhat surprisingly, only
human prostate was found to express significant
amounts of GCPII, while little protein and significantly
lower specific activity were found in pig and rat
prostates. A similar result has recently been published
by Aggarwal et al. [40] for mouse, dog, and macaque
prostate. Aggarwal et al. also suggest that the lack of
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Fig. 3. ImmunohistochemicaldetectionofGCPIIbyGCP-04 antibody inhuman, pig, andratprostate, spinal cord, andkidney (immunoper-
oxidasemethod, counterstainedslightly withHarris0 hematoxylin, scalebar¼ 50mm).In all species, the epitheliumofprostatic glands stained
intensivelywithGCP-04antibody, accentuated to theapicalcellmembrane.In spinalcord, theimmunohistochemistryanalysisresultedinpos-
itive staining of astrocytes andglial cell processes in all three species.Moreover, themembranes of a proportion of the anterior hornmotor
neuronswere alsopositive inrat. Inkidney, the epithelia ofboth theproximal anddistal tubules and some capillaryendothelia inglomeruli are
positively stainedinall three species.
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GCPII expression in simian prostate might be respon-
sible for the fact that prostate cancer has not been
described in monkeys. A similar situation could be true
for pig prostate, since there are no reports in the
literature describing prostate cancer in this species. On
the other hand, several rat spontaneous prostate cancer
models have been described [44].

From a more general point of view, GCPII is
expressed in the majority of tested human and pig
tissues, while several tissues that are GCPII positive in
human and/or pig do not express GCPII in rat.
Surprisingly, we have not been able to detect any
GCPII expression in rat jejunum and ileum. This
finding is in agreement with the observation of
Robinson et al. [5], who found very low GCPII activity
in rat small intestine. The absence of GCPII in rat
jejunum and ileum could be surprising with respect to
the fact that GCPII is implicated in the transport of
folates in the brush border of jejunum, but Shafizadeh
has recently published that in rat small intestine, g-
glutamyl hydrolase, not GCPII, hydrolyzes dietary
folate [45]. Another contradictory result was obtained
for testes, in which rich GCPII expression was observed
in pig and rat and very little in human. Since no
function is attributed to GCPII in testes, it is difficult to
speculate about the functional consequences of this
observation.

The Western blot analysis of GCPII in tissues shows
signals of slightly different molecular sizes. Since a
consistent pattern was observed using two different
monoclonal antibodies on a panel of selected tissues
(data not shown), the signal cannot be attributed to
non-GCPII proteins. The phenomenon may be caused
by a differential GCPII N-glycosylation pattern in the
tested tissues or by the presence of other forms (e.g.,
alternatively spliced) of GCPII that carry epitopes of
these monoclonal antibodies.

Several close homologs of GCPII have been identi-
fied in human and rat, the closest of which is GCPIII
[46,47]. Because of its high sequence similarity to
GCPII, there is a possibility of crossreaction of anti-
GCPII antibodies with these homologs. This can cause a
high level of discrepancy among GCPII expression
studies that utilize different monoclonal antibodies.
Our GCP-04 monoclonal antibody could be expected to
recognize GCPIII because there is only a single amino
acid substitution in the GCP-04 epitope region of
human and rat GCPIII compared to human GCPII
(Fig. 4). Indeed, we have already shown that GCP-04
crossreacts with recombinant extracellular domain of
human GCPIII (amino acids 36–740; hGCPIII), with an
approximately two-order-of-magnitude lower sensi-
tivity than for hGCPII [27,48]. In analogy, the NAAG-
hydrolyzing activity that we determine for individual
tissue extracts might actually represent the super-

position of activities of various GCPII homologs. We
have recently shown that human GCPIII activity is
approximately three times lower than human GCPII
activity under the conditions used in this study [48].

The data presented in this work are relevant to the
selection of an appropriate animal model for drug
development and testing. The similar kinetic parame-
ters of rGCPII and pGCPII suggest that they could be
suitable to approximate human GCPII in enzymologic
studies; on the other hand, different tissue localization
must be taken into account when using these species for
in vivo studies. Although anti-GCPII antibodies have
been shown to be relatively selective for binding to
bone and soft tissue metastases of prostate cancer in
several imaging studies [21,22], the diffuse expression
pattern of GCPII in animal and human tissues might be
a potential caveat for the utility of GCPII-targeted
compounds for cancer treatment.
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